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Chapter 1

Introduction

Peter Braude and Tarek El-Toukhy

The Guy’s Centre for Preimplantation Genetic Diagnosis
(PGD) is the largest and most successful of the HFEA
licensed centres that offer PGD in the UK. This book grew
out of a number of courses that we ran at Guy’s on the
understanding, requirements and practical implications
of setting up or running a PGD service in the UK. These
courses have been attended by a diverse audience: medi-
cal practitioners, genetic counsellors, clinical geneticists,
laboratory personnel, general gynaecologists, subspecialty
trainees in reproductive medicine or fetal medicine, fertil-
ity nurses, social scientists and ethicists. We have had much

P. Braude, MB, BCh, PhD, FRCOG, FMedSci, FSB (P<)
Division of Women’s Health, King’s College London,
St. Thomas’ Hospital, Westminster Bridge Road,
London SE1 7EH, UK

e-mail: peter.braude@kcl.ac.uk

T. El-Toukhy, MBBCh, MSc, MD, MRCOG

Assisted Conception Unit and PGD Centre, Guy’s and St. Thomas’
Hospital NHS Foundation Trust, 11th Floor, Tower Wing,

Guy’s Hospital, Great Maze Pond, London SE1 9RT, UK

e-mail: tarek.el-toukhy@gstt.nhs.uk

T. El-Toukhy, P. Braude (eds.), Preimplantation Genetic 1
Diagnosis in Clinical Practice, DOI 10.1007/978-1-4471-2948-6_1,
© Springer-Verlag London 2014



2 P. Braude and T. El-Toukhy

positive feedback from attendees who have found the
information presented helpful to them in understanding
this complex multidisciplinary practice. As this informa-
tion is generally not available other than in large specialist
tomes, we have been requested to try and produce it in an
easily accessible book.

This book is not intended for the PGD specialist, but
rather for generalists who wish to know more about what
PGD entails. It is also aimed at those diverse members of
a multidisciplinary PGD team for whom some aspects of
practice may not be within their usual domain, but who wish
to have a deeper understanding of all of the specialist areas
involved. For example, the nuances of assisted reproduc-
tion and embryology may not be part of the training of a
molecular biologist or cytogeneticist; the processes of genetic
counselling or molecular testing may be unfamiliar territory
to the specialist gynaecologist or assisted conception nurse,
but all of whom play a crucial part in delivery of this complex
service. It is our intention that the chapters are in language
that is easily understandable to anyone who wishes to know
more about PGD, how it is practised at the highest standards
and what it can be expected to deliver for the individual
couple who chooses it as a means to avoid transmission of a
genetic disease.

What Is Preimplantation Genetic Diagnosis
and Who Requests It?

Most couples planning a pregnancy can do so in the knowl-
edge that they have only a small chance of having a baby with
a genetic abnormality. A few, however, are aware that they
face a significant chance of conceiving a pregnancy that has
inherited a serious genetic abnormality. This may be because
one or both of them carry a mutation in a specific gene or
because one of them carries a chromosome rearrangement
that predisposes them to conceiving a pregnancy with a chro-
mosome deletion or duplication (Chap. 2).


http://dx.doi.org/10.1007/978-1-4471-2948-6
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Traditionally prenatal diagnosis has been available in
the form of chorionic villus sampling (CVS) or amniocen-
tesis carried out between 11 and 16 weeks of pregnancy.
This can be done by chromosomal analysis, molecular test-
ing or in the case of metabolic disorders by enzyme assay.
More recently, non-invasive prenatal diagnosis, which can
be performed on a blood sample from the mother, has
become available for fetal sexing in severe X-linked condi-
tions and for a few other single gene disorders. Whilst some
couples will consider prenatal diagnosis and the option of
terminating an affected pregnancy, for others this is not the
case.

PGD provides the possibility of starting a pregnancy in the
knowledge that the child will be free of the genetic disorder.
By generating embryos using in vitro fertilisation (IVF), and
then sampling a single cell or group of cells from an early
preimplantation embryo developing in vitro on which a
genetic test is performed, allows only those embryos shown
to be free of the genetic disorder to be used to initiate the
pregnancy. This may offer a more acceptable way of reducing
the risk of having an affected child (Chap. 3).

The concept of preimplantation genetic selection of in
vitro-derived embryos is not new. Professor Robert Edwards,
Nobel Laureate and one of the pioneers of IVF, had mooted
its use clinically following a publication of a proof of principle
experiment. In Cambridge, he and Richard Gardner had used
Barr body staining to sex rabbit blastocysts developed in
vitro. Indeed the first clinical use of PGD in 1990 used sex
identification to diagnose and avoid transmission of adreno-
leukodystrophy and X-linked mental retardation, both sex-
linked disorders.

With the development of genetic probes that allowed
identification of specific regions of chromosomes with
tagged fluorescent dyes (Chap. 7), and the ability to amplify
tiny amounts of DNA reliably using the polymerase chain
reaction (PCR), a raft of applications to specific clinically
relevant genetic conditions has become available (Chap. 8).
PGD now occupies an important place for couples at risk of


http://dx.doi.org/10.1007/978-1-4471-2948-6_3
http://dx.doi.org/10.1007/978-1-4471-2948-6_7
http://dx.doi.org/10.1007/978-1-4471-2948-6_8
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conceiving pregnancies with conditions where the child is at
significant risk of dying early (e.g. spinal muscular atrophy),
suffering severe mental or physical disability (e.g. unbal-
anced chromosome translocations) or having diseases that
would manifest during childhood and might, or inevitably,
lead to an early death (e.g. cystic fibrosis, Duchenne mus-
cular dystrophy). In some cases, the effect of the genetic
aberration is so profound that it results in repeated early
miscarriage, later fetal demise or neonatal/infant death
(Chap. 2). Many of these conditions are amenable to PGD,
provided that the specific chromosomal rearrangement has
been identified, the mutation within the relevant gene is
known or if the chromosome carrying the specific gene with
a mutation can be tracked through the family tree.

Techniques for genetic diagnosis have improved further
with the advances in technology, the latest being the use of
embryo haplotyping (Chap. 8). This process allows a diag-
nosis to be made by identifying the chromosome(s) in the
embryo that is likely to be carrying the genetic disorder by
knowledge of the pattern of closely linked markers in an
affected child or other members of the family. The main
advantage of haplotyping is that it does not require precise
details of the mutation to be known, only which gene is
implicated and the pattern of its inheritance in the family.
Not only is the development of a disease-specific test faster
but also the diagnosis made from a single-cell biopsy more
secure. It has superseded also gender selection and exclu-
sion of all the male embryos for couples at risk of having a
son affected by a sex-linked disorder, as unaffected males
as well as females can be identified easily and considered
for transfer.

However with advances in this powerful technology comes
increasing responsibility. We need to be aware of public
perception of embryo manipulation and misperception of it
as designer babies. It behoves us to consider deeply the ethi-
cal and social implications of current and future changes in
technology (Chap. 15).


http://dx.doi.org/10.1007/978-1-4471-2948-6_2
http://dx.doi.org/10.1007/978-1-4471-2948-6_8
http://dx.doi.org/10.1007/978-1-4471-2948-6_15
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PGD Is Not Preimplantation Genetic
Screening (PGS)

It has been demonstrated convincingly that there is an age-
related decline in the chances of conception following fertility
treatment including IVF and an increase in miscarriage. Since
the chances of conception can be significantly improved by
the use of eggs donated from younger women (Fig. 1.1), it
is believed that this age-related decline is associated with a
reduction in egg number and egg quality. By not considering
for transfer, any embryos that show clear evidence of abnormal
chromosomes that are commonly found at miscarriage or asso-
ciated with clinical anomalies (trisomies 13, 18, 21), it might be
hoped that pregnancy rates per IVF cycle could be improved
especially for older women or in those patients who suffer

60
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FiGure. 1.1 Live births per transfer according to age for ART cycles
using fresh embryos from own (b/ue) and donor (red) eggs (Adapted
and redrawn from SART report 2004. Centre for Disease Control
Atlanta. ftp:/ftp.cdc.gov/pub/publications/art/2004 ARTS508.pdf)
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from recurrent pregnancy loss. Detection of these sporadic
chromosome abnormalities forms the theoretical basis of the
technique of aneuploidy screening (PGD-AS), or preimplanta-
tion genetic screening (PGS), which is the most common reason
internationally for preimplantation embryo biopsy and is often
confused with PGD for inherited genetic disease (Chap. 16).

Is PGD a Fertility Treatment?

Perhaps because of the ubiquitous use of PGS, PGD has
erroneously been lumped by service purchasers as just
another form of IVF and to be regarded within this domain
for competitive funding. Although there may be cases where
the genetic anomaly may be associated with infertility such
as produced by the azoospermia caused by congenital
absence of the vas deferens which accompanies cystic fibro-
sis mutations, in general the request for PGD is to avoid
transmission of the genetic disorder. Thus rather than being
allied solely to a reproductive medicine/infertility service,
PGD should be viewed as an arm of the genetics service,
providing patients with a realistic alternative to prenatal
diagnosis and having to consider termination of an affected
pregnancy.

How Is PGD Practised?

PGD is a highly demanding specialist technique requiring
significant interdisciplinary collaboration. The IVF service
and their embryologists skilled in embryo biopsy (Chap. 6)
might be regarded in a similar way to a fetal medicine service
whereby highly skilled professionals are able to collect a
sample of placenta (chorion) or shed fetal skin cells for the
purpose of genetic diagnosis. Because of this skilled need,
and collaboration between geneticists, genetic counsellors,
molecular biologists, cytogeneticists, embryologists and IVF


http://dx.doi.org/10.1007/978-1-4471-2948-6_16
http://dx.doi.org/10.1007/978-1-4471-2948-6_6
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specialist gynaecologists, few units are in a position to offer a
holistic and complete service (Chap. 9).

Some units, although having some of the parts needed,
may lack the facilities or personnel to undertake embryo
biopsy or single-cell genetic diagnosis. In such cases, they
may opt to use their genetic and reproductive services for
the counselling and initial workup of the patients, but after
providing medication and supervising the stimulation of the
ovaries to enhance the development of eggs, they allow the
egg collection procedure, embryo culture and biopsy and
resulting embryo transfer to be done in a specialist PGD unit
—referred to as a satellite PGD service.

Alternatively, if the centre has the ability to undertake all
the clinical and embryology procedures including the biopsy,
they may elect to send the biopsied cell(s) to the specialist
single-cell diagnostic unit for the analysis and then undertake
the embryo transfer themselves when the result becomes
available — transport PGD service.

The majority of units internationally use one of the latter
two models, as there are few units able to offer a complete
PGD service. As in the USA, the majority of units licensed
in the UK by the Human Fertilisation and Embryology
Authority (HFEA) (Chap. 17) to carry out PGD use an off-
site laboratory to undertake their genetic diagnosis. The Guy’s
PGD Centre offers a complete PGD service and also accepts
PGD patients from two satellite PGD centres in the UK.

Each of the chapters that follow will provide an insight
into the interlocking aspects of a PGD service whether prac-
tised at a single site or whether satellite or transport PGD is
employed. We also explore some of the more complex and
controversial areas of PGD, the ethics and social aspects of
its practice, future research and development of new tech-
nologies as well as training and accreditation. Together they
demonstrate the need for interdisciplinary working in order
to provide an effective, safe and compassionate genetic ser-
vice for those who can benefit. We hope you enjoy reading
this book.


http://dx.doi.org/10.1007/978-1-4471-2948-6_9
http://dx.doi.org/10.1007/978-1-4471-2948-6_17
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Chapter 2
Basic Genetics for PGD

Frances Flinter and Fiona Stewart

Who Requests PGD?

Most couples planning a pregnancy can do so in the knowledge
that they have only a small chance of having a baby with a
genetic abnormality. A few, however, are aware they face
a significant chance of conceiving a pregnancy that has inher-
ited a serious genetic abnormality. This may be because one
or both of them carry a spelling mistake (mutation) in a spe-
cific gene or because one of them carries a chromosome rear-
rangement which predisposes them to conceiving a pregnancy
with a chromosome deletion or duplication.

Traditionally prenatal diagnosis has been available in the
form of chorionic villus sampling or amniocentesis carried out
between 11 and 15 weeks. This can be done by chromosomal
analysis, molecular testing or in the case of metabolic disorders
by enzyme assay. More recently,non-invasive prenatal diagnosis
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10 F. Flinter and F. Stewart

has become available for fetal sexing in severe X-linked
conditions and for a number of other single-gene disorders.
Whilst prenatal diagnosis and the option of termination of an
affected pregnancy may be considered by some couples, for
others this is not the case, and PGD may offer a more accept-
able way of reducing the risk of having an affected child.

In some consanguineous communities, there is a high rate
of autosomal recessive disorders. Members of the community
may have an enhanced level of awareness and come and seek
advice about PGD at a very early stage. A few couples may
face an increased risk of conceiving a pregnancy that is
affected with more than one genetic condition.

In some cases, one partner may be at risk of developing a
late-onset genetic disorder such as Huntington’s disease.
They may not wish to have predictive testing themselves but
may wish to avoid having a child who will develop the disor-
der in later life and so may request PGD. Such cases may
pose ethical and social issues, and it is important that these
couples have specialist counselling.

Basic Cell Biology

In the nineteenth century, scientists first suspected that the
nucleus of cells, which they could see down the microscope, con-
tained the important mechanisms of inheritance. Chromatin can
be seen in the nuclei of nondividing cells, and just before cell
division, it condenses to form discrete, dark-staining bodies
called ‘chromosomes’. Humans usually have 23 pairs of chromo-
somes in each cell (22 pairs of autosomes plus 2 sex chromo-
somes), and each chromosome contains hundreds of genes,
many of which have now been identified. The Austrian monk
Gregor Mendel originally worked out the different ways in
which single genes are passed down to offspring (hence the term
‘Mendelian inheritance’), and his breeding experiments were
rediscovered about 100 years ago. We now know that humans
have about 30,000-40,000 structural genes, and a mutation in
one of these genes can lead to a recognisable genetic disease.



Chapter 2. Basic Genetics for PGD 11

[
(1'
1 2 3 4 5
a’ :
o & ! 4 3 E % 'Y | 3 Y
: e S l : &% e ' A
6 7 8 9 10 11 12
e 1§ ¢ L R
" ! ¥ % a 2
13 14 15 16 17 18
Bf ot AR & 3 <
19 20 21 22 X Y

FiGure. 2.1 Normal male G-banded karvogram: 46.XY
Chromosomes

How Chromosomes Are Passed On

Whilst most human cells contain 23 pairs of chromosomes,
the sex cells, or gametes (eggs and sperm), contain 23 single
chromosomes, one from each pair. A baby inherits one copy
of each pair from each of its parents and consequently a ran-
dom assortment of 50 % of each parent’s genes.

Abnormal Copy Number

Most humans have 2 sex chromosomes (XX for females and
XY for males) plus 22 pairs of non-sex chromosomes, known
as the autosomes (Fig. 2.1). A few well-recognised genetic
conditions are associated with an additional (trisomy) or a
missing (monosomy) chromosome (see Table 2.1). Trisomy or



12 F. Flinter and F. Stewart

TaBLE 2.1 Abnormalities of chromosome copy number which may

be viable
Prevalence at
birth (female,
age 35; female,
Abnormality Name Clinical features age 40)

Common autosomal trisomies

Trisomy 21 Down Developmental
syndrome delay, congenital
heart disease
Trisomy 13 Patau Multiple congenital
syndrome abnormalities

Severely reduced
life expectancy

Trisomy 18 Edwards Multiple congenital
syndrome abnormalities

Severely reduced
life expectancy

Sex chromosome abnormalities

X Turner Short stature,
syndrome coarctation of the
or aorta, severely
monosomy  reduced fertility
X

XXX Triple X Mild learning

difficulties, normal
fertility

XXY Klinefelters ~ Mild learning
syndrome difficulties, tall,

infertile

XYY Mild learning

difficulties, tall,
normal fertility

Other abnormalities

69,XXX or Triploidy Spontaneous

69,XXY abortion or
hydatidiform (or
molar) pregnancy

1/338;1/84

1/10,000; 1/2,700

1/4,200: 1/1,140

1/5,000

1/2,000: 1/770

1/1,650; 1/600

1/1,000
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monosomy of chromosomes other than the sex chromosomes
is generally not compatible with survival, but often found in
first trimester spontaneous abortions. Chromosome abnor-
malities occur in 1 in 150 live births and are also found in
50 % of first trimester abortions and 20 % of second trimes-
ter spontaneous abortions; however, most of these are ‘spo-
radic’ or a consequence of raised maternal age, occurring as a
random event rather than being inherited, and unlikely to
recur (Table 2.1).

Children with trisomy 13 or 18 usually die in the neonatal
period or in infancy. Individuals with Down syndrome rarely
have children. Women with Turner syndrome often require
donor eggs in order to conceive, unless they are ‘mosaic’ (i.e.
have some cells with normal chromosomes as well as some
with a missing X chromosome). Women with triple X usually
have children with normal chromosomes, as do men with
XYY. Men with Klinefelter may occasionally be able to con-
ceive following aspiration of immature sperm from their tes-
tes, followed by intra cytoplasmic sperm injection (ICSI).

Chromosome Duplications, Deletions,
Translocations and Other Rearrangements

In addition to the gain or loss of a whole chromosome, parts
of chromosomes can be duplicated or lost. A few small dupli-
cations and deletions are known to be associated with spe-
cific genetic conditions, e.g. di George syndrome (also known
as velocardiofacial or Shprintzen syndrome, caused by a
microdeletion in chromosome 22). If an affected adult is able
to reproduce, they have a 50 % chance of passing the abnor-
mality on to their offspring. Prenatal diagnosis or PGD may
be helpful.

The arrangement of portions of chromosomes can also
be altered and the resulting chromosome abnormalities
may be balanced (no net gain or loss of genetic material) or
unbalanced. Carriers of apparently balanced chromosome
rearrangements are usually entirely healthy, unless at the
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site of the chromosome breakage and rearrangement a gene
has been disrupted or there is submicroscopic chromosome
imbalance. The majority of carriers of balanced rearrange-
ments only find out they are carriers if they are tested as part
of the investigation of multiple spontaneous miscarriages, or
because they have had a previous child with multiple con-
genital abnormalities who is found to have an unbalanced
chromosome pattern, or because there is a known family
history of a chromosome rearrangement. The most common
rearrangements are reciprocal (Fig. 2.2) and Robertsonian
translocations (Fig. 2.3), found in 1 in 500 and 1 in 1,000 indi-
viduals, respectively.

A reciprocal translocation occurs when breaks in two dif-
ferent chromosomes result in material being exchanged
between them with the creation of a derivative chromosome.
A balanced reciprocal translocation carrier is usually healthy
as she/he has a normal complement of genetic material; but
their offspring may inherit the balanced translocation, or an
unbalanced form, with duplications (partial trisomy) and/or
deletions (partial monosomy) of important genetic material.
Smaller deletions/duplications may be compatible with sur-
vival, but associated with a range of medical problems and
learning difficulties, whilst larger chromosome imbalances
are more likely to result in a spontaneous abortion.

In Robertsonian translocations the short arms of two dif-
ferent chromosomes are lost and the long arms fuse at the
centromere to form a single chromosome. Thus, carriers of
Robertsonian translocations have 45 rather than 46 chromo-
somes, but as no important material has been lost, they are
phenotypically normal; however, their offspring may inherit a
missing or an extra-long arm of an acrocentric chromosome
(13,14, 15,21 or 22).

Carriers of balanced chromosome rearrangements often
have an unfortunate obstetric history, presenting with multi-
ple early miscarriages or failure to conceive; alternatively
they may have previously had a child with unbalanced chro-
mosomes affected with multiple congenital abnormalities. In
addition to around a 30 % chance of conceiving an unbalanced
pregnancy and miscarrying, they may face a risk of up to
20 % of conceiving an unbalanced pregnancy that is viable
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a
A terminal exchange between the long arms of chromosomes 11 and 22 with breakpoints at
chromosome bands 11¢23.3 and 22q11.2 and no gain or loss of material (balanced).

13
12

7.

12.2

b

Transmission of the chromosome 11, 22 and der(22) in a gamete results in tertiary
trisomy for the derivative chromosome 22 after normal fertilization, causing Emanuel
syndrome (OMIM #190685), e.g. 47,XY,+der(22)t(11;22)(9q23.3;q11.2)mat

1 1
12 —_ 12 —_
Y///X /5
122 h 12.2
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FIGURE. 2.2 Reciprocal translocation: e.g. 46,XX,t(11;22)(q23.3;q11.2).
(a) A terminal exchange between the long arms of chromosomes 11
and 22 with breakpoints at chromosome bands 11q23.3 and 22q11.2
and no gain or loss of material (balanced). (b) Transmission of the
chromosome 11,22 and der(22) in a gamete results in tertiary trisomy
for the derivative chromosome 22 after normal fertilisation, causing
Emanuel syndrome (OMIM #609029), e.g. 47,XY,+der(22)t(11;22)
(q23.3;q11.2)mat
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a
Centric fusion of the long arms of chromosomes 14 and 21 and loss of the short arms
resulting in 45 chromosomes
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Transmission of the der(14;21) and a chromosome 21 in an egg or sperm results in
translocation trisomy 21 after normal fertilization, causing Down syndrome (OMIM #190685),
e.g. 46,XX,der(14;21)(q10;q10)mat,+21

FIGURE. 2.3 Robertsonian translocation: e.g.45,XX,der(14;21)(q10;q10)
(a) Centric fusion of the long arms of chromosomes 14 and 21 and loss
of the short arms resulting in 45 chromosomes. (b) Transmission of the
der(14;21) and a chromosome 21 in an egg or sperm results in translo-
cation trisomy 21 after normal fertilisation, causing Down syndrome
(OMIM #190685), e.g. 46,XX,der(14;21)(q10;q10)mat,+21
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and could continue to term; for them PGD may be particu-
larly helpful. Evenif the risk of a viable unbalanced pregnancy
that goes to term is very low, PGD may still be considered as
there can be a significant physical and emotional burden
caused by multiple pregnancies that are doomed to failure.

Genes

Human beings have approximately 30,000-40,000 genes, but
these represent less than 2 % of the genome. The remainder
is made up of DNA sequences that are predominantly inac-
tive and has been described as junk’ DNA; however, some of
these regions show evolutionary conservation and may play a
role in the regulation of gene expression. The distribution of
these genes varies greatly between different chromosome
regions; the highest gene density is found towards the end of
chromosomes (the subtelomeric regions). Gene size is also
very variable: small genes may contain only one exon (coding
region), whilst others, e.g. dystrophin, the gene involved in
X-linked muscular dystrophy, contain 79 exons. Most human
genes code for polypeptides such as enzymes, hormones and
structural or regulatory proteins.

Mutations in Genes

There are a number of ways in which the functioning of a
gene can be impaired. The whole gene may be deleted, or
there may be an error in the DNA ranging from a small
(point) mutation to a much larger deletion or insertion within
the genetic message. Smaller mutations are not necessarily
associated with milder disease as even the smallest mutation
may effectively stop the transcription of the whole gene. Over
the last 20 years or so, laboratories have identified a wide
range of mutations in thousands of different genes, and the
underlying genetic cause of a number of different conditions
has been elucidated. The actual genetic mutation in a particu-
lar family may be unique to that family, which may make it
hard to identify; however, in some families, it is possible to
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track the inheritance of the specific chromosome carrying
that particular gene without knowing the precise mutation
within the DNA, an approach known as a ‘linkage study’.
Genetic conditions may be caused by abnormalities in one
or more genes. More than 15,000 single-gene disorders have
been identified, and there are three main patterns of inheri-
tance, the characteristics of which are summarised in Table 2.2.

Autosomal Dominant Conditions

Autosomal dominant conditions affect 1 in 200 individuals and
are caused by a single mutation in one copy of a gene pair;
examples include Huntington’s disease, adult polycystic kidney
disease and myotonic dystrophy. Anyone affected with an auto-
somal dominant condition carries a mutation in one copy of
that particular gene pair (heterozygous) and has a 1in 2 (50 %)
chance of passing on the condition each time they have a child.
One of the difficulties in counselling families with some
autosomal dominant conditions, e.g. neurofibromatosis or
tuberous sclerosis, is that even within a family, individuals who
have the same mutation may present with very different clini-
cal features. The genetic test can only show whether the per-
son carries the gene mutation or not. It usually cannot predict
how severely the individual will be affected. This can make
reproductive decisions complicated. A parent who is relatively
mildly affected with an autosomal dominant condition may
find it hard to contemplate prenatal diagnosis and termination
of an affected pregnancy. At the same time, there is a risk that
the child may be much more severely affected than they are.

Autosomal Recessive

Autosomal recessive conditions are mostly quite rare and
occur when both parents, who happen to carry a mutation
in the same gene, pass on their mutated copy of the gene to
the same child, who is homozygous for the mutated gene,
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TaBLE 2.2 Characteristics of Mendelian inheritance

Autosomal dominant inheritance
Males and females affected equally
Affected individuals across a number of generations

Onset of symptoms may be delayed until later in life if not
apparent at birth

New mutation rate 0-100 %. The new mutation rate tends to
be lower in milder conditions that are associated with normal
fertility

Affected individuals have a 50 % chance of passing the
condition on to their offspring

Autosomal recessive inheritance
Males and females affected equally
Affected individuals may all be in the same generation
Higher risk in consanguineous relationships
Onset of symptoms is often at birth or during childhood
New mutation rate low

Carrier couples have a 25 % chance of having an affected child
in each pregnancy

X-linked inheritance
No male to male transmission

Males much more severely affected than female carriers (who
are generally asymptomatic)

All the daughters of affected males are obligate carriers

New mutation rate variable, but higher with more severe
conditions

Carrier females have a 50 % chance that any son of theirs will be
affected and a 50 % chance that any daughter will be a carrier

having no copy of the normal gene. Examples of autosomal
recessive conditions include cystic fibrosis, sickle-cell dis-
ease and spinal muscular atrophy. With autosomal recessive
conditions, affected individuals within the same family who
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have the same mutations will usually be similarly affected. In
consanguineous communities, there can be an increased rate
of some autosomal recessive conditions.

Sex-Linked Inheritance

Sex-linked inheritance refers to genes inherited on the X
chromosome, of which females have two copies and males
only one. Males who inherit a mutation on their single X
chromosome are affected with the particular disease involved,
whereas females with one mutated copy of the gene are often
asymptomatic because of the presence of a second normal
copy of the gene. Examples include haemophilia and
Duchenne muscular dystrophy.

Gonadal Mosaicism

Gonadal mosaicism refers to the situation where an
individual has two populations of cells in the gonads (testes
or ovaries), one population of cells containing the usual
genetic complement whilst the other contains a DNA muta-
tion or chromosome anomaly. The genetic change is con-
fined solely to the germ line (the cells which produce the
gametes) of the parent, so that the other cells in the person’s
body have the normal genetic complement. This means that
clinically normal people with normal gene test results can
still have undetected abnormal genes in their gonads and
pass these on to their children. For example, in Duchenne
muscular dystrophy, a female who does not show the same
mutation as her affected son on a blood test may still have
a 20 % risk of being a gonadal mosaic and having another
affected son. Another example would be where clinically
normal parents have more than one child with an autosomal
dominant condition such as achondroplasia. Currently,
there is no way of testing to see if someone is a gonadal
mosaic. Because of this phenomenon, some clinically nor-
mal parents who do not appear to be affected or carriers
may seek PND or PGD.



Chapter 2. Basic Genetics for PGD 21

Key Points

¢ Couples who wish to consider PGD must be seen by
a clinical geneticist first to confirm the genetic diag-
nosis, understand the mode of inheritance of the
particular disorder, calculate the recurrence risk
within a family, establish whether there is any risk to
other relatives and to review all reproductive options
including PGD.

e Most numerical chromosome abnormalities are spo-
radic and usually result in miscarriage.

e Balanced reciprocal and Robertsonian translocations
are the most common chromosomal rearrangements.

e For PGD to be possible for a single-gene disorder,
the gene mutation must have been identified and be
known to be disease-causing rather than variant of
uncertain significance. Linkage studies may also be
helpful.

e With metabolic disorders, PGD is different from pre-
natal diagnosis where testing can be done on enzyme
assay alone. For some rare metabolic disorders, iden-
tifying gene mutations may be very problematic. If
linkage studies cannot be performed, couples may
find it hard to understand why they can have prenatal
diagnosis but not PGD.
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Chapter 3

Genetic Counselling
and Its Role in PGD

Alison Lashwood

PGD has now been available for over two decades and the
number of patients treated has increased annually. The pro-
cess is by nature complex and requires a high level of clinical
and laboratory understanding, including the practicalities of
assisted reproduction treatment, some aspects of which may
be unfamiliar to even experienced geneticists and genetic
counsellors. The PGD Consortium of the European Society
of Human Reproduction and Embryology (ESHRE) and the
Preimplantation Genetic Diagnosis International Society
(PGDIS) recommend that acceptable practice requires that
the counselling should be offered to all couples requesting
PGD and is provided in a nondirective manner by an appro-
priately qualified professional. The combined skills of genetic
counsellors and clinical geneticists from accredited genetic
centres, working together with specialists in assisted repro-
ductive medicine, should ensure that patients receive a high-
quality service in PGD.

Most couples will have experienced the loss of a child or a
pregnancy and possibly had prenatal diagnosis (PND). They
are generally united in their wish to have a child that is
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biologically related, but is unaffected by the genetic disorder
within the family. The most commonly cited reason for using
PGD is to avoid termination of pregnancy. For others, the
advantage of PGD is the knowledge that from very early on
in gestation, the pregnancy is unaffected. Therefore, it is an
essential part of the PGD genetic counselling process to
establish the reason for choosing PGD to ensure that cou-
ples’ expectations can reasonably be met.

The aim of genetic counselling is to deliver accurate infor-
mation alongside the support given to patients to enable
them to make the most appropriate decision for them per-
sonally, whilst ensuring as far as possible that no pressure is
applied from clinical professionals involved in their care.
Genetic counselling services vary in structure being deliv-
ered by a combination of medically qualified clinical geneti-
cists and genetic counsellors with a nursing or science
background and a Master’s level degree in a related field.

Genetic Counselling Before a
Treatment Cycle

Before a couple is referred for PGD, they will have usually
consulted a clinical geneticist to discuss the implications of
the genetic condition affecting their family. Such consulta-
tions provide patients with information about the condition,
recurrence risks, contemporary appropriate genetic testing,
discussion of reproductive options, organisation of family
follow-up and support in coming to terms with the diagnosis.

Prior to the start of a PGD treatment cycle, it is important
that couples:

Discuss their family history and reason for requesting PGD
Understand their genetic risk

Know what alternative reproductive options are available
Understand the PGD process and the side effects of
treatment
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e Understand the limitations of testing and success rates

e Consider the physical, psychological and financial impact
of treatment

e Receive a written summary of the consultation and rele-
vant patient information leaflets

Genetic Counselling Is Not the Same as
Infertility Counselling

Although IVF is used in both procedures, and some couples
may have experienced childlessness due to repeated miscar-
riage, or incidentally as result of their genetic condition, e.g.
Klinefelter syndrome or Turner syndrome, the expertise of
the genetic counsellor is in helping couples to better under-
stand their genetic condition and prepare for PGD as a
means of avoiding transmission.

Counselling Issues Specific to PGD

Welfare of the Child

In accordance with the UK Human Fertilisation and
Embryology Act (2008), centres treating couples are respon-
sible for ensuring any assisted reproductive treatment
offered and must take account of the welfare of any chil-
dren born as a result. Some couples requesting PGD will be
affected with the genetic disorder in their family and have
associated clinical symptoms. A condition such as cystic
fibrosis may be life limiting or, in the case of Huntington
disease (HD), associated with long-term progressive disabil-
ity. Such issues require discussion with the couple to estab-
lish how they would manage in the event that one parent is
no longer able to care for a child and the unaffected partner
becomes the carer or the affected parent dies whilst the
child is at a young age.
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Impact of Treatment on the Family

A family caring for a child with a disability needs to consider
the impact of travel to appointments and the rigorous
demands of the treatment schedule. The risk of ovarian
hyperstimulation syndrome with the possibility of hospitali-
sation must also be considered. Couples should always be
encouraged to establish support networks to ensure backup
if there are complications associated with treatment.

Choices at Embryo Transfer

Number of Embryos to Be Transferred

The number of embryos used in transfer continues to court
controversy in the world of assisted reproduction because of
the perceived improvement in chances of cycle success with
the transfer of two embryos versus the increased chance of
multiple birth. Twins and triplets add another dimension of
difficulty to couples seeking PGD; as well as the physical
hazard to both mother and babies associated with twin or
triplet birth; the social and psychological impact of a multiple
birth is considerable. Many of the couples that request PGD
already may be caring for children with disabilities. The intro-
duction of more than one further child therefore needs care-
ful consideration in relation to the potential impact on the
family. Prolonged hospital stay and the risk of damage or
disability from prematurity may further add to the burden.

Carrier Status

Since embryos that carry one copy of a recessive gene or
females in X-linked disorders generally are unaffected by the
disorder being tested, they can be recommended for transfer.
Excluding carrier embryos reduces the cohort of transferable
embryos which in turn could compromise the success rate of
treatment. Couples are usually fully informed of the disease
status of all their embryos and should also have been made
aware whether there is any significant risk to transfer of
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carriers — see below. However, this information may conflict
with recommendations for carrier testing in childhood, an
issue that has been debated within the genetics community
for many years. The report “Genetic Testing in Childhood”
recommends that unless there are clinical benefits to testing
minors, testing for carrier status should be delayed until a
child is old enough to understand the implications and be
part of the decision making. In addition, since prenatal diag-
nosis generally is offered as a means of confirming the PGD
result, or should that be declined, by umbilical cord blood
testing at birth, it is important that the issue of childhood test-
ing is discussed with couples before carrier status is attrib-
uted to an embryo, fetus or neonate.

Sex Selection

Sex selection on social grounds is prohibited in most European
countries and in the UK under the terms of the HFE Act
(2008), but is freely allowed in some countries (Jordan) or
condoned in others (USA). However, when undertaking PGD
for X-linked disorders, the laboratory will be able to determine
the sex of the embryos as well as their disease status. In some
conditions where carrier females may have a clinical pheno-
type (e.g. as in the case of Fragile X or haemophilia A/B), there
may be good clinical grounds for not transferring carrier
embryos. Embryos that are genetically suitable for transfer
should always be prioritised on the basis of their morphologi-
cal quality and potential for implantation. However, in the
absence of a clinical phenotype associated with carrier status,
couples could be aware of the sex of their embryos and should
be given the option NOT to know the sex of their embryos.

Genetic Counselling After a PGD Cycle

Successful Cycle and Confirmation of Diagnosis

Following a successful PGD cycle and confirmatory first tri-
mester viability scans (Chap. 9), the couple should be con-
tacted by the genetic counsellor to discuss the option of
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confirmatory prenatal diagnosis. All PGD cases have a small
risk of misdiagnosis, which will vary depending upon the test
used, the skill of the centre offering treatment and the condi-
tion for which PGD was offered. Chorionic villus sampling
(CVS), amniocentesis and anomaly scanning are all possible
and widely available options. For many couples confirmatory
testing is difficult issue to confront, as they are reluctant to put
the pregnancy at risk from invasive testing. As many couples
have used PGD to avoid the issue of termination, the prospect
of having to face this possibility after prenatal diagnosis leads
many to decline confirmatory testing. Collecting an umbilical
cord blood sample at birth provides an alternative means to
confirm successful avoidance of the genetic condition, although
many centres will not offer this option in PGD for Huntington
disease. As these couples often decline prenatal diagnosis, con-
firmatory testing at birth could result in mutation detection in
a child, should a misdiagnosis have occurred and would contra-
vene current clinical guidelines which advocate against testing
of minors for late onset conditions since the child has not had
an opportunity to consent to such testing.

Unsuccessful Cycle and Follow-Up

Around 30 % of PGD cycles will not result in embryo trans-
fer due to:

¢ Poor response to ovarian stimulation

¢ Failure of fertilisation

e Poor embryo quality incompatible with biopsy

e Absence of genetically suitable embryos for transfer
Other couples will have a negative pregnancy test after
embryo transfer or suffer an early pregnancy loss following a
positive test. Each of these is a disappointing and often dis-
tressing outcome for couples. These couples should always be
offered a follow-up appointment as soon as possible to discuss
the outcome of the cycle, and where appropriate to discuss
any future treatment planned. Some may have embryos cryo-
preserved for additional attempts at transfer, whilst for others
the advice may be that further cycles are not recommended



Chapter 3. Genetic Counselling and Its Role in PGD 29

where the chance of success is considered too low. Such
discussions need sensitive counselling and involvement of the
rest of the PGD team. Genetic counsellors can support
the couples at or after these consultations and liaise with the
couple’s local genetic centre where necessary.

Paediatric Follow-Up

In most cases, a successful PGD cycle will result in an ongoing
pregnancy and a healthy live born infant. Although PGD is a
well-established clinical service, outcome data on babies born
is limited (see Chap. 11 and 18). Long-term follow-up and
data collection have been recommended since the early days
of PGD. The ESHRE PGD consortium recommends paediat-
ric review at birth, 1 and 2 years of age. This can be organised
via the PGD centre involved in the treatment of a couple or
on a more local basis following referral to a paediatrician.

Recent ESHRE PGD consortium data reported that no
malformations were detected in 95 % of PGD babies.
Abnormalities were varied and ranged from significant car-
diac abnormalities to mild syndactyly. Longer-term studies
seem to reflect that growth and developmental parameters in
PGD children are equivalent to IVF/ICSI children and nor-
mal controls.

Key Points

e Genetic counselling is an integral part of the PGD
process.

e Genetic counselling is not the same as fertility
counselling.

e Couples should have access to genetics expertise
from the point of referral to monitoring of babies
born following treatment.

e In accordance with recommended practice guide-
lines, appropriately qualified personnel should be
employed to work as members of the PGD team.
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Chapter 4
Complex Issues in PGD

Alison Lashwood and Genevieve Say

The process of PGD is complex and can be challenging for
both professionals and patients alike. However, there are addi-
tional complexities that arise and may not be obvious to the
practitioner new to PGD. Each centre offering PGD will work
within its own practical, ethical and moral framework and,
where present, in accordance with specific national regulations.
This chapter will address some of the issues that require fur-
ther consideration when providing a PGD clinical service.

Late-Onset Conditions

Preimplantation genetic diagnosis for conditions with an
adult onset presents the PGD team with a unique set of issues
that require special consideration. Predictive testing is
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available for a number of adult-onset disorders such as
Huntington disease, (HD) which forms a good example of
this group and its problems. PGD is available not only for
those who know that they have inherited the HD gene muta-
tion (direct testing) but also for those who are at 50 % risk of
inheriting the disease (exclusion testing).

Although symptom onset is usually well into adulthood,
the clinical, psychological and practical implications of such
conditions are so profound that PGD for HD is one of the
leading treatment requests. Uptake of prenatal diagnosis for
HD is low perhaps because as a late onset condition, the deci-
sion about termination of pregnancy is even more difficult for
many couples, and there continues to be the hope of a cure in
time for the next generation.

HD Direct Testing PGD

PGD by direct testing has been available since 1998 and should
only be undertaken when a positive presymptomatic test result is
available. Individuals who have requested a presymptomatic
genetic test will have done so for varied reasons: the ‘need to
know’, making decisions about starting a family, lifestyle choices,
planning for the future, ‘for the sake of children’ and for some
because they may have had concerns that they are showing
symptoms. As professionals were concerned about the impact of
such testing, international guidelines were drawn up to help pre-
pare a person at risk for the result. Those who opt not to undergo
testing often state that the overriding reason behind nonpartici-
pation is concern about their ability to cope with a bad news
result. Undertaking direct testing an embryos in the absence of a
presymptomatic test presents difficult ethical and medical dilem-
mas which can be avoided by indirect (exclusion) testing.

HD Exclusion PGD

Exclusion testing PGD has been licensed in the UK by
the HFEA since 2002. The aim here is to exclude embryos
that carry the high-risk (50 %) grandparental allele. Those
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requesting exclusion testing are at 50 % risk of inheriting
the gene and have chosen not to have a presymptomatic test
usually out of concern for their ability to cope with the practi-
cal issues associated with an adverse result. It is possible to
develop a test that excludes the high-risk grandparental copy
of chromosome 4 which contains the HD allele, without dis-
closing the HD status of the at risk partner.

A number of arguments against such testing have been
raised including concern over the invasive nature of PGD to
a woman who may not require treatment if there is no risk
of passing on the gene, the destruction of embryos that may
not have a genetic risk, and whether it is the best use of
health resources when a couple does not have a proven
genetic risk.

Confirmation of PGD Results
in Late-Onset Disorders

Couples who successfully conceive an ongoing pregnancy
after PGD for single-gene disorders with childhood onset or
for chromosomal rearrangements usually are offered confir-
matory prenatal testing due to the associated misdiagnosis
risk. As the misdiagnosis risk is low, most couples opt not to
undergo prenatal diagnosis and continue with the pregnancy
untested. Analysis of cord blood at birth is an alternative
method of PGD confirmation.

Confirmation of diagnosis for autosomal dominant late-
onset disorders raises the particular issue of presymptomatic
testing in a child, since the diagnosis of the presence or
absence of the gene either at prenatal testing or in cord blood
changes the right of the child to an ‘open future’ and thus
conflicts with recommended childhood testing guidelines.

Cancer Susceptibility

Genetic testing for cancer susceptibility genes is now more
widely available, and many who opt for testing are of repro-
ductive age. In response to demand, a number of genetic
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cancer predisposition syndromes have now been licensed by
the Human Fertilisation and Embryology Authority (HFEA)
for PGD, which include:

e BRCA1 and BRCA2 (breast and ovarian cancer)

e Lynch syndrome (bowel, endometrial and ovarian cancer)

e Familial Adenomatous Polyposis (FAP) (thousands of
bowel polyps with malignant potential)

e Li-Fraumeni syndrome (breast cancer and other soft-
tissue tumours)

e Neurofibromatosis type 2 (schwannomas)

Such pathogenic mutations in monogenic disorders are
said to be not fully penetrant; not all who carry the patho-
genic mutation will develop the disease. For example, BRCA
carrier status confers a lifetime risk of up to 80 % for breast
cancer and up to 50 % for ovarian cancer. Cancer predisposi-
tion syndromes are often adult onset, most are not fully pen-
etrant,and all have some degree of risk-reducing management
available. However, compared to sporadic cancers, hereditary
cancers often manifest at a younger age and imply an
increased risk of developing multiple primary tumours.

Besides penetrance, the fact that risk-reducing strategies
are available for those who carry mutations divides opinion
as to the appropriateness of PGD as a reproductive option.

However, risk-reducing management includes various
types of invasive screening and prophylactic surgery, such as
mastectomy, oophorectomy or colectomy, which may impact
psychological wellbeing and quality of life.

Prenatal testing (PND) for cancer predisposition syn-
dromes is rarely requested. Whilst many of those at risk feel
pregnancy termination for BRCA is justified, some health
professionals are reluctant to offer prenatal testing for some
cancer predisposition syndromes due to the lack of pene-
trance. PGD is an appealing alternative for those couples who
see embryo selection as more acceptable than pregnancy ter-
mination. As the cancer predisposition syndromes manifest
with such variability, acceptability levels of PGD are also vari-
able among those at risk. Acceptability is largely determined
by a couple’s perception of severity of cancer. However, as
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cancer is common, individuals born following PGD treatment,
whilst not at high risk for the specific cancers tested for, would
still have the 1 in 3 population risk of developing some type of
cancer over their lifetime. A review of literature shows that
awareness of PGD is low among those with cancer predisposi-
tion syndromes.

Infertility and PGD

Over 30 % of patients referred for PGD will also have an
underlying fertility problem. The cause of subfertility may be
linked to the genetic condition, e.g. congenital absence of the
vas deferens (CBAVD) or chromosome rearrangements. Whilst
the use of PGD as an adjunct to Assisted Reproductive
Technology (ART) may be clinically justified, careful consider-
ation of the benefits and costs is required.

According to the ESHRE consortium, around 15 % of
embryos following PGD will be excluded due to technical fail-
ure to make a diagnosis (non-diagnosis risk) and as such PGD
will reduce the number of embryos available for transfer above
the number diagnosed as affected. This issue may be less rele-
vant when embryo numbers are abundant, but in cycles with few
embryos, testing may compromise the chance of embryo trans-
fer and hence chances of pregnancy. Detailed discussion about
the impact of the transfer of an affected embryo following an
IVF cycle needs to be weighed against the reduced success rate
of adding PGD. For example, in the case of a couple carrying a
balanced chromosome translocation where the most likely out-
come of an unbalanced conception is miscarriage, the couple
may prefer to try IVF alone and maximise the number of
embryos available for transfer or cryopreservation and consider
prenatal diagnosis as an alternative if concerned about continu-
ing genetic abnormality. In addition preparation and workup for
PGD takes additional time, so those concerned about time-
frames, which is a common concern in the pursuit of fertility
treatment, IVF without PGD may be a preferable option.
However, some centres offering fertility treatment are uncom-
fortable offering ART to couples with a high genetic risk.
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It is not uncommon for there to be so few embryos
available that proceeding with genetic testing may simply
remove any likelihood of transfer. Taking into account the
risk of non-diagnosis, it may be preferable to go ahead with
transfer anyway, especially if the couple is prepared to con-
sider Prenatal Diagnosis (PND) in these circumstances.

Where PGD has gone ahead and reveals there are only
affected embryos available, there is the potential for a request
to transfer anyway especially if this is the couple’s only chance
of having a baby. These scenarios are not that infrequent and
merit discussion with the couple ahead of treatment.

Gamete Donation and PGD

In the context of genetics the use of donated gametes serves
two purposes; to enable people who have a genetic disorder
to avoid passing on the gene to their children, or to enable
those who have a genetic disorder causing infertility, to
become parents.

Donated gametes for infertility are generally used when
the female partner has low ovarian reserve or premature
ovarian failure, or the male partner is azoospermic. In PGD
it may be the fertile partner who carries the genetic risk and
additional effort is required in donor matching, making the
already difficult process of procuring a suitable donated egg
or sperm additionally complex.

Donors may be sought through recruitment of anonymous
altruistic donors or by payment for gametes from national or
international donor banks if regulations so allow. Besides the
standard screening tests to eliminate common conditions such
as cystic fibrosis, thalassaemia, Tay-Sachs and sickle-cell dis-
ease, depending on the population risks, an additional blood
sample will be required from the donor for the development
or validation of the specific PGD tests to be used. If anony-
mous donors are used, special arrangements have to be made
to access the sample through the centre that provided the
donor. Access to such samples is not always possible and may
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result in PGD being unavailable to the couple. The donor
must also be informed that their gametes are being used for
PGD, and specific permission for the blood test and the
embryo test is generally required. Couples recruiting donors
through family members need to ensure the donor does not
carry the same familial condition that is being tested by PGD.

PGD for Social Reasons

Sex Selection

In many countries use of PGD is regulated by law, and in
most, as in the UK, its use to sex embryos for non-medical
reasons is illegal. However, couples going through PGD for a
serious genetic condition will sometimes express a preference
that a certain gender embryo is replaced if both male and
female unaffected embryos are available. Requests for a cer-
tain gender of embryo may be linked to the condition itself,
such as in haemophilia where a carrier female may manifest
the disorder and the severity may be difficult to predict.
However, requests may come from couples with an affected
son such that only female embryos are transferred. In the
case of X-linked Duchenne muscular dystrophy, for example,
a couple may not want their affected son to see a healthy
younger brother develop the ability to reach the physical
potential that the affected sibling is unable to do. They may
believe that a daughter is less likely to be compared in
physical pursuits. Each of these needs to be considered on its
merits, for medical, social, psychological and legal factors.

Genetic Risk for Future Generations

Most female carriers of X-linked conditions and carriers of
autosomal recessive disorders or chromosome rearrange-
ments will have no associated health problems. The aim of
PGD is help couples conceive a healthy child. However,
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couples often request exclusion of carrier embryos to avoid
the risk of having affected grandchildren. This is an under-
standable concern and perhaps reflects the feelings of signifi-
cant levels of guilt and sense of responsibility to their future
children. On the other hand, those who have reservations
about PGD being the pursuit of ‘designer babies’ may cite
this approach as eugenic.

After discussion about the limited success rates of PGD,
most couples are happy to have a carrier embryo transferred
if it represents the best chance of having a healthy child. They
often have faith also that technology and options will
improve significantly by the time their children are con-
fronted with reproductive risks.

Key Points

e Complex issues arise as part of the PGD process.

e Patients’ requests for PGD may not solely be made
on the basis of the genetic disorder.

e PGD must be practised in accordance within the
regulatory framework of a specific country and rec-
ommended practice guidelines.
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Chapter 5

Assisted Reproductive Care
for PGD Patients

Willem ML.J.A. Verpoest and Christine E.M. de Die-Smulders

Assisted reproductive care for patients requesting PGD is for
many reasons beyond that provided to patients undergoing
reproductive treatment for non-genetic indications. A major
difference is the fact that up to 70 % of PGD patients are not
documented to have a fertility problem. Another consider-
ation is that, although the ideal outcome is a healthy single-
ton live born, there is a shift in focus to an optimum number
of good quality oocytes, embryos or blastocysts for biopsy.
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Basic Assisted Reproductive Techniques
Involved in PGD

Patient Management

Specific requirements are essential for both the clinical and
laboratory setting of PGD (see Chap. 6). A multidisciplinary
setting involving clinical geneticists and reproductive special-
ists, and when necessary, physicians, neurologists, paediatri-
cians, oncologists, obstetricians and internal medicine or
other specialists, is required to cover the range of medical
issues involved in the management of PGD patients. The
patient and/or his/her relatives often suffer with genetic dis-
orders that may require special attention with regard to peri-
conceptional care and risks that need to be addressed prior to
start of PGD treatment. Psychological counselling is required
in many cases including when PGD for HLA compatibility
testing is being considered.

The pretreatment workup needs to be completed as for
patients undergoing routine IVF treatment without PGD.
This includes ovarian reserve testing in order to determine
the optimum stimulation protocol and serological testing for
infectious diseases as required by local legislation. Sperm
analysis for the male is essential, most specifically for men
carrying a hereditary condition potentially associated with
reduced spermatogenesis such as myotonic dystrophy type 1
and balanced structural or numerical chromosomal aberra-
tions, including Klinefelter syndrome.

Consent by the patient and her partner with regard to
embryo selection by PGD is important. The informed con-
sent form should include procedure-specific information, risk
of false negative diagnosis, advice on prenatal testing fol-
lowing PGD as well as issues regarding the fate of embryos
that are judged not genetically transferable. Specific consent
is required when an exceptional transfer decision is made,
e.g. when diagnosis is inconclusive or failed, or the genetic
diagnosis deviates from the one agreed on originally to be
allowed for transfer.
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Female Fertility Issues

Ovarian Reserve

Women with X chromosome aberrations are at risk of
reduced ovarian reserve. Assessment of ovarian reserve is
essential whenever numerical or structural chromosomal
abnormalities aberrations are involved especially those
involving the X chromosome.

The most sensitive test currently available is serum anti-
Miillerian hormone (AMH) analysis. AMH is produced by the
granulosa cells surrounding the oocytes and is quantitatively
related to the number of oocytes available. Alternative testing
includes early follicular phase serum follicle-stimulating hor-
mone (FSH) analysis or the antral follicle count on ultrasound.

Women who are expected to have poor ovarian response
at ovarian stimulation, or have proven to have done so in the
past, should be counselled about the reduced chances of suc-
cess, as the number of oocytes collected is significantly associ-
ated with reproductive outcome in PGD (Chap. 12). There is
no fixed threshold for the number of oocytes required; mod-
erate ovarian response is associated with good reproductive
outcome, especially in younger patients.

Body Mass Index

Obesity

Obesity leads to anovulation and is commonly associated
with polycystic ovarian syndrome (PCOS). Obesity and
PCOS share several pathophysiological characteristics includ-
ing insulin resistance and hyperandrogenemia. A distinction
between gynecoid obesity (esthetic) and android obesity
(metabolic) is important at first consultation. In addition,
there are ethnic variations in obesity. White Caucasians are
considered obese above a body mass index (BMI) of 30,
whereas Asians are considered obese above a BMI of 25.
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TaBLE 5.1 Non-genetic factors affecting ovarian response and embryo
implantation

Conditions that could potentially affect ovarian response are:
Endometriosis
Opvarian cysts
Use of certain medication
Obesity/anorexia
Polycystic ovarian syndrome
Conditions that potentially affect embryo implantation are:

Intrauterine abnormalities including polyps, fibroids,
adenomyosis and Miillerian duct abnormalities

Endometritis
Thrombophilia
Antiphospholipid syndrome

Thyroid function abnormalities

Psychological stress

Underweight

The onset and regularity of menstrual function necessitates
maintaining the body weight above a critical level, and there-
fore a critical amount of body fat is important. Acute weight
loss and anorexia nervosa can lead to a hypogonadotrophic
anovulatory state and can have an effect on oocyte number
and quality in assisted reproductive treatment. Thin patients
have a propensity to hyperstimulate easily.

Female Infertility Not Related
to the Genetic Condition

Up to 70 % of couples presenting at a PGD clinic have no
documented infertility. However, gynaecological pathology can
be present or become obvious during the course of pretreat-
ment workup or the treatment itself. Such pathology (Table 5.1)
needs to be addressed in a similar fashion as in patients having
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routine I'VF treatment, in order to optimise ovarian response,
oocyte quality as well as embryo implantation and pregnancy.

Female Infertility Related to Specific
Genetic Conditions

A number of genetic conditions may cause a depletion of
ovarian reserve. This needs to be taken into account when
preparing for PGD treatment.

Fragile X Mental Retardation Protein 1 (FMR1)
Premutation (Fragile X Syndrome)

This condition is caused by a dynamic CGG repeat expansion
in the 5’ untranslated region of the FMRP gene. A premutation
is defined as more than 55 but less than 200 CGG repeats. The
natural history of altered ovarian function associated with frag-
ile X syndrome premutation is not entirely known, but it is
assumed that it induces accelerated follicular atresia. As a result,
the average age at menopause is significantly lower, and there is
a higher incidence of premature ovarian failure (POF) in fragile
X syndrome premutation carriers compared to noncarriers.
There appears to be a significant influence of repeat size on the
risk for ovarian failure, with increasing prevalence of POF and
decreasing age at menopause correlating with increasing repeat
size. However, this relationship seems to be non-linear as the
risk of POF appears to plateau or even decrease in carriers of
over 100 repeats. The ideal stimulation protocol in these
patients is not evident; different strategies may need to be
explored, and often poor response cannot be avoided.

Myotonic Dystrophy Type I
(DM1; Steinert Syndrome)

Ovarian function in affected women has generally been
considered normal, but poor ovarian reserve, oligomenor-
rhoea, abortions and early menopause have been reported
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in several studies. Nevertheless, larger studies looking into
reproductive function of DM1 patients after PGD are still
required.

Chromosomal Abnormalities

Miscarriage is increased in couples where one of the partners
is carrying a balanced reciprocal or Robertsonian chromo-
somal translocation. It is unclear whether female carriers of
balanced autosomal translocations carry an increased risk of
reduced ovarian response and specific autosomal transloca-
tions associated with POF have not been established. On the
other hand, defective follicular production or excessive apop-
tosis has been reported in patients with a balanced transloca-
tion involving the long arm of the X chromosome. Women
lacking an X chromosome (Turner syndrome) are known to
be infertile with streak ovaries and are not normally offered
PGD. Occasionally, women carrying an extra X chromosome
could be at risk of reduced ovarian reserve and POF.

BRCA Mutation Carriers

Ovarian stimulation for reproductive treatment or fertil-
ity preservation exposes the female to increased levels of
estrogens, hence theoretically could increase the risk of
developing or recurrence of certain hereditary gynaecologi-
cal cancers such as breast and ovarian cancer in BRCA1 or
2 mutation carriers and TP53 mutation carriers and other
hereditary oncological disorders. However, such an increased
risk is yet to be demonstrated in large studies. Furthermore,
and rather paradoxically, female BRCAI carriers are thought
to have a reduced ovarian response, despite the absence of
clinically obvious fertility problems.

Low-dose ovarian stimulation has thus far only been stud-
ied in patients actually affected by cancer and requesting fer-
tility preservation. In view of the increasing demand for PGD
and/or fertility preservation in this patient group, studies are
needed to improve reproductive results and coordinate regis-
tration, counselling and follow-up of these patients.
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Male Fertility Issues

Sperm analysis is required for all males entering the PGD
programme. In men with very poor sperm quality, cryopreser-
vation of sperm is justified as backup for use in PGD treat-
ment and as a fertility preservation measure.

Klinefelter Syndrome

A number of genetic conditions are associated with reduced
sperm quality. Klinefelter syndrome is associated with tes-
ticular atrophy and is the most common genetic cause of
non-obstructive azoospermia. Spermatogenesis may be pre-
served to some extent in these patients. Thus, spermatozoa
could be obtained in many Klinefelter patients undergoing
ICSI and testicular sperm extraction (TESE). Although tes-
ticular volume and serum follicle-stimulating hormone
(FSH) level are not reliable predictors of spermatogenesis,
clinical examination by orchidometry remains important in
these patients in order to determine feasibility of testicular
biopsy.

Chromosome Rearrangements

Assessment of sperm quality is essential whenever struc-
tural chromosomal anomalies, such as translocations, are
involved, as it is known that they are more often associated
with oligoasthenozoospermia or sometimes even azoosper-
mia. The recurrent Robertsonian translocation between
chromosomes 13 and 14 is well known to be associated
with male infertility and a relatively frequent indication
for PGD.

Congenital Absence of the Vas Deferens (CBAVD)

CBAVD is a type of obstructive azoospermia in which both
vasa deferentia are absent, and the seminal vesicles are atro-
phic or absent as are large portions of the epididymis. This
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condition is most commonly diagnosed in presence of
azoospermia in otherwise normal men, either on clinical
examination or by scrotal ultrasound. In men affected with
cystic fibrosis, 97-98 % are found to have CBAVD. Conversely,
in men who have been diagnosed with CBAVD and who are
not affected with cystic fibrosis (CF), a mutation of the CFTR
gene is frequent. In those cases where no mutation is identi-
fied, there remains a suspicion of the presence of an as yet
unknown mutation or combination of alleles. Many CBAVD
patients do not have significant lung or pancreatic disease as
the homozygous mutation(s) they carry is thought either to be
associated with milder disease or to have a different tissue-
specific effect. Spermatogenesis is normal in most males with
CBAVD, although occasionally a mutation in the CFTR gene
can be associated with defective spermatogenesis. Extended
CF testing should be conducted because of the added risk of
an occult CF mutation which could have potentially serious
consequences in the offspring with a known CF carrier female.

Myotonic Dystrophy

Although secondary sexual development is usually normal,
males affected by myotonic dystrophy type 1 have an
increased risk of hypogonadism, raised FSH levels and lower
testosterone levels. As a result, sperm quality is on average
worse than in non-affected men, probably due to progressive
seminiferous tubular destruction. The CTG expansion associ-
ated with DM1 causes transcriptional silencing of the flank-
ing Six5 gene. A decrease in Six5 gene expression has been
associated with deficient spermatogenesis and a progressive
decrease in testicular mass with age.

Medical Conditions Related to Carrier
State of the Genetic Condition

Genetic disorders may interfere with and complicate PGD
treatment. This is especially true for couples affected with
an autosomal dominant disorder or female carriers of an
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X-linked disorder. Genetic disorders may also give rise to
increased risks in pregnancy or concerns regarding the prog-
nosis of the diseased parent at the long term. It is of para-
mount importance to identify the high-risk patients prior to
starting PGD treatment.

Effects of the Genetic Disorder on PGD
Treatment and Subsequent Pregnancy

Disorders Affecting the Cardiovascular System

In women with disorders affecting the cardiovascular system,
such as Marfan syndrome or Ehlers-Danlos syndrome type
IV (the vascular type), the cardiovascular effects increase
with gestational age and may be life threatening. During
pregnancy, maternal blood volume increases by 40 %, result-
ing in a 30-50 % increase in cardiac output. In Marfan
syndrome it is generally accepted that a pregnancy is contra-
indicated when the aortic diameter exceeds 50 mm. Likewise,
patients affected with EDS type IV are at increased risk of
arterial, bowel and uterine rupture. The condition has one of
the highest mortality rates for pregnant women with signifi-
cant morbidity being common if the mother survives.
Although not reported, one may assume that ovum pick-up
in EDS IV women also be risky. Counselling against PGD
treatment and pregnancy due to the high complication rates
could be advocated in certain cases.

In Duchenne/Becker muscular dystrophy carrier women
may show progressive dilated cardiomyopathy, leading to a
decreased left ventricular ejection fraction and congestive
heart failure. Women affected with myotonic dystrophy type
1 may be faced with cardiac rhythm disturbances, with an
increased risk of sudden death. Thus, preconceptional cardiac
evaluation prior to PGD treatment and surveillance during
pregnancy are recommended. Other neuromuscular disor-
ders may also be complicated by cardiac involvement, such as
the laminopathies and different types of limb girdle muscular
dystrophy.
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Disorders of Haemostasis

Carriers of inherited bleeding disorders may face several
haemostatic challenges during PGD treatment and pregnancy.
Haemophilias A and B are one of the most prevalent indica-
tions for PGD and are both inherited as X-linked disorders.
Before starting PGD treatment, female haemophilia carriers
should have their factor VIII/IX levels checked to assess the
need for prophylactic treatment during oocyte retrieval. One
must also be aware of possible bleeding complications after
the intervention, so prolonged surveillance is recommended.
In haemophilia A, administration of DDAVP may give tem-
porary increase in factor VIII level, while in haemophilia B,
administration of recombinant factor IX may be indicated.

Skeletal Disorders

In women with achondroplasia, difficulties in ovarian stimula-
tion and oocyte retrieval have been reported. Due to abnormal
pelvic position of the ovaries, oocyte retrieval could be difficult
even under general anaesthesia. Vaginal delivery may be com-
plicated in affected women due to pelvic skeletal abnormali-
ties, and a planned caesarean section may be advisable.

Conditions with Tumour Formation Potential
or Increased Risk of Malignancy

Tuberous sclerosis complex type 1 or 2 (TSC 1 or 2) is char-
acterised by skin, brain, kidney (angiomyolipomas, renal
cysts, renal cell carcinomas), heart (rhabdomyomas, arrhyth-
mias) and lung (lymphangioleiomyomatosis) involvement.
Calcifications of the ovaries may hinder oocyte retrieval.
Renal angiomyolipoma carries the risk of growth and rupture
in pregnancy. Evaluation of affected organs may reveal
abnormalities that may interfere with safe PGD treatment.

Familial Adenomatous Polyposis Coli

Women suffering from familial adenomatous polyposis
coli (FAP) are confronted with hundreds to thousands of
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precancerous colonic polyps, beginning in puberty. Without
colectomy, colon cancer is inevitable. Extraintestinal mani-
festations, such as intra-abdominal desmoids tumours, may
also be present. Most patients undergo a colectomy with ileal
pouch-anal anastomosis at young adult age, frequently ren-
dering oocyte retrieval more difficult due to post-operative
distortion of pelvic anatomy.

Could the Course of the Genetic
Condition Be Affected by PGD
Treatment or Pregnancy?

In general, there is no evidence that PGD treatment affects
the course of genetic disease. Hormonal stimulation for PGD
treatment could be a concern in BRCA mutation carriers.
Long-term and more extensive studies on ART-related risks
for BRCA patients are needed.

Key Points

e In PGD patients, careful preconceptional assessment,
often by a multidisciplinary team, is paramount.

e Special consideration is given to gynaecological
pathology relevant to the underlying genetic
condition.

e Carrier state of some genetic conditions may be asso-
ciated with subfertility and require specific interven-
tion during PGD treatment.

e Medical challenges encountered secondary to the
underlying genetic condition should be managed
via a personalised treatment plan, avoidance of
multiple pregnancy and close surveillance during
pregnancy.

e PGD treatment does not alter the disease state of
affected patients; however large follow-up studies
are needed.
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Chapter 6
Embryology and PGD

Virginia N. Bolton

The Role of the Clinical
Embryologist in PGD

Preimplantation genetic diagnosis (PGD) was first
postulated as having potential for clinical application in
1965. However, the technical difficulties of sampling the
preimplantation embryo, providing sufficient material and
sufficient time for genetic analysis before embryo transfer,
meant that successful realisation of this vision was not
achieved for a further 22 years.

The pivotal role of the clinical embryologist in PGD is in
minimising damage to embryos throughout the procedures
that are necessary for the technique: in providing an environ-
ment for the routine fertilisation of oocytes and culture of
resulting human preimplantation embryos; in the technical
expertise enabling biopsy of embryos at whichever stage is
deemed appropriate; in performing the biopsy procedure in
an environment where DNA or adventitious agent contami-
nation is minimised; in collecting biopsied cells using meth-
ods that minimise the risk of loss, contamination or mismatch
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between each embryo and its diagnosis; and in the successful
cryopreservation of embryos, whether whilst awaiting results
of the genetic diagnosis or for storage of unaffected embryos
surplus to those transferred in a fresh cycle of treatment.

Fertilisation Methods

Where male fertility is not in doubt, and where genetic analy-
sis of chromosomal disorders is to be undertaken using fluo-
rescence in situ hybridisation (FISH), fertilisation may be
achieved using conventional in vitro fertilisation (IVF), with
insemination and overnight incubation of oocytes with pre-
pared spermatozoa. In such cases, any residual cumulus cells
that may remain adhered to and additional spermatozoa that
may be bound to the zona pellucida (ZP, see Chap. 8) of the
developing embryo will not impact upon the diagnostic test
that is undertaken. However, if a molecular diagnostic tech-
nique is required, such as in the diagnosis of a single-gene
disorder, additional steps must be taken to remove the risk of
contamination with maternal or paternal DNA. Thus, the use
of intracytoplasmic sperm injection (ICSI), where maternal
cumulus cells are removed from the ZP before injection of a
single spermatozoon to achieve fertilisation, is essential for
all cases where PGD of single-gene disorders is to be under-
taken; furthermore, any cumulus cells still adhering to the
zona pellucida must be removed before biopsy.

Biopsy Procedures

Breaching the Zona Pellucida

Techniques for breaching the zona pellucida (ZP) were
developed for the biopsy of blastomeres from cleavage stage
embryos and include chemical drilling using acid Tyrode’s
or pronase solution, partial zona dissection (PZD) and laser
ablation. Each has the potential to damage the embryo,
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whether by exposure to the chemical agent used or through
mechanical damage, and none has been shown unequivocally
to be the method of choice. Indeed, no difference has been
demonstrated between any of the techniques, in terms of the
effect on implantation rates of manipulated embryos, when
used for assisted hatching during cleavage. However, it has
been recommended that mechanical, rather than chemical
or laser, drilling should be used for polar body biopsy of
oocytes because of the sensitivity of the meiotic spindle to
damage, where care must be taken to minimise exposure of
the embryo to reduced pH.

Adaptations of the original mechanical PZD method
include the use of a piezo-micromanipulator, in which a
piezoelectric pulse induces a vibratory motion in the dissect-
ing needle; 3-dimensional PZD (3D-PZD), where the
microneedle is used to make a cross-shaped breach in the ZP;
and long zona dissection, where a long slit is made in the ZP
using a modified holding pipette (LZD).

Whilst zona drilling using a laser is technically more
straightforward than chemical techniques, and there are
reports that laser drilling does not impair embryonic devel-
opment to the blastocyst stage and implantation, its use is not
without the potential to harm embryos.

Selection of a given method may be based on practi-
cal and economic considerations, including whether it is to
be used for polar body biopsy, cleavage stage blastomere
biopsy (Fig. 6.1) or trophectoderm biopsy of blastocyst stage
embryos.

With all methods for zona breaching, the embryo is placed
in a droplet of medium, usually buffered for use in air
(HEPES or MOPS buffer) under oil on a warmed micro-
scope stage. For cleavage stage biopsy, the medium used is
free of Ca* and Mg*, in order to reduce blastomere adhesion
and facilitate removal of a single cell. The embryo is secured
using a gentle vacuum applied to a holding pipette; once an
opening has been generated in the ZP, cell(s) is aspirated
through the breach in the ZP using the biopsy pipette (outer
diameter 50 pm; inner diameter 35 pm).
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FIGURE 6.1 Stereophotomicrograph of a day 3 cleavage stage
human embryo on a glass holding pipette, with a single blastomere
being extracted through the hole breached in the zona pellucida.
Note the intact nucleus in the cell being removed

The apparatus and micropipettes used for chemical drilling
are shown in Figs. 6.1a and 6.2b. With this technique, a small
hole is created in the ZP by controlled application of a stream
of acid Tyrode’s (or pronase) solution, expelled from the
drilling pipette (inner diameter 5-6 pm).

For PZD, the embryo is secured with a holding pipette as
with chemical drilling, and a slit is made in the ZP by rub-
bing a PZD pipette against the holding pipette with a saw-
ing motion. The immobilised embryo may be squeezed with
a biopsy pipette until a blastomere of a cleavage stage
embryo is extruded, followed by aspiration with a biopsy
pipette, or cell(s) may be aspirated as described for chemi-
cal drilling.

For laser ablation, the apparatus for which is shown in
Fig. 6.3, the ZP of the secured embryo is breached, taking
care with blastocyst stage embryos to orientate the embryo so
that the breach is made in a region away from the inner cell
mass (ICM), with aspirated trophectoderm cells excised using
the laser.
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FIGURE 6.2 Micromanipulation apparatus for chemical zona drilling.
(a) Micromanipulators attached to an inverted phase microscope,
showing the attachments for the holding pipette (left) and drilling
and biopsy pipettes (right). (b) Micropipettes used for holding (left),
drilling (upper right) and biopsy (lower right)

Handling Biopsied Material

When required for processing for molecular analysis, pre-
cautions must be taken to prevent DNA contamination;
when biopsied cells are to be processed for chromosome
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analysis, such precautions may be less stringent. Biopsies
should be carried out using sterile equipment in a mini-
mum Class I flow hood, which provides material with pro-
tection from airborne contamination throughout the
procedure, and the practitioner processing the biopsied
cells should wear protective clothing (hairnet, facemask,
theatre gown and sterile gloves) that must be changed if
any contact is made with potential sources of
contamination.

Biopsied cells must be rinsed thoroughly to ensure
removal of all potential contaminants, but with care to
avoid causing cell lysis, which may compromise the chance
of yielding results. In practice, this entails rinsing in at least
3 sequential drops of wash buffer, consisting of a simple
solution such as phosphate-buffered saline (PBS) supple-
mented with polyvinylpyrrolidone (PVP) to prevent adhe-
sion of biopsied cells to the pipette and dish. The pipette is
rinsed in fresh wash buffer between drops, before transfer
of the cells into microcentrifuge tubes containing PBS, in
no more than 1-2 pl wash buffer to avoid dilution of the
reagentsused forlysisand DNA amplification. Micropipettes
used for rinsing and transfer of biopsied cells should be
changed between samples to minimise cross-contamina-
tion. A sample of the stock of wash buffer used for each
series of biopsy procedures should be taken for the prepa-
ration of a negative control.

Embryo Development

Biopsied embryos are rinsed through fresh drops of warmed
culture medium before being returned to culture. This is par-
ticularly important when chemical drilling has been used and
for cleavage stage biopsies where Ca’*- and Mg*-free medium
will have been used, in order to remove traces of the chemical
agent, biopsy medium and HEPES or MOPS buffer from the
culture medium.
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FiGURE 6.3 Micromanipulation apparatus for laser ablation. (a)
Micromanipulators attached to an inverted phase microscope, show-
ing the attachments for the holding pipette (left) and biopsy pipette
(right). (b) Micropipettes used for holding (left) and biopsy (right)
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Cryopreservation of Biopsied Embryos

Successful cryopreservation is an essential component of
any PGD service, for several reasons. First, it may be neces-
sary, on occasion, for biopsied embryos to be cryopreserved
whilst allowing sufficient time for the results of genetic
diagnosis of the biopsied material to become available; sec-
ond, embryos found to be free of the genetic disorder under
investigation, surplus to the fresh embryo(s) transferred in
the initial treatment cycle and that appear morphologically
to be developing normally, should be cryopreserved in order
to increase the chance, and the number, of successful preg-
nancies following a single IVF/ICSI cycle; third, cryopreser-
vation increases the cost-effectiveness of a single cycle of
IVF/ICSI and PGD, both in terms of financial and emo-
tional investment; and, finally, successful cryopreservation
supports the incentive to transfer a single unaffected
embryo in each cycle of treatment, in order to reduce the
risk of multiple pregnancy.

Biopsied embryos may be cryopreserved using either long-
established slow-freezing techniques or the more recently
adopted technique of vitrification. It has been reported that
implantation and successful pregnancy following transfer of
slow-frozen and thawed embryos following blastomere
biopsy at the cleavage stage is lower than following the same
procedures carried out with intact embryos, possibly because
of increased vulnerability to the toxic effects of the
cryoprotectant reagents used in slow freezing when the zona
pellucida has been breached. In contrast, vitrification and
warming of both biopsied and intact embryos have been
reported to yield equivalent survival, implantation and preg-
nancy rates. For this reason, vitrification may be the preferred
method for cryopreservation following embryo biopsy.

With advances in the understanding of the culture
requirements of human embryos, and the availability of
media that support the development of embryos to the blas-
tocyst stage in vitro, successful cryopreservation of embryos
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surplus to those transferred fresh may be carried out
routinely on days 5 and 6 of development, whether biopsy
takes place during cleavage or at the blastocyst stage, once
the results of genetic diagnosis are available. An alternative
approach that allows genetic analysis to be undertaken with
less time constraints is to vitrify all biopsied blastocysts
immediately post-biopsy whilst awaiting the results of diag-
nosis and discarding those found to be affected once the
results are known.

Documentation and Safety

It is essential that the result of genetic diagnosis specific for
each embryo is reliable and specific to that embryo, and rig-
orous measures must be implemented to remove any risk of
ambiguity. Embryos must be cultured after biopsy using a
method that will ensure their accurate identification; culture
in separate dishes, or culture in dishes with moulded, num-
bered wells that ensure embryo identification and segrega-
tion is mandatory. The cells biopsied from each embryo must
be processed using corresponding labelling between cells and
embryo, with clear documentation and witnessed processing
steps to ensure that the genetic diagnosis for each embryo is
matched unambiguously to the biopsied material from which
the diagnosis is made.

Key Points

e The success of any PGD programme relies on there
being a successful embryology laboratory for assisted
conception.

e The method for breaching the zona pellucida may be
selected according to practical and financial
considerations.
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e Rigorous measures must be implemented to elimi-
nate all possible sources of contamination of biop-
sied material, including the use of ICSI for molecular
diagnostic cases.

e Rigorous measures must be implemented to ensure
segregation and accurate identification of individual
embryos and the cells biopsied from them.

e A successful cryopreservation programme is essen-
tial to provide the maximum possible success rate for
a PGD service.

Further Reading

Harton GL, Magli MC, Lundin K, Montag M, Lemmen J, Harper JC,
et al. ESHRE PGD Consortium/Embryology Special Interest Group:
best practice guidelines for polar body and embryo biopsy for preim-
plantation genetic diagnosis/screening (PGD/PGS). Hum Reprod.
2011;26:41-6.



Chapter 7

PGD for Sex Determination
and Chromosome
Rearrangements: FISH

and Emerging Technologies

Paul N. Scriven and Caroline Mackie Ogilvie

Fluorescence in situ hybridisation (FISH) on the fixed nuclei
of biopsied blastomeres from day 3 cleavage-stage embryos
using target-specific DNA probes has been for over a decade
the technique of choice for detecting chromosome imbal-
ance in embryos from couples referred for PGD because
of a chromosome rearrangement. It has also been used to
select female embryos in families with the rare X-linked
diseases for which a mutation-specific test was not available
or practical.
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Sex Determination Using FISH

PGD for sex-linked diseases, using FISH to differentiate
between male and female embryos followed by the transfer
of female embryos, is usually offered where the specific muta-
tion associated with the condition is not known or is associ-
ated with more than one gene on the X chromosome (for
instance, a strong family history of males with mental retarda-
tion) or where a specific test for a mutation is not available
(rare conditions, such as choroideremia). In most cases, the
defective gene on the X chromosome tends to have little or
no phenotypic effect on carrier females because there is a
second normal copy of the gene on the other X chromosome,
whereas males with only a single X chromosome carrying the
defective gene are affected with the disease.

The major disadvantage of using FISH for sexing is that it
does not differentiate between a normal male and an affected
male embryo, which restricts the number of embryos available
for transfer and excludes the possibility of a male child. It also
doesn’t differentiate between normal and “carrier” female
embryos, which may result in heterozygous females with mild
clinical features of the sex-linked condition (such as haemo-
philia), due to skewed X-inactivation of the normal allele.

Test Design

Figure 7.1 shows the results from a FISH test containing one
probe specific for each centromere region of the X (green)
and Y (red) chromosomes and one autosome (to determine
the ploidy of the nucleus), hybridised to a single blastomere
nucleus, showing a male chromosome complement. Using
this test, scoring errors due to probe binding failure or signal
splitting or overlapping (co-localisation) could result in inac-
curate test results. However, in order to misdiagnose a male
embryo as a female, two errors are required: failure to detect
the red Y chromosome signal and inaccurately scoring one
green X signal as two (Fig. 7.2). Diagnosis using only one
biopsied cell with a clearly visible single nucleus is therefore
a robust test for determining the sex of an embryo.
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»

FiGure 7.1 Single-cell nucleus hybridised with FISH probes for the
centromere regions of chromosomes X (green), Y (red) and 18
(blue), showing a normal male chromosome complement

On average,only 30 % of embryos tested have a transferable
(female) test result using this strategy. This is less than the
theoretical expectation of 50 % due to a combination of fac-
tors, which include multinucleated cells, FISH signal scoring
error (only one scoring error will exclude a normal female
embryo), chromosome aneuploidy and test failure (Fig. 7.3).

PGD for Chromosome Rearrangements
Using FISH

The most common chromosome rearrangements are recipro-
cal translocations (1 in 500 individuals) and Robertsonian
translocations (1 in 1,000 individuals). Couples carrying a
chromosome rearrangement usually present with a variety of
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FiGure 7.2 Cartoon of expected patterns for (a) a normal male cell,
and (b) a normal female cell, using the FISH probes as in Fig. 7.1.
Misdiagnosis of a male cell (a) as female (b) would require failure
to detect the red signal and erroneous detection of an extra green
signal

difficult obstetric histories, including live-born offspring with
congenital abnormalities due to chromosome imbalance, ter-
mination of affected pregnancies and recurrent miscarriage
where a direct association with an abnormal karyotype has
not been established. Most fertile translocation couples have
an excellent chance of a successful outcome by natural con-
ception within a realistic timeframe, and these couples should
therefore be carefully counselled prior to embarking on a
PGD cycle.

Reciprocal Translocation

Reciprocal translocations are typically a terminal exchange
between two different chromosomes with no loss of genetic
material (balanced) (see Fig. 7.4) and hence no phenotypic
consequences for carriers. Assuming one breakpoint per
chromosome band, there are approximately 250,000 different
possible permutations, which means that most reciprocal
translocations are unique to each family. At meiosis, segrega-
tion results in gametes with between zero and three copies of
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Ficure 7.3 Single-cell nuclei from a PGD cycle for X-linked disease
hybridised with FISH probes as in Fig. 7.1. Six embryos were tested,
of which four (¢, d, e and f) showed a normal male signal pattern,
whilst one (a) showed an abnormal male signal pattern (only one
blue chromosome 18 signal), and one (b) showed multinucleation,
with signal patterns indicating the presence on only a single sex
chromosome. No embryos were therefore available for transfer

the four translocation segments (two centric segments
containing the centromeres and the two exchanged seg-
ments) and embryos with between one and four copies. There
are 32 theoretically possible outcomes from meiotic segrega-
tion of reciprocal translocation: normal and balanced prod-
ucts (with two copies of each segment) and 30 unbalanced
products with different permutations that deviate from two
copies of each segment.

Depending on the chromosomes involved and the break-
points, the risk of a live-born child with an unbalanced trans-
location ranges from <1 % up to 30 %.The risk of spontaneous
miscarriage is typically in the region of 20-30 % compared to
the general population background risk of 10-15 %.
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24.-33
12 der(12) 17 der(17)

FiGUure 7.4 Cartoon representation of a reciprocal translocation
between chromosomes 12 (represented in yellow) and chromosome
17 (represented in blue). Arrows show the breakpoints of the trans-
location

Robertsonian Translocations

Robertsonian translocations are the result of the centric
fusion of two “acrocentric” chromosomes thus producing a
large derivative chromosome (der). This results in a chro-
mosome count of 45, but with no loss of active genetic mate-
rial (Fig. 7.5). However, the presence of the translocation
may result in meiotic arrest, leading to oligozoospermia in
some balanced male carriers. Abnormal meiotic segregation
of these translocations results in gametes with nullisomy or
disomy for one of the chromosomes involved in the rear-
rangement and consequently to an embryo with monosomy
or trisomy for one of the chromosomes involved. Monosomy
for these chromosomes is not compatible with life, and most
translocation trisomy conceptuses are expected to result in
first-trimester loss. Thus, the risk of spontaneous miscar-
riage for carriers of Robertsonian translocations may be
increased compared to the general population background
risk of 10-15 %.
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FIiGURE 7.5 (a) Cartoon representation of a Robertsonian transloca-
tion between chromosomes 14 (represented in green) and 21 (repre-
sented in red). (b) The same Robertsonian translocation
chromosomes as seen at 1,000x magnification following mitotic
arrest, enzyme digestion and staining

The most common Robertsonian translocation is between
chromosomes 13 and 14; trisomy for chromosome 13 results
in Patau syndrome. Carriers have an empirical risk of approx-
imately 1 % of trisomy 13 or uniparental disomy for chromo-
some 14 at second-trimester prenatal diagnosis (rescue of
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trisomy or monosomy 14 can result in two copies of
chromosome 14 from the same parent). This is consistent with
our experience that 7 and 2 % of embryos have trisomy 13 for
female and male carriers, respectively.

The next most common Robertsonian translocation is
between chromosomes 14 and 21 (Fig. 7.5); trisomy 21 results
in Down syndrome. Female carriers have a 15 % risk of tri-
somy 21 at amniocentesis and 10 % at term. However, for
male carriers, the risk of trisomy 21 is less than 1 %. This is
consistent with our experience that 22 % and 0 % of embryos
from female and male carriers, respectively, have trisomy 21.

Test Design and Patient Workup

The recommended practice for all chromosome rearrange-
ments is that the test should include sufficient probes to
detect all the unbalanced segregation products of the
rearrangement and, if testing only one cell, to have two
probes that are diagnostic for any chromosome imbalance
that has potential to be viable or that is associated with seg-
regation products that are likely to be frequent.

Once the test has been designed, probe mixes should be
tested on cells from the translocation carrier to ensure the
probes selected hybridise as expected and are informative for
the translocation segments. Cells are also analysed from the
noncarrier partner to ensure that the probes hybridise nor-
mally. Interphase nuclei are scored to make a quantitative
assessment of the assay and a qualitative assessment of FISH
signal intensity and discreteness. These assays only detect
copy number and cannot differentiate between normal and
rearranged but balanced chromosomes.

Robertsonian Translocations

Our PGD tests include two FISH probes for chromosomes 13
and 21 in cases where the rearrangement involves either or
both of these chromosomes (see Fig. 7.6), as trisomy for
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der(13;14)

FiGure 7.6 (a) FISH probes for the long arms of chromosomes 13
(red and green) and 14 (white), hybridised to condensed, stained
chromosomes (visualised by fluorescence microscopy), from a car-
rier of a Robertsonian translocation between chromosomes 13 and
14. (b) Nondividing single-cell nucleus from the same preparation

either of these chromosomes may be viable. In our experience
for Robertsonian translocations, 48 % of embryos tested
have a transferable test result consistent with a normal or
balanced complement for the translocation chromosomes.

Two-Way Terminal Reciprocal Translocations

At least three FISH probes, one each for three of the four
segments, are required to detect all the different theoretical
meiotic segregation products resulting in sperm or eggs with
chromosome imbalance. At Guy’s PGD Centre, we recom-
mend using a probe for each of the translocated segments
and a third probe for the centric segment of the smallest
chromosome, each labelled with a different fluorochrome
and visualised with appropriate filters (three-colour FISH). It
is critical to assess the nature of the chromosome
rearrangement prior to designing preimplantation genetic
FISH tests; failure to do so could result in a significant risk of
an affected pregnancy. In our experience for reciprocal
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der(12)

der{17)

Ficure 7.7 (a) FISH probes for the short arm terminal regions of
chromosomes 12 (green) and 17 (red) and the centromere region of
chromosome 17 (blue) hybridised to condensed, stained chromo-
somes (visualised by fluorescence microscopy), from a carrier of the
translocation shown in Fig. 7.4. (b) Nondividing single-cell nucleus
from the same preparation

translocations,only 22 % of embryos tested have a transferable
test result.

Figure 7.7 shows a peripheral blood metaphase spread and
an interphase nucleus from the carrier partner hybridised
with FISH probes for the translocation shown in Fig. 7.4;
green and red FISH probes specific for the short arm subtelo-
mere regions of chromosomes 12 and 17 and a blue FISH
probe specific for the centromere region of chromosome 17
show two copies of each region.

A Decade’s Experience Using FISH at Guy’s
and St Thomas’ Centre for PGD

Table 7.1 shows the number of cycles started and the clinical
outcome. Table 7.2 shows diagnostic accuracy measures using
FISH. In experienced hands the accuracy of PGD testing two
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TasLE 7.1 Clinical outcome for PGD using FISH tests for sex deter-
mination for sex-linked diseases and chromosome rearrangements

Sex Reciprocal Robertsonian
determination translocations translocations

Couples started 51 59 28

Biopsy cycles 71 110 42

Live birth deliveries 24 26 15

Children born 32 32 20

Clinical pregnancy 4 10 12

losses (%)

Live births/ 34 24 36

biopsy (%)

Live births/ 47 36 54

couple (%)

Cumulative/couple 67 51 76

(3 cycles) (%)

chromosome pairs using the FISH technique is high, and the
risk of an affected pregnancy following PGD using a well-
designed test is low. The risk of spontaneous miscarriage fol-
lowing PGD for translocations is likely to be reduced at least
to that observed in the general population.

Emerging Technologies

Polymerase Chain Reaction Microsatellite Analysis

PCR analysis using short tandem repeat (STR) microsatellite
DNA markers may offer some improvement over the FISH
technique. In addition to identifying copy number of translo-
cation segments, it will also detect clinically relevant unipa-
rental disomy (UPD), such as UPD 14, which can arise
following “rescue” of Robertsonian translocation trisomy 14,
resulting in a balanced chromosome complement but with
both remaining homologues of chromosome 14 originating
from one parent (Fig. 7.8).
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TaBLE 7.2 PGD test performance

Robertsonian
Diagnostic Sex Reciprocal translocations
measure determination translocations Female Male
Specificity % 84 75 80 70
Sensitivity % 100 100 100 100
Accuracy % 94 92 89 78
Prevalence % 60 67 43 28
PPV % 91 89 79 57
NPV % 100 100 100 100
False abnormal % 6 8 11 22
False normal % 0 0 0 0

Sensitivity, specificity and positive (PPV) and negative (NPV)
predictive value are the most useful indicators of diagnostic
performance. Sensitivity and specificity give a measure of the qual-
ity of the test; positive and negative predictive accuracy give
measures of the effect that different practical situations have on the
test and give the posttest probability of being affected or unaffected.
Confirmation of diagnosis studies, where embryos not transferred or
frozen are spread and the remaining cells analysed and compared to
the result from the biopsied cell, can be used to estimate the analyti-
cal performance of the preimplantation test. The false normal and
abnormal rates are calculated as a proportion of the total test results
(test perspective not outcome perspective)

The limitations of using PCR for chromosomal
rearrangements include:

1. Extensive workup may be necessary to find sufficient
informative STR markers for all the translocation seg-
ments; however, development of generic STR multi-
plexes for chromosome ends can circumvent this
problem.

2. The technique might not be suitable for translocations
with breakpoints near the telomeres because of the uncer-
tainty of the location of the STR markers in relation to the
breakpoints.
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Ficure 7.8 Electrophoretic traces showing amplified microsatellite
regions (D14S1434 and D14S127) on chromosome 14 from an
embryo fop row and the same regions in both parents middle and
bottom row. Pairs of electrophoretic peaks demonstrate the pres-
ence of two copies of chromosome 14; comparison of peak positions
on the electrophoretogram shows that the embryo has inherited
both copies of chromosome 14 from one parent

Microarray Analysis

Array comparative genomic hybridisation (aCGH) and
single nucleotide polymorphism (SNP) microarray have the
potential benefit of testing for imbalance arising from com-
plex chromosome rearrangements (involving more than two
chromosomes) and can also be used to screen for aneuploidy
of chromosomes not involved in the chromosome rearrange-
ment (24-chromosome analysis). Additionally, the preclinical
workup associated with FISH and PCR methodology is not
required, and the analysis can include every chromosome and
is more amenable to automation. Whole-genome amplifica-
tion (WGA) is required for PGD using microarrays, since a
single nucleus contains only ~6 pg of DNA.

Array CGH

Array CGH uses oligonucleotide probes or DNA segments
from bacterial artificial chromosomes (BACs), of known
size and location in the genome. These DNA segments
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Ficure 7.9 Cartoon representation of principle of array CGH. Total
genomic DNA from test material is prepared as small fragments and
labelled with a red fluorochrome, then mixed with reference DNA
similarly prepared, and labelled with a green fluorochrome. The
mixed pool of DNA is added to the array slide, where sequences
compete for complementary sequences on the slide. The resulting
fluorescence ratios give information on the relative copy number of
each sequence

are attached to a glass slide, and the DNA from the test
sample and a normal male reference sample is labelled
with different fluorophores and hybridised to the probes on
the slide (Fig. 7.9). The fluorescence intensity ratio of the
test and the reference DNA is measured, to identify copy
number changes (gain or loss) for a particular location in
the genome.

The limitations of aCGH include:

1. It is not possible to differentiate a normal 46,XX (diploid)
euploid chromosome complement from abnormal comple-
ments such as 23,X (haploid), 69,XXX (triploid) and
92, XXXX (tetraploid).
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2. It may not be possible to test rearrangements with very
terminal breakpoints (see above).

3. Some aCGH studies have found a high degree of
chromosome instability with small regions of segmental
gain and loss where the clinical significance is uncertain.

SNP Microarrays

SNP microarrays use similar technology, but the oligonucleotide
probes are specific for regions containing single nucleotide poly-
morphisms (SNPs) and therefore have the additional advantage
of detecting regions of loss of heterozygosity. If parental SNP
genotypes are known, the analysis can also differentiate hap-
loidy, triploidy and diploidy (but not tetraploidy), detect clini-
cally relevant UPD and differentiate meiotic and mitotic
chromosome trisomy (meiotic trisomy will have been present at
conception but mitotic trisomy must be post-zygotic and due to
mosaicism might not be representative of the whole embryo).

Key Points

e FISH testing to identify the sex of the embryos in
cases of X-linked disease is robust and reliable, but
normal male embryos will be discarded.

e Reciprocal translocations are generally unique; indi-
vidual tests should be designed for each couple fol-
lowing assessment of the likely meiotic products.

e In experienced hands, the accuracy of PGD is high
and the risk of an affected pregnancy following PGD
using a well-designed test is low.

e [tis important to understand the limitations of FISH
testing and carefully counsel patients regarding the
relatively low pregnancy rates associated with PGD
for chromosome translocations.

e Emerging studies using PCR microsatellite analysis
and microarray technology might offer potential
advantages over the use of FISH in PGD for
chromosome rearrangements.
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Chapter 8

PGD Analysis of Embryos
for Monogenic Disorders

Pamela Renwick and Gheona Altarescu

The term monogenic disorder describes inherited disease caused
by a defect in a single gene and encompasses those inherited
in an autosomal recessive pattern (e.g. cystic fibrosis), autosomal
dominant (e.g. myotonic dystrophy) and sex-linked
(e.g- Duchenne muscular dystrophy). Most PGD for monogenic
disorders is undertaken for couples at risk of having an offspring
with life-limiting childhood onset disorders, but there is also a
growing number of late-onset disorders (e.g. Huntington disease)
and those with incomplete penetrance for which PGD is consid-
ered (e.g. hereditary breast cancer susceptibility) (Table 8.1).

In order to offer a couple PGD, the causative gene and the
underlying mutation are confirmed in the family to allow the
design of a specific genetic test to identify embryos unaf-
fected by the disease. A demand on PGD centres is to pro-
vide equity of access to the PGD service when couples
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TasLE 8.1 Example monogenic diseases for which PGD can be
undertaken, listed by inheritance mode. The disease, OMIM number
and gene are given for reference

Autosomal recessive

Beta thalassaemia, 613985; HBB
Cystic fibrosis, 219700; CFTR
Epidermolysis bullosa-Herlitz junctional, 226700; LAMB3

Polycystic kidney disease, 263200; PKHD1
Sickle-cell anaemia, 603903; HBB
Spinal muscular atrophy, 253300; SMN1
Tay-Sachs, 272899; HEXA

Autosomal dominant
Breast cancer, 604370; BRCA1
Familial adenomatous polyposis, 175100; APC
Huntington disease, 143100; HTT
Marfan syndrome, 154700; FBN1
Myotonic dystrophy, 160900; DMPK
Neurofibromatosis 1, 162200; NF1
von Hippel-Lindau, 193300; VHL

X-linked
Adrenoleukodystrophy, 300100; ABCD1
Alport syndrome, 301050, COL5A1
Charcot—Marie-Tooth disease, 302800; Cx32
Duchenne muscular dystrophy, 310200, DMD
Fragile X syndrome, 300624; FMR1
Haemophilia A, 306700, F8
Hydrocephalus, 307000; LICAM
Wiskott—Aldrich syndrome, 301000; WAS
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present requesting PGD for rare genetic disorders which
require new test design. Once a test is available, an initial
feasibility study is undertaken to confirm that PGD can be
offered to a couple before embarking on a PGD cycle.

Molecular Approaches

Monogenic diseases are tested using DNA amplification-
based methodologies. In particular, polymerase chain reaction
(PCR)-based assays are used to enrich selected sequences of
the genome for genetic analysis. The very small amount of
DNA (picograms) available from a single cell requires techni-
cal innovation to develop and maintain a sufficiently precise
PCR test; most standard protocols used in diagnostic DNA
laboratories are designed to use many nanograms of DNA
and will not work on such tiny amounts of starting material.
Single-cell PCR procedures are extremely vulnerable to
contamination by extraneous DNA and to allele dropout
(ADO; where one or both of the two alleles at any locus fails
to amplify) and preferential amplification of one allele over
another, which compromises the accuracy of a diagnoses
(Fig. 8.1). Therefore, intracytoplasmic sperm injection (ICSI)
is used for all PCR-PGD cases as the presence of supernumer-
ary sperm buried in the zona pellucida after IVF may result in
contamination of PCR with paternal DNA. Conversely,
oocytes are stripped of maternal cumulus cells to prevent con-
tamination with maternal DNA as this could obscure the
actual results in an embryo and result in a misdiagnosis.

Direct Mutation Testing

Specific mutations can be directly tested to provide a geno-
type; molecular techniques such as fragment size analysis,
restriction site analysis, mini-sequencing and amplification
refractory mutation systems (ARMS) have been utilised. If
there is a common disease mutation, such as p.Phe508del
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FiGure. 8.1 (a) Problems encountered during single-cell PCR.
(b) Electropherograms showing PCR of genomic DNA for father,
mother and single cells for embryos E1 and E11 showing skewed
amplification and a failed amplification for E11 at D4S3038

which accounts for 70 % of CF mutations in the North
European population, then this test can be established at the
single-cell level to offer to couples. In addition to the direct
genotype test, several genetic markers linked to the gene
should also be tested with the aim of reducing the misdiagno-
sis rate by controlling for ADO, monitoring for DNA con-
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tamination and confirming the mutation result by linkage
analysis.

Indirect Testing by Linkage Analysis

Linkage analysis should be used wherever possible to back
up the results of a direct mutation test offered in PGD. For
disorders with heterogeneous mutations (e.g. over 1,000 dif-
ferent CF mutations are identified), a sole linkage approach
can be used; this is more efficient and cost-effective than set-
ting up mutation-specific tests for individual families. The use
of three or more polymorphic markers substantially reduces
the error rate due to ADO (from as high as 27 % in blasto-
meres for single amplicons to almost 0 %).

Most linkage analysis is carried out by using PCR to
amplify microsatellite markers which are polymorphic
short tandem repeats (STRs) located very close to or
within the gene of interest. The STR markers are located
close together along the chromosome and are inherited
together; termed a haplotype and can be considered a mini-
DNA fingerprint (Fig. 8.2). Markers are identified in a
couple for which the STR sizes are sufficiently different
between the couple to be informative to be used to identify
and track the chromosome region (known as a haplotype)
carrying the mutated gene in the family and hence in pre-
implantation embryos (Fig. 8.3). However, there is a limit to
the number of markers that can be simultaneously tested
on a single cell without compromising the efficacy of the
test, and only certain combinations of markers will work
together at the single-cell level. A series of different link-
age multiplexes therefore has to be available in order that
the right combination can be offered to each couple,
depending on which markers are informative.

In the case of sex-linked disorders for which the causative
gene and mutation have been identified, testing for the disease
status is often carried out in conjunction with looking at
Y-chromosome markers for sex determination as only affected
males are to be excluded. DNA-based approaches are preferred
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Principle of haplotyping:

i) design primers for microsatellite markers either side of gene of interest
ii) amplify (from both chromosomes) by PCR

iii) separate products using capillary electrophoresis to give either:

2 products of different sizes, or

1 product (both alleles have same repeat length)

1) Genotype both partners and informative family member (eg affected child):

Marker a 1,3

Markerb 5,5 6,7
Marker ¢ 8,9 9,10
Markerd 11,12 13,14

Marker a 2,3
Marker b 5,6
Marker ¢ 9,10
Marker d 11,13

2) Infer mutation-associated haplotypes (red numbers) from allele sizes:

Markera 3,1
Markerb 5, 5
Markerc 9, 8
Markerd 11,12

Marker a 3, 2
Marker b 5, 6
Marker ¢ 9,10
Marker d 11,13

FiGure. 8.2 Principle of haplotyping

over the use of FISH techniques, which can only identify and
select female embryos for sex-linked recessive disease, resulting
in the discarding all male embryos, 50 % of which are likely to
be unaffected (Fig. 8.4). This practice not only raises ethical
problems but also reduces the chances of pregnancy by deplet-
ing the number of embryos suitable for transfer.
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Ficurk. 8.3 Gene tracking in families using haplotyping and pre-
dicting the genetic status of future offspring for an autosomal reces-
sive genetic disorder. The carrier/non-carrier status of family
members needs to be known to assign phase to alleles to construct
haplotypes (depicted as coloured bars). 1 in 4 offspring will be
affected, 1 in 4 offspring will be unaffected non-carriers and 2 in 4
offspring will be unaffected carriers

Whole Genome Amplification

Whole genome amplification (WGA) overcomes the difficul-
ties of testing single cells. There are several WGA methods
but multiple displacement amplification (MDA) has been
most widely used to date in PGD for monogenic disease due
to its good coverage of the genome. Prior amplification by
MDA of a single blastomere gives micrograms of DNA,
which allows testing using standard DNA-based PCR
protocols and the introduction of semiautomated sample
handling. Other promising technologies are now emerging
such as Omniplex.
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FIGURE. 8.4 Techniques used for X-linked disease. (a) FISH for sex
determination of embryos; all males discarded even though half will
be unaffected. (b) PGH for haplotyping and sex determination.
Haplotypes created testing family members with known disease
status (affected brother); PGH identifies carrier females and non-
carrier females along with normal males; just affected male embryos
are avoided

Preimplantation Genetic Haplotyping

PCR on MDA products shows ADO rates of approximately
20 %, which is unacceptably high to rely on direct mutation
testing only, due to the likelihood of exclusion of embryos
from transfer following inconclusive results. However, the
problem of MDA -associated ADO can be overcome by indi-
rect testing using multiple markers from within and around a
disease gene to create haplotypes. Testing with a redundancy
of markers means that even with high ADO, sufficient
markers will amplify to allow haplotypes to be inferred. This
approach has been termed preimplantation genetic haplotyp-
ing (PGH) and has been developed and applied clinically at
Guy’s PGD Centre since 2006 (Fig. 8.5; Table 8.2). Other
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Figure. 8.5 Timeline for PGH involving a whole genome
amplification step of MDA followed by PCR for haplotype analysis
of embryos

groups have now introduced whole genome amplification
and indirect haplotyping into their PGD programmes. The
amount of amplified DNA available after MDA makes it
possible to test for more than one monogenic disorder; PGH
has been performed for couples where both are carriers of
cystic fibrosis and in addition one partner is also a carrier of
a second disease, such as haemophilia A, myotonic dystrophy
or Wiskott-Aldrich syndrome (Fig. 8.6).

In addition, PGD tests using WGA utilise straightforward
DNA-based tests which allow equitable access, as even couples
with rare diseases can be offered PGD within a reasonable
time frame. At Guy’s, a tagged PCR approach is employed to
fluorescently label DNA fragments for analysis, and the effi-
ciency of test development and application means that cost
savings can be passed on to patients and funding bodies.

Reliability and Limitations of Testing

PGD protocols must yield highly accurate results in a short
period of time so that embryos can be transferred within the
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TasLE 8.2 Outcomes of PGH cycles for autosomal recessive disease
(AR;1 in 4 risk of an affected pregnancy), autosomal dominant (AD;1
in 2 risk) and X-linked recessive (XL;1 in 4 risk of an affected male).
The mean age of the female partner was 33.4 years (range
21-41 years), for each genetic risk category, the following is given:
the number of couples, tested biopsy cycles undertaken, cycles that
reached embryo transfer (ET), cycles achieving a positive hCG
pregnancy test, subsequent fetal heart beat positive clinical preg-
nancy (FHB+) and babies born. The clinical pregnancy rate per
cycle that reached ET and per biopsy cycle are listed for
comparison

Risk of affected pregnancy:

AR; AD; XL;

1lin4 1in2 1in4
Couples 50 51 40
Biopsy cycles 57 68 54
Cycles to embryo transfer 52 (91 %) 58(85 %) 53(98 %)
Pregnancy (hCG+) 32 31 33
Clinical pregnancy (FHB+) 23 24 21
CPR/biopsy cycle 40 % 35 % 39 %
CPR/ET 44 % 41 % 40 %
CPR/couple 46 % 47 % 53 %
Babies born 26 25 24

window of successful implantation. For haplotyping, when
results are obtained at multiple markers flanking the gene,
then the associated misdiagnosis rate is the chance a double
recombination event, resulting in the ‘low risk’ haplotype now
harbouring the disease (<<1 %). To date worldwide, 12 mis-
diagnoses have been reported for a total of 2,400 PCR-based
PGD cycles. Most of these are likely to have been due to
allele dropout or undetected contamination with extraneous
DNA or PCR products. A dense marker haplotype approach
like PGH circumvents these problems with its mini-DNA
fingerprint and substantially reduces the risk of misdiagnosis
as it monitors contamination and confirms sample identity.
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Ficurk. 8.6 Example results of PGH for a couple with a risk of hav-
ing affected children with two inherited diseases of cystic fibrosis
(autosomal recessive) and Wiskott—Aldrich syndrome (X-linked
recessive). Thirteen embryos were biopsied (not all shown) and
haplotyping for the CFTR and the WAS genes, along with sex deter-
mination undertaken. Four embryos were suitable for transfer; a
single embryo was transferred resulting in a singleton delivery of a
CF and WAS carrier female

It is expected to obtain a genetic diagnosis in approximately
90 % of embryos tested. The morphological quality of the
embryo reflects the quality of the DNA in the biopsied cell
for testing, and no, or doubtful, results are often obtained in
embryos of low morphological quality with a low chance of
implantation (Fig. 8.7).

Linkage/haplotype analysis depends upon the testing of
markers within, or in close proximity to, the gene of interest
to reduce errors caused by recombination. The ability to use
linkage analysis depends on the availability of appropriate
family samples to identify which chromosome carries the
disease-causing gene (determination of phase). For various
reasons, samples are not always available. Some couples are
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a Autosomal recessive; 1 in 4 risk 448 embryos

No results
6 %

Unaffected: non-carrier

Abnormal
10 %

Affected
22 %
Unaffected:carrier
42 %
b Autosomal dominant; 1 in 2 risk 469 embryos
No results
9%
Abnormal
10 %
Unaffected
39 %

Affected
42 %

Ficure. 8.7 Embryo status categories obtained by PGH cycles for
autosomal recessive (a) and for autosomal dominant disease (b).
Embryos with possible aneuploidy for the chromosome tested
(observed monosomy or trisomy) are scored as abnormal. Green
depicts results that are genetically suitable for transfer (unaffected

or carrier)
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not willing to approach their families as they prefer not to
reveal that they are considering PGD. Alternatively, they may
not wish the familial genetic disease (such as Huntington
disease) to be disclosed to the unaffected partner’s family.

Sometimes the nature of the familial mutation may not
be readily amenable to single-cell analysis, such as the case
of triple-repeat diseases in which the expanded mutation
cannot be amplified in single cells (such as CGG repeats in
Fragile X or CTG repeats in myotonic dystrophy type 1). In
these cases the PGD analysis is based solely on linkage
analysis between affected and unaffected family members.
As in all PGD cases, at least three informative markers sur-
rounding the mutation should be included into the PGD
analysis in order to ensure accuracy of the diagnosis and
detect possible recombination events.

Special Considerations

Although molecular PGD can be theoretically performed for
any genetic disorder with a known gene, there are several
disorders where special considerations must be taken into
account.

Facioscapulohumeral Muscular Dystrophy

Facioscapulohumeral muscular dystrophy (FSHD)
(OMIM#158900) is the third most common hereditary mus-
cle disease after Duchenne muscular dystrophy and myo-
tonic dystrophy, with an estimated prevalence of 1 in 15,000.
FSHD1A locus has been mapped at the 4q35.2 subtelomeric
region, which contains a polymorphic microsatellite D474
repeat consisting of 3.3-kb Kpnl units varying in numbers
between 11 and 150 copies. FSHD is commonly associ-
ated with the heterozygous contraction of 4q-D4Z4 arrays
between 1 and 11 repeats. The molecular diagnosis is difficult,
offered by only a few specialised laboratories, and requires
large amounts of genomic DNA that are not applicable
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for single-cell analysis. An indirect method using linked
polymorphic markers can be used, but the relatively high
recombination risk could cause a higher rate of misdiagno-
sis compared with other monogenic disorders. Thus, special
counselling should be given for patients with FSHD when
performing PGD.

mtDNA

Mitochondrial disorders are often fatal multisystem diseases.
A crucial characteristic of most pathogenic mtDNA muta-
tions is heteroplasmy, the coexistence of normal and mutated
mtDNA, requiring a threshold of mutated mtDNA to be
exceeded before clinical symptoms occur. Expression thresh-
olds and genotype—phenotype correlations have been evalu-
ated for some of the common mtDNA mutations, but in most
cases it is not possible to accurately predict the clinical
manifestations based on the mutation load. For most (pri-
vate) mtDNA point mutations, the information to judge this
is not even available. The inability to predict the clinical
expression very much limits the scope for both PGD and
prenatal diagnosis to prevent the transmission of mtDNA
disorders. Therefore, PGD of heteroplasmic mtDNA muta-
tions should be based on adequate counselling and careful
consideration of the uncertainties due to heteroplasmic lev-
els of mutations in oocytes.

PGD for De Novo Mutations
and Germline Mosaicism

Rarely, monogenic disease can appear ‘de novo’ in an
individual, and the causative mutation is not present in the
parents. In these instances there is a residual risk of a parent
being a germline mosaic carrier of the mutation with the
associated risk of recurrence of the genetic disorder with a
further affected child. If the de novo-affected individual is
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requesting PGD, his or her gametes need to be tested for the
mutation and linked markers so as to construct and assign
normal and mutant haplotypes.

Germline mosaicism complicates allele assignment when
constructing haplotypes for PGD since not all cells harbour
the mutation. Single sperm or polar bodies (PB) may be used
to define the origin of the high-risk haplotype (paternal or
maternal origin) for accurate PGD analysis. To identify the
high-risk allele in female mosaics, the haplotype analysis must
be done with polar body PGD analysis. In cases in which
paternal origin is suspected (based on haplotype analysis of
parents and affected child), single-sperm analysis can confirm
the presence of the mutation in a percentage of sperm. For
males with de novo mutations, analysis of the haploid content
of single sperm before the couple start the PGD cycle allows
the setting of allelic phase and establishment of linked haplo-
types. This method is also applicable in establishing linked
haplotypes of any paternal mutation when linkage cannot be
performed due to absence of other affected relatives.

Use of Polar Body Analysis

Polar bodies contain a chromosomal complement of the
oocyte, so molecular analysis of PBs allows conclusions to be
drawn on the genetic status of a specific oocyte. Polar body-
based PGD has been shown to be an effective method for
autosomal and X-linked dominant diseases, where the women
is affected, and is possible in recessive disorders as well. This
method has several advantages:

1. It allows embryo analysis without the removal of any
embryonic cells.

2. If the PB analysis is inconclusive, a repeat analysis using a
single blastomere can be performed at the 6-8 cell stage.

3. ADO rates have been observed to be significantly less in
polar bodies than in blastomeres.

4. Informative markers are easier to identify since only the
maternal alleles are present.
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PB analysis requires oocyte retrieval so a protocol for
real-time haplotype analysis during the PGD cycle using
polar bodies 1 and 2 has to be performed. PB1, the result of
meiosis I, can be either homozygous (no crossovers between
the two alleles) or heterozygous (when crossing over occurs).
Homozygous PBls contain either the normal or mutant
allele, while the other allele remains in the oocyte. PB2 is the
result of meiosis II (post-fertilisation) and contains only one
allele. Homozygote PB1s which show only one allele must be
viewed as suspect for ADO, and therefore embryo transfer
based on mutation detection alone can still lead to misdiag-
nosis. Mutation and linked markers can be tested, although
sufficient oocytes need to be analysed to link the markers to
the mutation and allow the transfer of unaffected embryos.

Key Points

e Direct mutation analysis along with linked markers
on DNA from single cells provides an acceptable
PGD assay but requires a lot of initial and ongoing
test optimisation.

e PGD tests using WGA allow testing with standard
DNA-based tests; haplotyping has the advantage over
the disease-specific tests being applicable to all cou-
ples known to have a mutation in the disease gene.

e PGD for sex-linked disorders is moving from FISH-
based sex selection to PCR-based mutation or haplo-
type analysis.

e Developing PGD tests is now faster and more effi-
cient, allowing more equity of access for couples with
rare disorders.
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Chapter 9
Managing the PGD Cycle

Yacoub Khalaf and Jan Grace

PGD is a multidisciplinary process involving not only clinical
and paramedical professionals members but administrative
team members who have a crucial role to play in ensuring a
smooth process and that patients are satisfied with the way
that their cycle has been handled. Each member of the team
has their specific role but may not see through the entire
process, each playing their part when needed. Nevertheless
they each should be aware of the sequence and stages
involved in the PGD cycle in order to be able to provide cor-
rect helpful information to the patient when requested.
Efficiency of the process can be facilitated by the use of
checklists to ensure that crucial details are not omitted at
each stage.

Y. Khalaf, MBBCh, MSc, MD, FRCOG, MFFP ()

J. Grace, BSc, MBBS, MRCOG

Assisted Conception Unit, Guy’s and St. Thomas Hospital NHS
Foundation Trust, 11th Floor, Tower Wing, Great Maze Pond,
London, SE1 9RT, UK

e-mail: yakoub.khalaf@kcl.ac.uk; jan.grace@gstt.nhs.uk

T. El-Toukhy, P. Braude (eds.), Preimplantation Genetic 101
Diagnosis in Clinical Practice, DOI 10.1007/978-1-4471-2948-6_9,
© Springer-Verlag London 2014



102 Y. Khalaf and J. Grace
A Typical PGD Pathway

Processing the Request

Couples with a history of a genetic condition, or if a recent
discovery following the birth of an affected child, will usually
be referred to a specialist genetic centre. However this may
not be the case in recurrent miscarriage involving a chromo-
some rearrangement identified as part of gynaecological or
fertility investigations where a direct referral from the gynae-
cologist or general practitioner may be received.

Ideally the couple will be assessed by a local geneticist who
already may be familiar with the couple and their genetic
condition through looking after them and/or their affected
child (ren), or as a new referral in order to discuss PGD in
principle among other reproductive options available.

Part of the geneticists’ role should ensure that the couples
seeking PGD have a full assessment of their genetic condi-
tion, its health implications including a medical assessment if
needed and alternative therapeutic options if any. This is in
order to satisfy themselves that the particular genetic condi-
tion poses a significant risk of serious physical/or mental
disability to warrant PGD and that PGD is feasible and
appropriate.

Couples expressing interest in further exploring PGD
should be referred to the PGD programme by the geneticist.

Counselling Appointment

The PGD counsellor reviews the referral ensuring key points
are available in order for a specialist counselling appoint-
ment to be given (Checklist 1).

Checklist 1

* Genetic condition reviewed including ascertainment of
the diagnosis, its mode of inheritance and the advisability
of PGD and availability of a suitable PGD test
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e Explanation of what’s involved in PGD including the
diagnostic workup, preparation of a specific test to detect
the affected gene/chromosome in their embryos and the
general process of IVF, including its potential risks and
complications, in order to produce embryos

e The decision about the number and genetic status of
embryos to transfer

e Alternative reproductive options

e Patients who wish to proceed with the PGD option are asked
to provide blood samples. Blood samples may be necessary
from their parents or from any affected sibling or parent in
order to prepare the appropriate diagnostic workup

e Licensing application is made to the HFEA for those con-
ditions that are not already licensed in the UK

Diagnostic Workup Period

This part of the process may be variable depending whether
a test is already available or whether a specific test for the
couple needs to be designed. Workup times for new tests may
be prolonged (up to 6 months), but with increasing sophisti-
cation and mechanisation of testing, most tests can be avail-
able within a shorter period (6 weeks).

If a suitable test is available or has been designed, the
patient is invited to attend the assisted conception unit for a
consultation with one of the IVF specialists.

Assisted Conception Specialist Appointment

Part of the assisted conception specialists’ role is to ensure that
the patient is medically suitable for PGD and clear about what is
involved in the process including all the different steps, chances
of a healthy live birth, risks and complications (and measures to
minimise them) and provide the reproductive care required for
PGD (Checklist 2). They are also expected to consider the wel-
fare of any child resulting from PGD. Assisted conception spe-
cialists are expected to involve medical practitioners from other
disciplines whenever appropriate (refer to Chap. 5).
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Checklist 2

A full medical history is taken from both partners.
Clinical examination of female partners (and male partners
when required).

A baseline transvaginal ultrasound scan is performed to
assess the pelvis for any abnormality that could interfere
with success of treatment. Any issues that are picked up
would be dealt with appropriately after counselling the
patient about the implications of abnormal results and
proposed treatment (see Chap. 5).

The male partner has a semen analysis or result of any
previous analysis discussed. A surgical sperm retrieval
procedure is planned for azoospermic men.

For the female partner a test of ovarian reserve (Chap. 5)
is arranged.

The couple are screened for HIV, Hepatitis B and Hepatitis
C as required by HFEA. Rubella immunity is established
in the female. Any other tests such as haemoglobinopathy
and additional genetic tests, e.g. Tay-Sachs and CF screen
arranged if applicable.

The treatment cycle is explained including the potential
risks and side effects. The relevant consent forms are com-
pleted for treatment procedures including oocyte retrieval,
fertilisation, embryos biopsy, transfer, cryo-storage and
research options. The results of the genetic diagnostic
workup and the small risk of misdiagnosis are discussed.
We also discuss our single-embryo transfer policy and dis-
cuss the risks of multiple pregnancy.

Provided no extra information is required or treatment
needed, the couple should be ready to start treatment.

The Treatment Process (Fig. 9.1)

Typically patients will have their menstrual cycle pro-

grammed using the oral contraceptive pill (OCP) in order to
help with scheduling the timing of their treatment. Some
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Embryo
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FIGURE 9.1 Timeline of a PGD treatment cycle

women may already be using the OCP to avoid an affected
pregnancy. The day of their withdrawal bleed can be manipu-
lated so that the throughput of patients can be moderated to
accommodate as many patients as is safe and to fit in with the
available capacity of the PGD programme.

Patients are asked to stop the OCP on a defined day. A few
days later, when they start their withdrawal (menstrual)
bleed, they are usually commenced on medication to sup-
press their endogenous hormonal cycle (using nasal spray or
injections to suppress the pituitary gland). This pituitary sup-
pression (downregulation) agent usually takes 2 weeks to
achieve the desired effect of ovarian quiescence.

When downregulation is achieved, as demonstrated on
transvaginal ultrasound by the appearances of inactive ovaries
and a thin endometrium, ovarian stimulation using gonadotro-
pins is commenced. Pituitary suppression by nasal spray or
injection is continued simultaneously in order to prevent the
possibility of a natural LH surge that would induce premature
ovulation. This regime is continued for 2 weeks during which
time FSH injections are self-administered daily to stimulate the
development of egg-containing follicles in the ovary.
Appropriate monitoring of response to ovarian stimulation is
performed usually using ultrasound scans. Where there is an
increased risk of OHSS, monitoring of ovarian response to
stimulation is begun earlier (day 5 or 6 of stimulation) and
serial serum estradiol blood tests arranged so that the dose of
gonadotropins may be adjusted or its administration withheld.
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After about 2 weeks, when the ovaries contain follicles
deemed to be of a size (around 18 mm) and number most
likely to contain an adequate number of mature eggs, oocyte
pick up is scheduled.

Timings are given for precise administration of hCG or
LH. The hCG injection is given around 34-36 h before the
time scheduled for egg collection.

When eggs are collected they are fertilised with partner/
husband’s sperm. In PGD for single-gene disorders, ICSI is
usually used routinely, whereas for sexing and chromosomal
rearrangement, ICSI is used only when the sperm is judged
inadequate for conventional IVF.

For cleavage-stage biopsy, the fertilised eggs are incubated
for 3 days when they usually contain six to eight cells.
Blastocyst stage biopsy when many more cells are available
requires that the embryos be kept in culture for between 5
and 6 days.

Test results are available the following day following
biopsy. The embryologist or genetic counsellor will ring the
patient with the results and plan for embryo transfer.

Unaffected embryos are transferred on day 5 of develop-
ment. Patients are strongly advised to have a single blastocyst
transferred at a time in order to avoid multiple pregnancy
with its well-documented risks and complications. Any
additional tested embryos that are suitable for transfer are
frozen and stored for future use by the couple. Embryos that
are unsuitable for transfer are either donated for research/
training or discarded according the couple’s wishes and their
informed consent.

Patients are informed as to what should happen in the
days after the embryo transfer. Progesterone for luteal sup-
port is continued and a urine pregnancy test is performed
10-11 days after embryo transfer.

Patients who have a positive pregnancy test are offered
a pregnancy scan 2-3 weeks after the positive test. Patients
whose pregnancy test is negative are offered a follow-
up appointment to discuss the details of their cycle and
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advise whether further attempts are recommended. Some
couple may find supportive counselling helpful under these
circumstances.

Once viability of a pregnancy is established, patients are
referred to their local hospital for antenatal care. They are
asked to provide the PGD centre with information about the
outcome of their pregnancy, and cord blood samples for diag-
nostic confirmation were applicable.

Satellite PGD

As PGD is a highly specialised tertiary service, patients may
be referred from a wide geographical area to the PGD centre.
Devolving part of the pathway to be conducted locally makes
patients’ treatment pathway easier and reduces the need for
long-distance travel without compromising the overall qual-
ity of the process.

The satellite centre takes care of initial genetic assessment
and PGD counselling in addition to the reproductive care
required for preparing the patient for the oocyte retrieval.

The treatment pathway is coordinated with the PGD cen-
tre, and the information collected from monitoring ovarian
stimulation is shared with the PGD centre in a timely manner
so that PGD cycle can be managed in accordance with the
centre’s scheduling scheme.

Provision of adequate information, clear communication
from different members of the highly specialised PGD team,
managing expectations and emotional support throughout
the PGD cycle are essential to achieving a satisfactory patient
experience. Patients should be made aware of the time
required for the preparatory steps before their treatment can
be initiated. Care should be taken to avoid the two most seri-
ous complications of the IVF process (OHSS and multiple
pregnancy) as the process should not substitute reducing the
risk posed to the pregnancy by the genetic disorder by risks
posed the iatrogenic complication of the process.
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An Alternative Approach to the PGD Cycle:
Dislocation

Following egg collection and fertilisation, embryos are
incubated in the embryology laboratory for 5-6 days. Embryos
that reach the blastocyst stage are biopsied and then frozen
using vitrification (flash freezing) and stored.

The biopsy obtained from each embryo is now available
for testing without the pressure of an immediate result.
Testing for the relevant genetic/chromosomal abnormality
can be scheduled within 2 weeks of biopsy.

Patients are informed of their results as soon as they are
available and confirmed.

An appointment can be made immediately to discuss any
adverse results where there are no embryos for transfer.
Those who have embryos that are deemed suitable for trans-
fer will be offered a date to have one of their frozen embryos
thawed and replaced into the uterus in a medicated or natural
menstrual cycle.

Advantages of this approach:

e Improved safety and effectiveness of ovarian stimulation
as the risk of OHSS can be significantly reduced through
the use of an alternative ovarian stimulation protocol.

e Rapid access to treatment as it would enable couple to
embark on assisted conception treatment as soon as their
diagnostic workup is complete without having to wait until
a slot for biopsy and testing becomes available.

e The duration of the PGD cycle would be markedly
reduced; a shorter stimulation regime can be used. These
can be started from day 1 of the menstrual cycle or with-
drawal bleed and do not require the long period of down-
regulation. Embryos would be ready for biopsy in 3 weeks
instead of 7-8 weeks in the other approach.

e Improved efficiency of embryo testing; testing can be con-
ducted in batches allowing weekday working for staff and
coordinating resources and consumables. More staff can
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checking, sharing and discussing results.

Potential improved overall outcome of treatment as there
some evidence to suggest that babies resulting from
frozen-thawed embryo transfer cycles have higher birth

weight and are at lower risk of being born prematurely.

Key Points

PGD is a multidisciplinary process involving clinical,
paramedical, laboratory, and nursing professionals,
and an administrative team who have a crucial role
to play in ensuring a smooth process and that
patients are satisfied with the way that their cycle has
been handled.

Each member of the team has their specific role but
may not see through the entire process, each playing
their part when needed.

Nevertheless all should be aware of the sequence
and stages involved in the PGD cycle in order to be
able to provide correct helpful information to the
patient when requested.

The pathway involves in sequence, administrative
processing of the request, review by geneticist or
genetic counsellor, and a diagnostic workup period
by the laboratory before the reproductive specialist
can individualise a treatment plan for the couple.

A typical cycle from first genetic appointment to egg
collection may take anywhere from 12 to 20 weeks,
followed by another week for biopsy testing and
embryo transfer, and possible cryopreservation.
Hence expectations of immediate results must be
managed sympathetically.
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PGD is a complex process that requires a large team with
diverse but overlapping skill sets. For PGD to be safe and
competently practised, each area requires high standards of
clinical and laboratory practice. In the UK and throughout
the EU, accreditation and training systems have been set in
place to ensure quality and suitable training.

Clinical Genetics

Clinical genetics is the specialty concerned with the diagnosis
of inherited disorders and birth defects, the estimation of
genetic risk and genetic counselling of family members.
Clinical geneticists work in multidisciplinary regional genet-
ics centres in close collaboration with genetic counsellors,
laboratory scientists and academic colleagues and play a
central role in providing high-quality care for couples seeking
PGD. They also work with colleagues across numerous medi-
cal specialties, professionals working in other areas such as
social services and patient-support groups.

Clinical geneticists need a wide range of clinical skills as
genetic disorders can affect people of all ages and involve all
body systems. Communication skills are particularly impor-
tant in explaining complex concepts and genetic test results
in ways that enable people to make informed decisions.
Clinical geneticists provide advice for other professionals and
support the application of genetic and genomic technologies
across the wider medical community.

Training Pathway

Specialty training in clinical genetics in the UK consists of
core and higher specialty training. Core training may be
completed through either core medical training, an acute
care common stem programme, or level one paediatrics. By
the end of this period, trainees acquire membership of the
Royal College of Physicians (MRCP) or Paediatrics and
Child Health (MRCPCH). The clinical genetics training then
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follows, leading to a certificate of completed training after
a minimum of 72 months. The trainee is required to pass an
exit certificate examination in clinical genetics. Trainees usu-
ally achieve competence in 6 years of the specialty training
programme: 2 years core training, followed by 4 years clini-
cal genetics training. Candidates may already have a BSc in
genetics or an MSc in clinical genetics, and many undertake
a significant period of research, leading to the award of a
higher degree.

Key Skills and Attitudes

Trainees in clinical genetics learn to establish a genetic
diagnosis by taking a family history, performing a physical
examination and considering appropriate investigations,
before providing advice and support for patients, and also
their relatives, if indicated. During the course of their train-
ing, they must demonstrate that they have the knowledge,
skills and attitudes required to manage time and problems
effectively. It is essential that they understand and follow
established principles, guidance and laws regarding medical
ethics and confidentiality appropriately. This is particularly
important when dealing with information that is relevant to
several different members of a family, all of whom may be
affected by, or at risk of, the same condition. Trainees must
also become proficient in a small number of procedures, such
as taking blood samples and skin biopsies from adults and
children including those with special needs, extracting hair
roots and taking appropriate photographs. Trainees also
spend a period of time in the laboratory in order to acquire
the skills and knowledge required to request and interpret
specialised genetic laboratory tests within a clinical setting.

Subspecialties: A number of specific subspecialties are
developing within the clinical genetics framework, including
neurogenetics, cancer genetics, paediatric genetics, dysmor-
phology, prenatal diagnosis and fetal dysmorphology, and
cardiac genetics.
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Genetic Counsellors

In some PGD centres, the professionals offering genetic
counselling will be either medically qualified clinical geneticists
or genetic counsellors. Genetic counsellors will generally have
higher education in either a nursing or science discipline, usu-
ally having undertaken a Masters-level degree in a related field.

Genetic counselling is a recognised accredited profession
with differing regulatory frameworks across the world.
Internationally, the availability, extent and quality of genetic
counselling will vary. In the UK, unlike North America and
Australia, a voluntary registration scheme based on the sub-
mission of a portfolio of evidence fulfilling required compe-
tencies has been in place since 2002. A UK scheme for
national regulation is being developed through the Assured
Voluntary Register (AVR) by the Health Professions Council.

Reproductive Medicine and PGD

PGD clinicians work as part of the wider multidisciplinary
team, including but not restricted to clinical geneticists,
genetic counsellors, molecular and cytogenetic scientists, spe-
cialist nurses, clinical embryologists and quality managers.
They also interact regularly with healthcare professionals in
other medical disciplines to ensure the provision of a com-
prehensive and high-standard service for couples seeking
PGD treatment.

The Training Pathway

Training for gynaecologists involved in PGD treatment is
undertaken as part of subspecialty training in reproductive
medicine. Subspecialty training in reproductive medicine
in the UK starts after completing at least 5 years of core
training in general obstetrics and gynaecology and passing
all the membership examinations of the Royal College of
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Obstetricians and Gynaecologists (RCOG). This subspecialty
training lasts for 2-3 years and has to be undertaken in an
accredited tertiary level reproductive medicine centre. PGD
training is undertaken in those centres which offer a PGD
service.

By the end of subspecialty training, trainees will be expected
to have completed one or more clinical research projects. Some
trainees may electively undertake an out-of-programme fellow-
ship programme for 1-2 years to gain further experience and
complete a research project in reproductive medicine or PGD,
which may lead to the award of a higher degree (MSc or MD).
Candidates successful in completing all subspecialty training
modules are awarded the Certificate of Completed Training
(CCT) in Obstetrics and Gynaecology and Subspecialist
Accreditation in Reproductive Medicine. Trainees usually
achieve CCT and subspecialist accreditation after completing 7
or 8 years of a structured training programme, 5 years of core
training and 2-3 years of subspecialist training. There is no exit
certificate examination, but trainees are assessed by internal
specialists, and through the RCOG and interview by external
accredited subspecialists on a regular basis for competency
achievement against agreed standards.

Skills and Attitudes

Clinical training in reproductive medicine and PGD requires
a knowledge base and skill competence in assisted conception
techniques, including pretreatment patient preparation,
regimes of controlled ovarian stimulation, oocyte and sperm
retrieval, embryo transfer and avoidance of related complica-
tions such as ovarian hyperstimulation syndrome and multiple
pregnancy. Trainees in reproductive medicine complete struc-
tured training modules in accredited genetic centres, in which
they develop an understanding of genetic inheritance and
transmission of genetic disease, learn how to obtain a full
genetic history and to counsel sensitively and appropriately
couples at risk of transmitting genetic disease to their future



116  F. Flinter et al.

child about their reproductive options. They also spend time
in embryology and genetic laboratories acquiring knowledge
about techniques of cell and embryo culture, biopsy and small
sample DNA extraction and amplification and interpretation
of test results. During their training, candidates must demon-
strate full understanding of and compliance with the HFEA
Code of Practice and specialist society (British Fertility
Society) guidance with regard to assisted conception and
PGD practice in the UK. They are also required to be familiar
with the principles of medical and reproductive ethics, partic-
ularly those related to PGD and prenatal testing in general.

The Diagnostic Genetics Laboratory

Genetic testing for PGD should be carried out in accredited
laboratories, using staff trained and registered appropriately
for their roles.

Accreditation of genetic testing laboratories in the UK is
achieved through the authorising body (currently Clinical
Pathology Accreditation (UK) Ltd). Accredited status is
awarded following a visit by external peer assessors who carry
out an in-depth inspection against established standards that
cover all aspects of the work including health and safety, all
technical procedures, management of staff and premises and
quality assurance. All laboratories must have a quality man-
ager who has responsibility for ensuring that all the above
areas comply with the standards on an ongoing basis and who
prepares a quality manual that contains all documentation,
including standard operating procedures (SOPs), a quality
policy and departmental objectives. SOPs for all stages of all
tests must be controlled to ensure that only the current ver-
sion is in circulation and that they are subject to regular
review. Accreditation recognises that the laboratory is compe-
tent to carry out all the procedures involved in PGD.

Laboratory competency is also monitored by external
quality assessment (EQA) organised nationally or Europe-
wide; annual rounds of assessment involve either the testing
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of material sent or submission of reports based on electronic
images made available to the laboratory. Performance is
assessed by accuracy of analysis and by the standard of the
written reports submitted to quality assessors, and a mark is
awarded to each laboratory. Laboratories with consistently
low marks in these EQA schemes are labelled as “poor per-
formers”; such laboratories should be required to improve
their performance before further involvement in PGD.

The Training Pathway

Clinical scientists in the UK undergo a national training scheme
following which they are eligible to be registered with the
Health and Care Professions Council; this registration must be
renewed biennially. Continual professional development and
records of competency are required for registration, and evi-
dence may be requested. Registration is also available for tech-
nical staff involved in PGD. In addition, structured training for
the individual procedures required for PGD should be in place,
with training logs and records of competencies for each proce-
dure. Errors should be recorded, and regular performance
review of each individual staff member should be carried out.
All staff involved in PGD are required to be included on their
clinic’s HFEA licence and subject to the confidentiality
restraints of the Human Fertilisation and Embryology Act.

The Assisted Conception Laboratory
(Embryo Biopsy)

Fertilisation in vitro, embryo culture, biopsy for PGD and
cryopreservation should be carried out in laboratories that
are accredited, designated, authorised or licensed under
national quality or safety laws. In the EU, laboratories
undertaking procedures for assisted conception are required
to have in place a quality management system that ensures
traceability, not only of all gametes and embryos, but also of
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all materials or equipment that could have an impact on the
quality and safety of the gametes and embryos, and must have
been certified by an internationally recognised body. In the
UK, these requirements are included among those that must
be met before the issuing/renewal of a Treatment Licence by
the Human Fertilisation and Embryology Authority (HFEA).

Training Pathway

Since 1993, formal training for clinical embryologists in the
UK has been under the auspices of the Association of
Clinical Embryologists (ACE). The postgraduate Certificate
in Clinical Embryology has a minimum entry requirement of
a degree in life sciences and requires a minimum of 2 years’
full-time supervised training in the laboratories of a UK-based
assisted conception unit, during and after which theoretical
knowledge and competencies in practical skills are assessed.
Within 3 years of commencing training, embryologists are
eligible for assessment to be registered as clinical embryolo-
gists with the Health and Care Professions Council (HCPC).
Continual professional development and records of compe-
tency are required for registration, and evidence may be
requested.

Competency in embryo biopsy is not a requirement for
registration with the HCPC, and centres are required by the
HFEA to develop in-house processes for training and com-
petency assessment in biopsy techniques, including criteria
for evaluation and assessment of training progress of indi-
vidual practitioners. Processes should be developed for each
stage of development that is biopsied. Practitioners should
maintain individual logs of procedures undertaken to enable
regular performance review.
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Key Points

e Structured training in the different professional dis-
ciplines is the cornerstone of providing a high stan-
dard of PGD practice.

e Although training requirements may vary across EU
countries, regular review of the progress of the train-
ees will ensure that the required skills and competen-
cies are achieved prior to final accreditation and/or
state registration.

e Formal appraisal and regular performance reviews
provide evidence that high standards of care are
upheld.

Further Reading

http://www.embryologists.org.uk/Education/Education.

http://www.hpc-uk.org/assets/documents/10003850HPCpolicystatem
ent-Voluntaryregistration.pdf.

http://www.jrcptb.org.uk/trainingandcert/ST3-SpR/Pages/Clinical-
Genetics.aspx.

http://www.rcog.org.uk/curriculum-module/reproductive-medicine.

http://www.rcog.org.uk/files/rcog-corp/uploaded-files/ED-CCT-
Regulations.pdf.

http://www.rcog.org.uk/files/rcog-corp/uploaded-filess ED-SUBSPEC-
RM-Curriculum.pdf.

Skirton H, Barnes C, Guilbert P, Kershaw A, Kerzin-Storrar L, Patch C,
Curtis G, Walford-Moore J. Recommendation for education and
training of genetic nurses and counsellors in the UK. J Med Genet.
1998;35(5):410-2.
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Chapter 11

PGD Data in the UK
and Europe

Alan R. Thornhill and Paul N. Scriven

The purpose of data collection should be to provide
accountability, assurance of safety and efficacy for patients
and practitioners, promote best practice and suggest areas in
which more improvements could be made. PGD outcomes
have been collected in a variety of different ways by individ-
ual centres, professional bodies and regulatory agencies: it is
a mandatory requirement of the HFEA to collect and make
centre data publicly available, and data collection and publi-
cation has been one of the central objectives of the ESHRE
PGD Consortium since its inception in 1997. This chapter
explores the nature of these data, what is useful and what is
not, and suggests possible future improvements. While
acknowledging that many of the key points discussed are
relevant to both PGS and PGD, this chapter will focus on
data collected for PGD for single-gene disorders and chro-
mosomal aberrations.

A.R.Thornhill, PhD (D<)

Assisted Conception Unit, Guy’s Hospital, 11th Floor, Tower Wing,
Guy’s Hospital, Great Maze Pond, London SE1 9RT, UK

e-mail: alan.thornhill@gstt.nhs.uk

PN. Scriven, BSc, PhD

Medical & Molecular Genetics, King’s College London Medical
School, Cytogenetics, Sth Floor, Tower Wing, Guy’s Hospital,
Great Maze Pond, London SE1 9RT, UK

e-mail: paul.scriven@kcl.ac.uk

T. El-Toukhy, P. Braude (eds.), Preimplantation Genetic 121
Diagnosis in Clinical Practice, DOI 10.1007/978-1-4471-2948-6_11,
© Springer-Verlag London 2014



122 A.R. Thornhill and P.N. Scriven

What Data Are Available and How
Valuable Are They?

PGD data is available in a number of different formats.
Published data comprises centre-specific data, voluntary mul-
ticentric data collection, case reports and series as well as data
from reference diagnostic laboratories. In addition, the man-
datory data collected by some regulatory bodies is wholly web
based, e.g. the HFEA. The inconsistency of collection and
presentation makes it difficult to compare data sets between
different centres and between countries (Table 11.1).

Understanding PGD Data

In order to understand and compare PGD outcome data, it is
necessary to properly understand how routine IVF data is
presented since PGD reflects a specialised IVF subgroup
with added levels of complexity. The Human Fertilisation and
Embryology Authority website provides an excellent basic
guide to understanding IVF data. It is essential that the same
terms and denominators used in routine non-PGD IVF are
used when attempting to understand, collate and compare
PGD outcome datasets particularly from different sources.
In order to capture relevant data, it is important to under-
stand factors that can affect PGD outcome; those relating to
fertility, which will affect IVF outcome in general, and those
related to the specific genetic condition under investigation.
Most PGD patients are not infertile; many present with
affected children or have terminated affected pregnancies.
However, their outcomes are still governed by the same fac-
tors that influence routine (non-PGD) IVF cycles, of which
female age remains the single most important prognostic
indicator of success. Younger age is closely associated with
better oocyte (hence embryo) quality and numbers. For this
reason any data set must account for such differences
between patients and are best presented in age cohorts. The
type of genetic condition for which PGD is offered is relevant
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TaBLE 11.1 Examples of published PGD (and PGS) data reports
Publication Description  Strengths Weaknesses

Harper ESHRE PGD Good overview Unverified
et al. (2012) Consortium

Large dataset  Partially validated

data
(10 years) Multiple centres Voluntary submission
p y
Different Limited analysis
countries

Very detailed Not all centres

information represented
Kulievand Large number Multiple centres Overlapping with
Verlinsky  of cycles from other data sets
(2004) leading PGD . - .
centres International Limited analysis
Follow-up
included
Grace First 330 Unselected Single centre
et al. (2006) cycles (consecutive)
ata UK . .
Detailed Limited numbers
centre . . .
information (not generalisable)

Historic data

de Die- First 100 Unselected Limited numbers
Smulders  cycles in the  (consecutive) (not generalisable)
t al. (2004) Netherland
etal.( ) Netherlands Detailed Historic data
information published in Dutch
HFEA UK’s Verified and Too little detail
(2013) mandatory validated data
dat
C(Z)llfae ction Patient friendly No subcategorisation
(for TVF and (e.g. biopsy method,
PGD) inheritance, test
method)
Explanatory Not PGD specific
guide
Gutiérrez- Reference Comprehensive IVF detail may be
Mateo diagnostic and detailed inaccurate/missing

et al. (2009) laboratory Multiple centres

Wilton Misdiagnosis  Detailed Self-reporting

t al. (2009 t lysis of
et al. ( ) reports analysis of cases Likely underestimate
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since the probability of having at least one unaffected embryo
for transfer is based primarily on the mode of inheritance of
the condition or an estimated risk of unbalanced gametes for
a particular chromosomal translocation. Fewer embryos will
be available for transfer when undertaking PGD for a domi-
nant condition (e.g. Huntington’s disease) in which an aver-
age 50 % of embryos are affected compared to a recessive
condition (e.g. cystic fibrosis) in which only 25 % of embryos
are affected. Since embryos within the same cohort have dif-
ferent implantation potentials, the larger the group of unaf-
fected embryos available the higher the likelihood of selecting
a viable embryo. Recent data from the ESHRE PGD
Consortium illustrate these principles. A comparison of
nearly 1,000 cycles demonstrated a higher rate of clinical
pregnancies per egg retrieval and cycles reaching embryo
transfer for autosomal recessive cycles compared with auto-
somal dominant cycles, but the implantation rate, a measure
of the intrinsic embryo quality, was no different.

What Is the Expectation of Success Between
PGD and Routine Non-PGD IVF Cycles?

It is difficult to reliably compare these two treatment modali-
ties since it is uncommon for PGD patients to undergo IVF
without PGD, and there are no well-controlled trial data
available. Data from PGS trials and frozen embryo implanta-
tion data suggest a detrimental effect of embryo biopsy on
both survival and implantation potential. In addition, the
reduced number of embryos available for transfer after
genetic selection compared with conventional IVF/ICSI also
decreases likelihood of pregnancy. However, these negative
factors are balanced to an unknown extent by the fact that
most PGD patients do not have fertility problems. Taking
into account these factors and the variety of the different
indications for PGD, patients can be reassured that PGD suc-
cess rates overall appear to be at least as good as those
obtained in routine IVF/ICSI cycles (see Table 11.2).
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TaBLE 11.2 Cumulative 3-year HFEA data to end Q4 2010 (Age
35-37, fresh transfers, own eggs)

PGD (all indications) IVF +ICSI (no-PGD)

ET Live LB ET Live LB
Centre cycles births (%) cycles births (%)
A 102 39 38.2 884 287 325
B 6 0 0.0 719 339 47.1
C 10 3 30.0 984 368 37.4
D 5 3 60.0 684 275 40.2
E 34 16 471 401 180 44.9
F 2 0 0.0 443 175 39.5
G 6 1 16.7 556 152 273
H 1 0 0.0 1,151 333 28.9
I 2 0 0.0 1,043 363 34.8
Total 168 62 369 % 6,865 2,472 36.0 %

Analysis of Data

Understandably, the publication of centre-specific outcome
data quickly can lead to the production of ‘league tables’ in
which patients may search for the table-topping clinic(s).
Such ‘league tables’ do not provide a comprehensive picture
and can be misleading for patients for a number of reasons:

¢ Clinics may treat different patient populations.

¢ Clinics may be selective in which patients are treated.

e Most clinics carry out too few cycles annually to reliably
predict general success.

¢ Live-birth rates reflect treatment carried out up to 2 years
prior to data publication and may not accurately reflect a
specific clinic’s current practice.

However, the creation of anonymised league tables (Fig. 11.1)

can be an excellent tool for benchmarking as part of continu-

ous improvement, i.e. to enable centres to set aspirational

targets of what is possible and thus drive best practice.
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Data Collection V-VI: Implantation rate based on at least 5 OR cycles
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FiGure 11.1 Illustration of detailed analysis made to compare
implantation rates from PGD cycles for reciprocal translocations
performed at different centres as a measure of IVF quality. All data
abstracted from raw reciprocal translocation data provided during
ESHRE PGD Consortium data collection V-VI. X-axis: number
outside of parentheses indicates anonymised centre number.
Number within parentheses indicates the number of embryos trans-
ferred. Implantation rate =total number fetal hearts/total number of
embryos transferred. The arrow indicates that centre 25 transferred
60 embryos and none implanted

What We Have Learned from Published
PGD Data

PGD cycle data have been collected and published at the
individual clinic level, national and international level (in the
form of working groups or consortia) with varying levels of
success (Table 11.1). The advantage of individual clinic
reports is the integrity of data; the drawback being that the
small sample size prevents generalisable conclusions. In con-
trast, consortia data is based on large numbers of cycles
reported from a wide range of centres, making the outcomes
more generalisable; however, reporting an average may
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smooth differences between ‘successful and unsuccessful’
centres. The ideal data set would include enough cycles to be
statistically robust but with a sufficient level of specific infor-
mation to allow one to compare centres. The use of confidence
intervals, ranges and graphical representations (e.g. funnel
plots) can illustrate clearly how centres’ success rates com-
pare against the average while taking into account their cycle
volume and thus the robustness of their results. The use of
clinical pregnancies as well as live births using both cycle
started and embryo transfer procedure as the denominator
adds to robustness and transparency. The HFEA has recently
provided not only the most up-to-date outcomes but also
those from treatment cycles started in the three previous
years to illustrate clinic consistency.

Future Opportunities

While enormous efforts have been made to collect, analyse
and publish data from large numbers of cycles from multiple
centres voluntarily reporting data (e.g. nearly 30,000 cycles
were reported recently representing the first 10 years of data
collection from the ESHRE PGD Consortium), it remains
difficult to draw detailed conclusions from these data. Their
main value appears to be threefold. First, they have provided
an indication of cycle volumes year on year, the growth of
PGD (and PGS) globally, crude success rates and the number
of centres reporting data. Second, these data report misdiag-
noses and perinatal outcomes providing a more ‘warts and
all’ overview. Finally, these reports have been useful in
describing trends in the evolution of PGD with respect to the
adoption of specific techniques including laser-assisted
biopsy, polar body and trophectoderm biopsy, new strategies,
methodologies and technologies for diagnosis (e.g. microar-
rays) and the more frequent use and success of freezing biop-
sied embryos. More in-depth analysis by commentators using
the raw data tables provided demonstrates a wide variation
in the success rates between different centres (Fig. 11.1)
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supporting the need for greater standardisation and the
principle that PGD should only be undertaken at IVF centres
with a solid and successful routine IVF track record.

To ensure reliability of data requires mandatory reporting
with verification and validation procedures in place. Such
systems already exist in a number of countries (including the
UK and the USA). The simplest, most efficient and least
error-prone method of capturing such data would be to use a
centralised online database to incorporate specific data fields
from contributors using verified data with a comprehensive
set of strict validation rules to prevent simple data entry
errors. Such a database could be used to link with other inter-
national databases involving different areas of healthcare
(e.g. cancer registry in order to identify possible links between
IVF, PGD and cancer). Raw data should be available to
researchers to facilitate additional analysis. Clearly these
recommendations are aspirational and require vast amounts
of resource, funding and international co-operation. Without
pressure from governments and regulatory bodies, stringent
data collection and submission will remain recommended
best practice rather a mandatory activity.

Using Data to Choose a Clinic

For those wishing to refer patients or looking to purchase
cycles of PGD, a number of different factors should be con-
sidered when assessing the suitability of a PGD centre or
provider. Assuming large enough numbers are available to
make meaningful comparisons, the success rates of PGD
cycles overall should be assessed against the routine (non-
PGD) cycles. If there are too few to assess for the most recent
year, consider cumulative data from several years as reported
by the HFEA (Table 11.2).

While data on pregnancy rates are an obvious and impor-
tant index, there are other critical areas that should be
assessed in choosing a suitable PGD service including: the
clinic’s overall experience and caseload, the ready availability
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of professional genetic counselling and advice, whether the
PGD test is performed in-house or outsourced and the
quoted accuracy of the test estimated following both valida-
tion and clinical experience. A well-designed PGD test
should aim to have as low risk of misdiagnosis as possible
(<1 %), in order to be effective in preventing affected off-
spring and the associated lifetime costs. Purchasers and refer-
rers should ask about a centre’s misdiagnosis rates and their
experience and methods of handling adverse incidents as
these are frequently under-reported. Finally, comprehensive
written patient information should be readily available to
patients and should be seen to properly deliver the information
described above.

Key Points

e Current PGD data collections are of limited use
either because of small sample size or lack of
verification.

e Results reported in the literature generally are
not verified or validated by an independent body
nor do they represent a complete picture of PGD
worldwide.

e Mandatory data collection would provide the most
robust and reliable data for analysis.

e When comparing data sets, compare like with like.
Not all ‘success rates’ are equivalent. For example,
‘clinical pregnancy per cycle started’ is not the same
as ‘live birth per embryo transfer’.

e Standardised nomenclature, outcomes and statistical
analysis of data will help patients and providers make
meaningful comparisons between PGD centres.

e Future databases should be able to link with existing
medical databases (e.g. cancer registry) to identify
any possible links between PGD and unrelated
health outcomes.
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e Careful counselling is required for all couples prior
to starting a PGD cycle so that they understand the
likely chances of success given their previous history,
age, aetiology, PGD indication, treatment centre and
SO on.

e An individual clinic’s caseload, laboratory experi-
ence, availability of genetic services, patient informa-
tion and honesty about misdiagnosis rate is important
in addition to success rate data in choosing an effec-
tive service.
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Chapter 12
PGD Facts and Figures

Tarek El-Toukhy

The first attempt at performing preimplantation genetic
diagnosis at the PGD Centre at Guy’s and St. Thomas’
Hospital was in 1997 to select female embryos for a couple at
risk of conceiving a child affected with X-linked haemophilia
A, while the first live birth was achieved in a cycle performed
in 1998 for spinal muscular atrophy (SMA) using a poly-
merase chain reaction (PCR)-based test. The PGD pro-
gramme has progressively grown over time, such that the
number of PGD cycles performed annually has increased
from 50 cycles in 2000 to over 220 cycles in 2012 (Fig. 12.1),
making it one of the largest PGD centres in Europe.

The main indications for PGD in our centre are (1) mono-
genic (autosomal dominant or recessive) disorders, (2)
X-linked conditions and (3) chromosomal rearrangements.
Approximately 60 % of PGD cycles use preimplantation
genetic haplotyping (PGH) for monogenic disorders and
40 % use FISH for chromosomal rearrangements or embryo
sexing for X-linked conditions. The two most common
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FiGurE 12.1 Number of PGD cycles started per year at the PGD
Centre, Guy’s and St. Thomas’ Hospital NHS Foundation Trust

indications for PGD using PGH in our programme are cystic
fibrosis and Huntington disease. Together they accounted for
nearly 70 % of all PGD cycles performed for monogenic dis-
orders between 2008 and 2012. Reciprocal chromosomal
translocations accounted for 75 % of the indications for the
use of FISH during the same period.

Outcome of PGD Cycles at GSTT

The average age of women starting a PGD cycle in our cen-
tre is 34 years. About 90 % of PGD cycles reach embryo
biopsy, and 71 % reach embryo transfer. The latter figure is
closely related to the type of genetic condition for which the
embryos are tested. Carriers of reciprocal chromosomal
translocations have the lowest likelihood of transfer due to
the randomness of the meiotic chromosomal segregation
outcomes (Table 12.1).
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TaBLE 12.1 Success rate per PGD cycle according to indication for
PGD at the PGD Centre, Guy’s and St. Thomas’ Hospital NHS
Foundation Trust (GSTT), 1,487 sequential cycles of PGD performed
since 1998

Single

gene X-linked Rearrangements  Total
Cycles started 754 115 618 1,487
Cycles to 698 98 574 1,370
retrieval
Cycles to biopsy 664 93 524 1,281
Cycles to 583 85 387 1,055
transfer (71 %)
Clinical 249 31 152 432
pregnancy
Per retrieval 36 31 26 32
(%)
Per transfer (%) 43 37 39 41

The mean number of oocytes retrieved is 12. On average, 6
embryos are biopsied and 4 out of 10 of these are transferable.
Approximately half of the cycles reaching embryo transfer
will have one or two embryos with a genetically transferable
result, the other half having more than two. Two thirds of
cycles reaching embryo transfer will have a single embryo
replaced, and in over half of those transfers this will be done
electively (i.e. in presence of more than one embryo suitable
for transfer). In addition, a third of cycles reaching embryo
transfer will have surplus embryos suitable for cryopreserva-
tion, currently performed via the vitrification method.

Overall, the clinical pregnancy rate per PGD cycle started
is 29 %, per egg retrieval is 32 % and per embryo transfer is
41 %, although these figures will vary according to the
indication for PGD treatment (Table 12.1).
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Factors Affecting PGD Outcome

Female Age

Data from our programme show that women below 38 years
of age are more than twice as likely to achieve a clinical preg-
nancy after a PGD cycle compared with older women (29 %
vs. 13 %, OR=2.8,95 % CI 1.7-4.6, P<0.001, respectively).
This is related directly to increased embryo availability,
improved embryo quality and lower risk of miscarriage in the
younger age group.

Ovarian Reserve and Availability
of Transferable Embryos

PGD cycles in which there are eight or more fertilised
oocytes available are significantly more likely to lead to a
clinical pregnancy (37 % vs.21 %, OR=2.2,95 % CI 1.6-3.0,
P<0.001). This is due to the increased chance of reaching
embryo transfer (90 % vs. 68 %, P<0.001) and underscores
the significant attrition process that occurs in PGD cycles as
a result of embryo genetic testing. Furthermore, cycles in
which there are surplus embryos available for cryopreserva-
tion significantly increases the chance of a clinical pregnancy
in the fresh PGD cycle compared with cycles in which there
are no surplus embryos available (52 % vs. 29 %, OR=1.9,
95 % CI 1.3-2.9, P=0.0012), probably because of superior
embryo quality in the former scenario.

Type of Genetic Condition Being Tested

PGD cycles performed for chromosomal rearrangements
have the lowest proportion of embryos genetically suitable
for transfer (26 %), compared with X-linked and monogenic
conditions (34 and 54 %, respectively). Therefore, these
cycles are the least likely to reach embryo transfer (two thirds
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TasLE 12.2 Comparison of the outcome of PGD and conventional
IVF/ICSI cycles performed at GSTT

PGD IVF/ICSI
No. of cycles 826 4,150
No. of embryo 578 3,532
transfers
No. of clinical 212 (37 % per 1,216 (35 % per
pregnancies transfer) transfer)
Implantation rate 33 % 27 %

of cycles started) compared with X-linked and monogenic
conditions (three quarters of cycles started). As a result, PGD
cycles performed for chromosomal rearrangements have a
lower success rate per PGD cycle started and per egg collec-
tion compared with X-linked and monogenic conditions,
although this difference almost disappears when the success
rate is calculated per embryo transfer (Table 12.1) because of
similar embryo implantation potential.

Is There a Difference Between PGD
and IVF/ICSI Success Rates?

A possible detrimental effect of embryo biopsy on its survival
and implantation potential has been a concern. In order to
investigate this possibility, we compared the outcome of PGD
cycles performed since 1998 with that of over 4,000 conven-
tional in vitro fertilisation (IVF) and intracytoplasmic sperm
injection (ICSI) cycles performed between July 2004 and
March 2009. Despite a reduced number of embryos available
for PGD transfer compared with conventional IVF/ICSI, due
to the additional selection undertaken on the basis of genetic
analysis, our results show comparable implantation and clini-
cal pregnancy rates per embryo transfer between the two
groups. This would argue against a detrimental effect of the
cleavage stage biopsy procedure on the development of
preimplantation embryos (Table 12.2).
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Blastocyst Cryopreservation and Reducing
the Multiple Pregnancy Rate After PGD

Attempts to increase the chance of pregnancy in PGD cycles
by replacing more than one embryo have led to a high mul-
tiple pregnancy rate, which now represents the single most
significant iatrogenic complication of assisted reproductive
technology, including PGD. According to the ESHRE PGD
Consortium data, about 40 % of babies born after PGD treat-
ment were part of a multiple pregnancy. Indeed, multiple
pregnancy after PGD treatment is even more problematic
than after conventional IVF because of the possible need for
prenatal testing and the effect of a multiple birth on caring
for the existing family (Chap. 3).

In conventional IVF/ICSI cycles, elective single blastocyst
transfer (SBT) followed by transfer of cryo-thawed blasto-
cysts later if necessary has yielded high pregnancy rates.
However, as similar strategy has not been widely adopted in
PGD cycles because of concern about the reduced number of
transferable embryos following biopsy and diagnosis.

From January 2006, all couples in our centre who had two
or more disease-free transferable PGD blastocysts on day 5
of in vitro culture were offered SBT and cryopreservation of
supernumerary blastocyst(s) for their future use. Adopting
this policy has enabled our centre to reduce the multiple
pregnancy rate in the PGD programme from 38 % before
2006 to 10 % thereafter (OR=0.20, 95 % CI 0.08-0.48,
P<0.001) without any reduction in the success rate of the
fresh PGD cycles or the overall cumulative ongoing preg-
nancy rate in our programme. We have also demonstrated
that the survival and implantation potential of biopsied PGD
embryos cryopreserved at the blastocyst stage using a slow-
freezing protocol is comparable to that of non-biopsied IVF/
ICSI cryopreserved blastocysts. Between 2006 and 2012, we
performed 179 frozen-thawed embryo transfer cycles using
thawed PGD embryos, achieving a pregnancy rate of 42 %
and clinical pregnancy rate of 26 % per thaw, and a multiple
pregnancy rate of 7 % per clinical pregnancy.


http://dx.doi.org/10.1007/978-1-4471-2948-6_3
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Key Points

e Single-gene disorders represent 60 % of the current
indications for PGD.

e Approximately three quarters of PGD cycles started
will reach embryo transfer.

e About 40 % of PGD embryo transfers will result in
a clinical pregnancy.

¢ Female age and ovarian reserve are strong predictors
of PGD success.

e Single blastocyst transfer and cryopreservation of
surplus blastocyst(s) is an effective strategy to reduce
the multiple pregnancy rate in a PGD programme.
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Chapter 13

Preimplantation Genetic
Diagnosis and HLA-Typing:
The Potential for Selection of
Unaffected HLA Matched
Siblings

Lucie Brown and H. Bobby Gaspar

Bone marrow transplantation, or more correctly
haematopoietic stem cell transplantation (HSCT), is an effec-
tive treatment for many disorders of the haematopoietic
system. HSCT involves taking haematopoietic stem cells
from a healthy donor and transferring them into an affected
individual such that the recipient forms a new haematopoi-
etic system that is free of disease. Although HSCT is most
commonly used for haematological malignancies (acute and
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chronic leukaemias and lymphomas), it is also used increas-
ingly for the treatment of severe immunodeficiencies, spe-
cific metabolic diseases and haemoglobinopathies such as
B-thalassaemia major and sickle-cell anaemia. If effective,
HSCT has the potential to offer a cure for life and is therefore
an extremely important treatment option and for some
genetic conditions the only option available. The success of
transplant is influenced by many factors but most importantly
by the availability of a well-matched healthy donor to provide
the source of donor stem cells. Numerous reports show that
the best survival outcomes are achieved when a sibling who
has the same genetic HLA type as the patient is available.

PGD has the ability to identify many genetic characteristics
of the embryo, including importantly the HLA type. For that
reason, there has been increasing interest in the use of PGD
techniques to select embryos that not only are genetically
unaffected but are also an HLA match for older siblings who
require a HSCT. The use of PGD and HLA typing is at pres-
ent limited with just a handful of centres offering this service,
and there have been few reports of successful births using this
approach although the numbers are increasing. However, as
the technology becomes more widely available, it is likely that
PGD combined with HLA typing will be used to select
healthy donors for a number of genetic disorders. This chapter
will explain in more detail what HLA typing involves and the
specific conditions where it may be applicable.

What Is HLA Typing?

The human histocompatibility complex (HLA) is positioned on
the short arm of chromosome 6 (Fig. 13.1). The HLA loci are
part of the genetic region known as the major histocompatibil-
ity complex (MHC) which is fundamental for normal function
and regulation of the immune response. The HLA complex is
critical for the immune system to distinguish self from nonself,
thus providing protection against invading microorganisms. The
molecules encoded by the HLA genes present foreign proteins
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FiGURE 13.1 HLA region on chromosome 6p21.3 (Representation
of the HLA locus on chromosome 6 and the distribution of the Class
I and II genes)

to effector immune cells, which can then identify each cell of the
body as its own and reject or kill infected or foreign cells.

The HLA system has been described as the most polymor-
phic genetic structure in humans and demonstrates signifi-
cant differences in the amino acid sequences of HLA-encoded
MHC proteins between individuals. The term tissue type or
HLA type is the term used to describe the HLA genetic
make-up of any individual; tissue typing or HLA typing
refers to the process of determining the HLA type. When
searching for a matched donor for HSCT, the goal is to find
an individual who has the same HLA type as the recipient.

The HLA System Comprises of Two
Classes: HLLA Class I and Class 11

HLA Class I molecules are expressed on the surface of almost
all nucleated cells and are known as HLA-A, HLA-B and
HLA-C genes. Class II antigens, HLA-DR, HLA-DQ and
HLA-DP, are only expressed on the surface of B lymphocytes,
monocytes and T lymphocytes that are involved in the
immune response. These 6 loci, called A, B, C, DQ, DR and
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DP, are what are normally referred to when discussing HLA
matching in the context of HSCT, although in most cases the
DP loci are not routinely used. At each locus, there is consid-
erable variability in the genetic sequences that have been
inherited through evolution. Thus, there are numerous HLA-A
alleles, each of which is given a specific nomenclature (A*0101,
A*0201, A*0202, etc.). The HLA types can also be recognised
by serotherapy, i.e. by the use of antibodies directed against
the antigens expressed by the alleles; thus, nearly all
HLA*AO0101 alleles are recognised by HLA-A1 antibody, and
75 % of HLA-A*0103 are recognised by HLA-A1. Allelic
DNA typing will give the most definitive tissue type and is the
only way HLA typing can be performed for PGD. Specific
genes are more common within certain populations.

Why Is HLA Typing Important in HSCT?

Any cell with a different HLA type to the host is recognised
by the host immune system as nonself, resulting in the destruc-
tion or rejection of the tissue with those cells. In the context of
haematopoietic stem cell transplantation (HSCT), donor’s
cells may be recognised as nonself and be rejected by the host.
Conversely, engrafted donor T cells may recognise the host
tissues as being foreign, therefore attacking vital organs. This
process is known as graft versus host disease and is the most
common and most severe complication following HSCT. The
greater the disparity of HLA matching between the patient
and donor, the higher the risk of transplant-related mortality
(TRM) as a result of these described complications.

HLA Matched Donors

Each individual has two different HLA haplotypes; one set of
HLA antigens is inherited from each parent (Fig. 13.2).
Therefore, two siblings who inherit the same two HLA
haplotypes from their parents will be HLA identical, and
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FIGURE 13.2 Inheritance of HLA antigens. HLA genes are inherited
in a linked manner and in a conventional autosomal pattern. Thus,
there is a 1:4 chance of two siblings sharing the same HLA type. For
ease of illustration, only the inheritance of Class I genes is shown in
this diagram, but Class II genes are inherited in an identical way

given normal autosomal inheritance, there is a 1 in 4 chances
that this will occur.

Numerous studies have shown that a transplant from an
HLA identical sibling results in the best survival outcomes.
The figures vary for different diseases. For example, in HSCT
for severe immune deficiencies, long-term survival following
a matched sibling donor transplant is 71 % in comparison to
63 % survival from a matched unrelated donor or 39 % sur-
vival from a mismatched donor (Fig. 13.3). An HLA identical
sibling donor therefore gives the best possible chance of sur-
vival. Unfortunately, only approximately one third of chil-
dren requiring a stem cell transplant have an HLA identical
sibling.

In the absence of an HLA identical sibling, a volunteer unre-
lated donor search is initiated through bone marrow transplant
registries. Allele compatibility for the HLA-A/B/C/DRB1/
DOQOB1 loci is defined as 10/10 match and is the favoured level
of matching when considering an unrelated donor for stem cell
transplantation. The number of donors joining bone marrow
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Figure 13.3 Outcome following different donor transplants for
non-SCID T cell immunodeficiencies. The importance of donor
matching is shown in this figure. The best survival figures are seen
after transplant from a related genotypically identical (RGI) donor
which is normally a matched sibling. Outcomes following transplant
from other donor sources are less good

registries continues to grow worldwide. This, along with the
use of umbilical cord blood as an additional source of haema-
topoietic stem cells, has increased the chance of finding a
matched unrelated donor. However, as the survival figures
demonstrate, a matched unrelated donor transplant is less
successful than a sibling donor transplant, and this results
from differences at minor histocompatibility antigens as well
as other factors.
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Indications for Preimplantation
HLA Matching

Simply put, the indications for PGD with HLA matching are
that the patient must lack a well-matched family, unrelated or
umbilical cord donor. However, exact criteria are more diffi-
cult to define and will vary with the disease, the type of donor
available, the reported outcomes available from different
donor sources and family and physician preferences. For
example, for a given disease, one centre may feel comfortable
with proceeding with a 1 antigen mismatched umbilical
donor transplant. By contrast, if this was the only donor avail-
able and there was limited experience of umbilical cord pro-
cedures, another centre might decide with the family to
proceed with PGD-HLA typing. Clearly, the exact molecular
genetic basis for the disease would need to be known so that
an unaffected embryo can be unambiguously selected.

Delays in Proceeding with PGD

Even following a decision to proceed with PGD with HLA, it
can take a number of years for an unaffected compatible
sibling to be born. It may well take up to a year before a
couple can embark on their first cycle of PGD partly due to
the time taken to secure funding from local primary care
trusts, partly the time taken for disease specific assays to be
developed in the PGD laboratory and time for fertility tests
to be performed in the assisted conception unit.

The addition of HLA typing to embryo selection adds
another layer of complexity to the procedure. Besides the tech-
nical developments required to perform multiplex PCR on
single embryo cells to determine the HLA type, the search for
an appropriate embryo may not always be successful. For a
standard autosomal recessive condition, the statistics of gener-
ating an unaffected (3/4) and a HLA matched (1/4) embryo
are 3/16. Thus, mothers may have to go through multiple stimu-
lation cycles before an appropriate embryo is identified.
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These delays make it essential that the clinical condition of
the affected child is stable and can be maintained relatively
so for a number of years until a matched sibling donor is
generated. In the context of immunodeficiencies, this require-
ment would exclude conditions such as severe combined
immunodeficiency where transplantation is recommended
within months of diagnosis because of the risk of severe
infections. However, other conditions such as Wiskott-Aldrich
syndrome and chronic granulomatous disease, where patients
can be placed on protective therapy and where deterioration
of the condition is more insidious, could be considered suit-
able. For many metabolic diseases, there is an urgency to
transplant early because of concerns regarding neurological
deterioration. Conditions such as X-linked adrenoleukodys-
trophy where there is a more gradual onset may be more
appropriate. Haemoglobinopathies and red cell disorders
such as Diamond-Blackfan syndrome are possibly the most
amenable to preimplantation HLA matching since patients
can be maintained on red blood cell transfusions and iron
chelation therapy for many years before definitive therapy is
considered. Another possible indication is Fanconi’s anaemia
where bone marrow failure is most commonly seen in later
rather than early childhood. A table of possible indications is
given (Table 13.1).

Ethical Considerations

Testing the preimplantation embryo for genetic disease is
done in the best interests of the embryo or the person it will
become. However, it is argued that when embryo biopsy is
performed for HLA typing alone, the only benefit is to the
existing sick child. In the case of PGD with HLA typing,
where the couple wish to expand their family by having an
unaffected child and the opportunity exists for that child to
also be an HLA match, these two indications are combined.
Some argue that creating ‘saviour siblings’ is not creating a
child in their own right but merely designing it for instru-
mental reasons to serve as a donor for the sick child.
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TaBLE 13.1 Possible indications for PGD and HLA typing

Disease types Examples of specific disorders
Immune deficiencies Wiskott-Aldrich syndrome

Chronic granulomatous disease
X-linked hyper IgM syndrome

X-linked lymphoproliferative
disease

Leukocyte adhesion deficiency

type I
Metabolic disorders X-linked adrenoleukodystrophy
Haemoglobinopathies Thalassaemias

Sickle-cell disease

Red cell disorders Diamond-Blackfan syndrome

Genetic disorders of bone Fanconi anaemia
marrow failure

The collection of stem cells from the HLA-matched sibling
would be arranged through collecting and storing umbilical
cord blood at birth. This technique can be arranged so as not to
cause any harm to the mother or newborn child. Nevertheless,
the procedure is not always successful as the required number
of stem cells may not be collected via this method. This natu-
rally leads to an important question: ‘what may be done to the
donor child in order to treat a sibling’. It has been argued that
the standard employed in this situation is what is acceptable if
the donor child already existed. Bone marrow harvests on sib-
ling donors are a routine procedure, but any general anaesthetic
and operative procedure still carries a small risk to the child.

Alternative Treatments Options
and Their Availability

Definitive treatments for genetic disorders of the bone marrow
are very limited. A number of possibilities for maintenance
rather than cure are available, but often these do not correct
the disease phenotype, and there is ongoing deterioration or
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organ damage. These include a number of enzyme replacement
therapies for both immune deficiency and specific metabolic
disorders. In addition to lack of full efficacy, these therapies
can be extremely expensive. Gene therapy is now also being
developed for genetic bone marrow disorders. This procedure
involves extraction and genetic modification of the child’s own
bone marrow stem cells prior to reinfusion. By using the child’s
own cells, this has the benefit of not requiring a donor and
avoiding the risk of graft versus host disease. Gene therapy has
successfully corrected a number of immunodeficiencies and is in
development for a range of metabolic disorders and haemoglo-
binopathies. Initial studies were complicated by development of
leukaemias in treated patients as a result of the mode of gene
delivery. A new wave of trials using modified delivery strategies
are now underway. The wider applicability of gene therapy will
be determined by the success or otherwise of these forthcoming
clinical trials.

Key Points

e Preimplantation HLA typing provides the oppor-
tunity to select an HLA-matched unaffected embryo
that may be a suitable HSCT donor for an affected
sibling.

e A matched sibling donor is always a desired option
and for specific families who wish to have another
healthy child and who have a child with a later-onset
disease; preimplantation HLA matching may be the
treatment of choice.

e The time it takes to select and generate an appropri-
ate donor means that it can only be useful for condi-
tions that do not require transplant in near term.

e Currently facilities are limited and creating expertise
in specific centres to offer improved access and avail-
ability of preimplantation HLA matching will
increase uptake of this technology.

e Increasing the success of transplants from unrelated
and mismatched donor transplants and the develop-
ment of autologous haematopoietic stem cell gene
therapy will provide increasing options for patients.
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Human embryonic stem (hES) cells are derived from an early
embryo and can grow in vitro indefinitely, while retaining
their capability to differentiate into specialised somatic cell
types. Two types of hES cells are being derived:

1. Those intended for clinical use in regenerative medicine
2. Those that carry disease-specific mutations and may serve
as ‘disease-in-a-dish’ models

PGD technology was instrumental in the derivation of
both types of hES cells.

Derivation of hES Cell Lines

The first reported hES cells were derived from blastocysts
generated by in vitro fertilisation at the University of
Wisconsin. By the end of 2009, nearly 1,200 original hES cell
lines had been reported from 24 countries. Most of the lines
were derived from the inner cell mass (ICM) of blastocyst
stage embryos, employing a technology similar to the one
developed by the group from Wisconsin. Reports that hES
cells could be derived from the late morula/compaction stage
and from cleavage stage embryos arrested in development
demonstrated that pluripotent cells could give rise to hES
cell lines at any stage of early embryo development.

hES cell culture is generally made up of two basic compo-
nents — a fibroblast ‘feeder’ layer to which the hES cells
attach and a specially designed culture medium which sur-
rounds the cells as they grow. Within a stable temperature
and gaseous environment, these components provide the
cells with a scaffold to grow over and nutrients for growth,
maintain an appropriate pH and, when optimal, support
rapid undifferentiated proliferation. The exact details of
these components vary across laboratories around the world,
and differing levels of success are achieved in terms of deriva-
tion rates and cell line maintenance efficiency. The original
culture systems used murine feeder cells and media based
around fetal bovine serum. Most of the known hES cell lines
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have therefore been derived under conditions that expose
the cells to products of animal origin, which renders them
unsuitable for clinical use due to the risk of transmitting ani-
mal pathogens to recipients. Over time, however, the replace-
ment of murine with human feeders and media based on
bovine with defined culture media devoid of animal products
has led to xeno-free derivation and expansion techniques for
both research and clinical grade hES cell lines. As well as
xeno-free derivation and propagation, stringent record-
keeping, proof of sterility, negative virology and detailed
characterisation of the cell lines are necessary to meet cur-
rent clinical grade recommendations and good manufactur-
ing practice (GMP) criteria, qualifying the cells for therapeutic
use. Characterisation of the cells routinely includes DNA
fingerprinting, HLA typing, karyotyping, expression of pluri-
potency markers and differentiation into derivatives of the
three germ layers with in vitro expression of markers and in
vivo teratoma growth.

Derivation of hES Cell Lines from
a Single Blastomere

To avoid ethical and political controversies surrounding use
of supernumerary embryos in research, efforts have been
made to use alternative methods such as somatic cell nuclear
transfer and parthenogenetic activation of human oocytes.
However,neither of them has become a mainstream approach.
The method that has become a popular option for circum-
venting political restrictions, particularly in the USA, is the
derivation of hES cell lines from single cells of the cleavage
stage embryo. Robert Lanza’s group from the American
company Advanced Cell Technology from Massachusetts
(www.advancedcell.com) utilised a PGD technique to
develop a groundbreaking approach to the derivation of hES
cell lines using a single biopsied blastomere. Although the
embryo was destroyed in the process, this was proof of prin-
ciple that a hES cell line could be derived without embryo
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destruction. Indeed, in subsequent reports from the same
group as well as others, the biopsied embryos survived and
developed to the blastocyst stage. hES cell lines derived from
a single blastomere exhibit very similar transcriptional pro-
files to hES cell lines derived from the ICM, suggesting that
over time in culture hES cells acquire virtually identical sta-
ble phenotypes and are not affected by the developmental
stage of the starting cell population.

One of the lines developed by Lanza’s group from a single
blastomere, MA-09, was used to develop an hES cell-based
therapy, currently in clinical trials in multiple centres in the
USA and UK, for the treatment of Stargardt’s macular dys-
trophy and dry age-related macular degeneration.

Derivation of Specific Mutation-Carrying
hES Cell Lines

Embryos diagnosed as being genetically unsuitable for
replacement following PGD analysis would routinely be dis-
carded, despite often being of good quality and capable of
developing into blastocysts. With appropriate consent, these
blastocysts are suitable for stem cell derivation and are free
from many ethical difficulties associated with using normal
embryos from patients seeking infertility treatment. With the
fundamental attributes of pluripotency and self-renewal, hES
cells carrying genetic disorders hold promise for an unlimited
supply of cells with which to study the mechanisms and devel-
opment of the disease. hES cells from PGD embryos should
represent an even more relevant model than genetically
altered cells or animal models as the mutant protein is
expressed in its normal physiological context and range of
expression pattern. The use of such ‘disease-in-a-dish’ models
of genetic and degenerative disorders would also reduce the
need for animal models. If highly purified colonies of known
constituent cells can be developed through precise charac-
terisation and sorting, they may prove useful in the long run,
especially in terms of drug screening for new compounds and
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testing of unacceptable side effects. This could speed up the
development to implementation process thus getting new
drugs out more rapidly for use by the public. hES cell lines,
particularly those carrying clinically relevant mutations, have
gained considerable interest from the biopharmaceutical sec-
tor. The pharmaceutical discovery process is generally
accepted as being time consuming and inefficient requiring
high levels of financial investment without any guarantee of
a clinical product at the end. Improvements to the discovery
phase of new compounds could come through the develop-
ment of more tailored, disease-orientated cellular screens, for
both therapeutic target validation and optimisation of identi-
fied compounds.

hES cell lines have been derived with a number of mono-
genic disorders as well as disease-specific translocations
(Tables 14.1 and 14.2). The largest number of PGD cell lines
have been derived from embryos carrying a mutation for
cystic fibrosis (22) and Huntington’s disease (20). We have
previously published our experience with the use of affected
PGD embryos having derived the first hES cell line in the
UK and the first line with a cystic fibrosis mutation. In addi-
tion we have now derived more than 20 hES cell lines carry-
ing clinically relevant genetic mutations for eight monogenic
diseases and one translocation (Table 14.3). The validation of
hES cells as models of disease has begun for some disorders,
including Huntington’s disease, myotonic dystrophy and frag-
ile X.

Induced Pluripotent Stem Cell Lines

In 2006, scientists found a way of reverting differentiated cells
from adult mice into an embryonic-like state. In a ground-
breaking publication, the following year Yamanaka and col-
leagues described the induction of pluripotent stem (iPS) cells
from adult human fibroblasts by defined factors that are
associated with the pluripotent state. These iPS cells were
similar (but not identical) to hES cells in morphology,
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TaBLE 14.1 Specific mutation-carrying hES cell lines reported by

May 17,2012

Disease Number of lines
Adrenoleukodystrophy 1
Albinism ocular, typel 2
Alpha-thalassaemia 2
Alport syndrome 2
Beta thalassaemia 6
Beta thalassaemia carrier 3
Breast cancer 2
Breast cancer and endocrine neoplasia 1
Charcot-Marie-Tooth disease, type 1A 3
Charcot-Marie-Tooth disease, type 1B 1
Cystic fibrosis 22
Cystic fibrosis carrier 1
Epidermolysis bullosa 1
Fabry syndrome 1
Fanconi anaemia — a carrier 1
Fragile site mental retardation 1, carrier 1
Fragile X syndrome 6
Fragile X syndrome, carrier 5
Gaucher disease 1
Haemoglobin alpha locus 1
Haemoglobin beta locus mutation 3
Haemophilia A 1
Huntington’s disease 20
Huntington’s disease and Marfan syndrome 1
Hypochondroplasia 1
Incontinentia pigmenti 1
Infantile neuroaxonal dystrophy 1

Juvenile retinoschisis 1
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TABLE 14.1 (continued)

Disease

Number of lines

Marfan syndrome

Merosin-deficient congenital muscular
dystrophy, type 1A

Multiple endocrine neoplasia, type 1
Multiple endocrine neoplasia, type 2
Muscular dystrophy, Becker

Muscular dystrophy, Becker, carrier
Muscular dystrophy, Duchenne

Muscular dystrophy, Duchenne, carrier
Muscular dystrophy, Emery-Dreifuss
Muscular dystrophy, Emery-Dreifuss, carrier
Muscular dystrophy, facioscapulohumeral

Muscular dystrophy, facioscapulohumeral and
Turner syndrome

Muscular dystrophy, facioscapulohumeral,
putative

Myotonic dystrophy
Myotonic dystrophy, type 1
Myotonic dystrophy, type 2
Nemaline myopathy 2
NEMO deficiency
Neurofibromatosis, type 1
Osteogenesis imperfecta, type 1
Patau syndrome
Pelizaeus-Merzbacher disease
Popliteal pterygium syndrome
Saethre-Chotzen syndrome
Sandhoff disease

Sickle-cell anaemia

3
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TABLE 14.1 (continued)
Disease Number of lines

Spinal muscular atrophy, type I
Spinocerebellar ataxia, type 2
Spinocerebellar ataxia, type 7
Torsion dystonia

Torsion dystonia 1

Translocation, 7:12

Translocation, 7:17

Translocation, 11:22

Treacher Collins-Franceschetti syndrome
Tuberous sclerosis, type 1

Turner syndrome, mosaic cell line
Vitelliform macular dystrophy
Von Hippel-Lindau disease
Wilms’ tumour

Wiskott-Aldrich syndrome, cystic fibrosis carrier

S e Y T N R P R N T = T e S OS)

X-linked myotubular myopathy

Zellweger syndrome 1

Strulovicietal. (2007),Loser et al. (2010); University of Massachusetts
Medical School, International Stem Cell Registry http://www.
umassmed.edu/iscr/GeneticDisorders.aspx; http://www.stemride.
com/ accessed on May 17, 2012, including those derived at Assisted
Conception Unit at Guy’s Hospital as of May 17, 2012, sorted by
disease type

proliferation, surface antigens, gene expression and
differentiation ability. These cells are therefore as powerful as
those isolated from early embryos and free of controversy.
Since then, this new iPS cell field has enjoyed unprecedented
popularity. Indeed all the advantages of using PGD hES cell
lines as disease models also apply to the use of human iPS
cells with the added attraction of a greater number of diseases,
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TaBLE 14.2 Specific mutation-carrying hES cell lines reported by
May 17,2012

Country Number of lines
USA 91

Australia 32

UK 22

France 21

Israel 18

Belgium 16

Spain 1

Turkey 1

Total 202

Strulovici et al. (2007),Loser et al. (2010); University of Massachusetts
Medical School, International Stem Cell Registry http://www.
umassmed.edu/iscr/GeneticDisorders.aspx; http://www.stemride.
com/ accessed on May 17,2012, including those derived at Assisted
Conception Unit at Guy’s Hospital as of May 17, 2012, sorted by
country of derivation

TABLE 14.3 Specific mutation-carrying hES cell lines derived at
Assisted Conception Unit at Guy’s Hospital as of May 17,2012
Disease Number of lines

Beta thalassaemia

Beta thalassaemia carrier
Cystic fibrosis

Huntington’s disease
Myotonic dystrophy, type 1
Neurofibromatosis, type 1
Spinal muscular atrophy, type I

Translocation, 7:12

[ I T T [ SO

Von Hippel-Lindau disease

—_

Wiskott-Aldrich syndrome, cystic
fibrosis carrier
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easier availability of starting material, the use of samples from
the diseased tissue and from donors in the age range when the
disease occurs and fewer ethical issues. Furthermore stem cell
models of some complex degenerative diseases such as
Parkinson’s, autism or Alzheimer’s, for which no single predic-
tive gene has been identified, will not be available through
PGD but could be through the use of iPS technology.

Future Outlook

hES cells remain the only genetically unmodified pluripotent
cells and as such remain the gold standard for pluripotency
research. Research into the field of hES cells will continue in
order to understand the basic mechanisms of pluripotency and
self-renewal, as the gold standard with which to compare iPS
cells; to investigate heterogeneity in pluripotent cells, as a pow-
erful tool for modelling diseases; to investigate early human
development; and because hES cells are years ahead of iPS cells
in terms of safety for preclinical and clinical studies. Therefore
the importance of PGD as a source of embryos for stem cell
research is likely to grow. With the ever-increasing number of
diseases for which PGD can be offered, and the continuous
improvements to hES cell derivation and propagation methods,
we anticipate that our bank of mutation-carrying hES cell lines
will continue to grow rapidly, providing a unique and vital cell
source that is freely available to researchers worldwide.

Key Points

e PGD technology has been instrumental in the deri-
vation of both research and clinical grade human
embryonic stem (hES) cell line.

e A line derived using the PGD technique of single
blastomere biopsy is being used in the first clinical
trial in Europe using hES cells and is the only
currently ongoing clinical trial in the world.
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e hES cell lines carrying clinically relevant genetic
mutations are derived from affected embryos diag-
nosed in a PGD cycle and can be used as ‘disease-in-
a-dish’ models.

e These PGD lines, in combination with induced plu-
ripotent stem cell lines from affected patients, are a
powerful tool for disease research.

e There is interest from the biopharmaceutical sector
in the use of these mutation-carrying lines for drug
discovery and toxicology screening.
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Chapter 15

Ethical and Social
Aspects of PGD

Clare Williams and Steven Paul Wainwright

The use of PGD is increasing and its indications are expanding,
thereby raising important social and ethical questions. Some
of these have been raised in earlier chapters but this chapter
summarises key work from several distinct disciplinary per-
spectives — from science and medicine, where the concern is
with the practicalities of dealing with social and ethical issues;
from bioethics, where the focus is often on philosophical
analysis that ‘pushes the boundaries’ of what should be done;
and from sociology, which draws on social research with
patients, scientists and clinicians to offer nuanced accounts of
the complexities of ‘PGD in action’.
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Is PGD Ethically More Acceptable
Than PND?

If a couple wish to avoid the birth of a child who would be
affected by what they consider to be a serious disability, this
is an indication for PGD or for PND followed by termination
of pregnancy (TOP). Both techniques are stressful and inva-
sive, and importantly, both involve selection against disability.
For those who support the view that life starts at fertilisation
and that all forms of human life deserve respect, both proce-
dures involve the intentional creation and subsequent
destruction of an embryo. However, proponents of PGD
argue that the difference in the timing of the test is signifi-
cant. First, it is argued that although they should be treated
with respect because of their future potential, human embryos
before implantation [potential life] are rudimentary in devel-
opment and thus have a relatively low moral status and lim-
ited rights in comparison to a fetus at 12 weeks of gestation
[developing life]. Some also argue that discarding embryos
based on their genetic potential is not morally different to
discarding embryos during IVF treatment based on their
likely implantation potential, a process which is widely
accepted as part of the assisted conception process. It is also
argued that PGD eliminates the anxiety experienced by pro-
spective parents during the first few weeks of spontaneous
pregnancy before PND can be performed, even if the preg-
nancy later proves to be unaffected by the genetic condition.

PGD for Late-Onset and Susceptibility
Conditions

Whilst many would support the application of PGD for serious
genetic conditions that manifest early in life, it is perhaps more
challenging to accept the principle of creating and destroying
embryos for the purpose of testing for late-onset conditions
such as Huntington or Alzheimer’s disease. These conditions
allow the affected person around four or five decades of
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healthy life before symptoms of the disease develop.
Furthermore, testing for lower penetrance genes such as can-
cer predisposition genes often provides a risk assessment, but
no definitive information as to whether the condition will
develop in later life. It is also feared that selecting for non-
medical traits such as intelligence, height, hair, eye colour or
athletic genotypes (so-called designer babies) will follow.

The use of PGD for late-onset disorders with high pene-
trance raises concerns in relation to the welfare of any child
who might be born to a person with the condition and who is
likely to become unwell or even die whilst the child is still
dependent on that person for care. This concern is relevant
and applies to many similar situations of IVF such as treating
an infertile couple where one or both partners are HIV posi-
tive or providing gamete or embryo cryopreservation before
cancer treatment. However, it is generally accepted that as
long as another parent or a competent care provider will be
available for the child, the possibility of losing a parent does
not justify withholding PGD.

In relation to PGD for lower penetrance genes, most of the
UK-based PGD staff interviewed for a study at the time this
became possible ultimately felt that parental choice and
autonomy should lead the decision-making process. It was
acknowledged that having a child with an inherited
susceptibility to a disease such as cancer or progressive neu-
rological disorder leading to an early death could be a consid-
erable source of suffering for both child and parents.

The use of PGD to select for non-medical traits has raised
many social and ethical questions including whether parental
reproductive interests justify creating and destroying human
embryos; whether testing for such traits could possibly harm
the resulting children, stigmatise existing persons or even cre-
ate far-reaching social harm by ultimately limiting biodiver-
sity and uniqueness; and what the role of PGD health care
professionals should be in relation to decision-making.
However, at the current time, screening to select for mental
and/or physical desirable characteristics (the designer baby
model) is unrealistic due to a number of factors including the
complex multifactorial genetic nature of these traits, the
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limited number of embryos created during a PGD cycle and
the burdens of undergoing IVF in general.

In a ground-breaking social study of PGD in the UK,
Franklin and Roberts explored the views of couples undergo-
ing PGD. In contrast to the notion of ‘designer babies’ being
manufactured for overly fussy parents, they found PGD
patients had a ‘strong sense of obligation to steer a respon-
sible course away from avoidable harm’. In addition, rather
than offering ‘unprecedented genetic possibility’, PGD was
seen by couples themselves as the only alternative, the ‘only
choice’. In fact, amongst the majority of PGD patients inter-
viewed, the term ‘designer baby’ was seen as an abusive term
and resented by them. As one of the patients interviewed
puts it, ‘It’s not as if we’re going to this Unit with a shopping
list saying we want this and this. It’s more a case of, we're
looking for this [genetic disease] because that’s what you
want to eradicate’.

Franklin and Roberts also argue that the image of PGD as
a ‘slippery slope’ technology which is ‘outpacing society’s
ability to restrict or control its use overlooks the long history
of critical assessment and public debate that has surrounded
it’, with the concerns of those who work in PGD crucially
helping to shape the restricted use of the technology, in the
UK at least. Further, they believe that this ‘demonstrates a
serious and concerted attempt to make it as accountable as
possible to public scrutiny’.

Fate of Carrier Embryos

In the majority of recessive disorders, carriers remain healthy
throughout their lives. However, female carriers of some con-
ditions such as X-linked Duchenne muscular dystrophy may
themselves develop some symptoms of the disease. In these
cases, selection against carrier embryos may be justified.
The principal motive to select against ‘healthy’ carrier
embryos is to protect the health of the grandchildren
rather than the children. The magnitude of the risk to the
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grandchildren will depend on the mode of inheritance,
prevalence and penetrance of the genetic condition. For
example, in X-linked disorders, all sons of female carriers
will have a 50 % chance of getting the disease, whilst 50 % of
daughters will be carriers. Conversely, carriers of a rare auto-
somal recessive disorder will have a very low risk of facing a
difficult reproductive decision unless their partner was also
to carry the same rare genetic mutation.

Thus, families undergoing PGD treatment and their physi-
cians are faced with a number of choices. The first is to trans-
fer all ‘unaffected’ embryos, non-carriers as well as carriers.
In support of this policy, it can be argued that carrier embryos
are likely to grow into healthy individuals (the prime objec-
tive of PGD) and that selecting against carrier embryos stig-
matises carriers and could be viewed as a form of positive
eugenics. The second choice is not to transfer carrier embryos,
in order to prevent future reproductive dilemmas. Although
this option may be ethically acceptable to some, with the lim-
ited number of embryos suitable for transfer after PGD, it
may well lessen the chances of a successful cycle, resulting in
the couple undergoing additional PGD cycles, even though
there are ‘unaffected’ carrier embryos available.

Sex Selection for Non-medical Reasons

Identification of the sex of preimplantation embryos in
order to avoid X-linked diseases is the third most common
indication for PGD after monogenic diseases and chromo-
somal abnormalities and is generally thought to be ethi-
cally acceptable. However, sex selection to serve parental
interests in having a child of a particular gender (i.e. social
sex selection) is contentious, especially as embryos not of
the desired sex are usually discarded. This request may be
made either for the first child (where the overwhelming
preference internationally is for a male child) or for a sec-
ond or subsequent children of the opposite sex to the exist-
ing one(s) with no greater preference of males over
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females, so-called family balancing. By definition, social sex
selection is not a therapeutic intervention, as it does not
prevent a medical harm to any party and confers no advan-
tage to the selected child. Article 14 of the Convention on
Human Rights and Biomedicine states that ‘the use of tech-
niques of medically assisted procreation shall not be
allowed for the purpose of choosing a future’s child sex,
except when serious hereditary sex-related disease is to be
avoided’. This practice is currently prohibited in the UK.
Opponents of social sex selection by PGD regard it as
immoral and inherently sexist, particularly towards women,
because it does not show respect for the 50 % of healthy
embryos that are destined to be discarded purely because
of their sex. It also sends a strong signal that social sex
selection in pregnancy may be legitimate. Some argue that
this application of PGD sets a precedent for positive
eugenics applications including selection for desirable
physical traits for those who can pay for them.

Proponents of social sex selection, on the other hand, view
it as an expression of parental reproductive autonomy and
argue that PGD is too expensive to be so widely practised as
to contribute to sex ratio disparities. It is argued that parents
who seek family balancing are unlikely to devalue one or the
other sex but simply wish to enjoy the different experiences
that come with rearing children of opposite genders. It is also
feared that if PGD is not permitted, pregnancy and abortion
might be practised instead. Indeed, the Ethics committee of
the American Society for Reproductive Medicine concluded
in 2001 that sex selection for purposes of variety, but not for
the first child, was acceptable, thereby legitimising the desire
to raise children of both genders.

Conversely, the Human Fertilisation and Embryology
Authority (HFEA) in the UK carried out a public consul-
tation in 2002-2003, which demonstrated a negative public
attitude towards PGD for non-medical sex selection. This
attitude was also reflected in a more recent study conducted
in the north-east of England, which found that 83 % of par-
ticipants were against the use of prenatal social sex selection.
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PGD for HLA-Typing

PGD has been used to enable families to have a child who is
a tissue match for an existing sick sibling in need of an allo-
geneic haematopoietic stem cell (HSC) transplant because of
bone marrow disorders including leukaemia, Diamond-
Blackfan anaemia (DBA), Fanconi anaemia, p-thalassemia
major and severe combined immunodeficiency syndrome
(SCID). The success of the transplant depends largely on the
HLA match between the donor and recipient. In many situa-
tions the sooner the HSC transplant is performed, the greater
its success rate will be.

PGD can be performed to ensure that only those embryos
that are a tissue match (about 25 % of all embryos) are trans-
ferred to the woman. However, it should be remembered that
leukaemia and DBA in the sibling are often sporadic and the
matched embryos (future children) are not at risk of develop-
ing the same disease. Critics argue against this use of PGD,
stating that an embryo (and the child it will become) should not
be exposed to the risks of PGD, unless that embryo/person is
likely to derive enough benefit to outweigh these risks. The
complexity of the debate increases significantly when consider-
ing the limits that should be placed on what the donor child
should undergo in order to treat a sick sibling. For example,
collecting umbilical cord blood at birth is non-invasive and thus
widely seen as acceptable, whilst harvesting bone marrow stem
cells or vital organs such as a kidney from the HLA-matched
child constitutes a much more difficult social and ethical situa-
tion in view of the risks involved for the donor child. It is also
argued that a child should be created, raised and valued in its
own right and should not to be used instrumentally as a means
to an end (to serve as a donor for the existing sick sibling).

On the other hand, those who support its use argue that
parents have children for many instrumental reasons includ-
ing to save a marriage, continuity of the family, as well as for
economic and psychological benefits to parents. Importantly,
this is not considered unethical as long as the child is also
valued in its own right, since people are judged on their
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attitudes towards children rather than on their motives for
having them. The fact that these parents make so much physi-
cal, emotional and often financial effort to save their sick
child suggests that they are responsible, loving parents and
that children conceived in order to save an existing child are
likely to be loved and valued for their own sake as well as for
the added benefit they confer by potentially saving the sick
sibling. As PGD is not an easy or guaranteed solution for the
family involved, decisions about such complex cases are gen-
erally made on a case-by-case basis, after weighing up care-
fully the potential risks and benefits to all those involved.

PGD and Stem Cell Science

Scientists have argued that PGD embryos with an ‘unclear
diagnosis’ cannot be implanted and that these ‘spare embryos’
form an ethical source for the development of embryonic
stem cell lines. Some of the first human embryonic stem cell
lines in the UK came from such PGD embryos. More recently,
embryos affected with a genetic disease have been used to
develop so-called ‘disease-in-a-dish’ models. Proponents
argue that these human cell lines enable scientists to under-
stand the genetic nature of many diseases that currently have
poor or no treatment and these new models of disease could
offer hope for the development of potent, novel drugs.

Conclusion

PGD offers the technological promise of increased reproduc-
tive choice and a new era of predictive medicine. However, the
application of PGD is replete with social and ethical problems,
and it can be envisaged that increasingly complicated cases will
continue to present themselves in the future as new technolo-
gies emerge. It is the social and moral duty of society to debate
the implications inherent to the use of PGD for various indica-
tions. More work addressing the safety, reliability and
effectiveness of PGD is also needed to enhance this process.
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Key Points

e The uses of PGD are expanding as are its social and
ethical implications.

e PGD for late-onset and susceptibility conditions
requires careful consideration on a case-by-case
basis.

e PGD for gender selection for non-medical reasons is
prohibited in the UK.

e PGD embryos are an important source of embryonic
stem cells and for producing human disease models
for the development of new drugs.
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Embryo Selection by the Use of PGS

In the majority of in vitro fertilization (IVF) cycles, multiple
embryos are created after ovarian stimulation. The viability of
these embryos, and, as a consequence, the chances of an
embryo implanting successfully, is subject to biological varia-
tion. To achieve the best possible live birth rates after IVF
while minimizing the risk for multiple pregnancy, one or two
embryos considered to have the best chances of implanting are
selected for transfer. Subsequently, supernumerary good qual-
ity embryos are selected for cryopreservation and possible
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transfer in the future, while remaining embryos of poor quality
with little or no implantation potential are discarded.

Since the earliest days of IVF, the method of choice for
embryo selection has been morphological evaluation, but
with this type of embryo selection, implantation rates in gen-
eral do not exceed 35 %. This has resulted in a strong drive to
find alternative selection methods.

Based on the high incidence of numerical chromosomal
abnormalities found in preimplantation embryos, preimplanta-
tion genetic screening (PGS) has been proposed as a method
to select embryos for transfer in an IVF treatment. In PGS,
typically a single blastomere is biopsied from each embryo, and
the copy number of a set of chromosomes is then determined
in that blastomere. Subsequently, embryos that are identified
as abnormal (aneuploidy) are discarded, and embryos with a
normal genetic constitution (euploid) are selected for
transfer.

The Genetic Constitution of Human Embryos

The human haploid chromosome number (n) is 23, one copy
of each autosome (numbered 1-22) and either the X or Y
chromosome (Chap. 2). A euploid chromosome complement
is a multiple of the haploid chromosome number. Following
female and male meiosis, a haploid oocyte and spermato-
zoon fuse and become a diploid (2r) zygote with 46 chromo-
somes, 22 pairs of autosomes and an XX (female) or XY
(male) sex chromosome pair. An aneuploid chromosome
complement is any numerical deviation from euploidy and
includes chromosome loss or gain. This can arise due to
malsegregation of chromosomes during meiosis or during
post-zygotic mitotic cell division. For a diploid complement,
the gain or loss of a single chromosome results in trisomy
(three copies) or monosomy (one copy) and chromosome
imbalance.

In general chromosome imbalance is incompatible with
life. Monosomy is almost always lethal at an early stage and
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is rarely found in a recognizable pregnancy. Trisomy is usually
lethal before birth but in some cases can be viable, trisomy 13,
18 and 21, causing Patau, Edwards and Down syndrome,
respectively. Although viable, these individuals have pro-
found mental and physical disability. Trisomy 21 has the
greatest potential to be viable, although fewer than 1 in 5
conceptions reach term and only 1 in 50 in trisomy 13
conceptions.

In most cases chromosome aneuploidy is sporadic; how-
ever, the incidence increases with maternal age; for example,
the incidence of trisomy 21 is 1 in 1,440 when a woman is
20 years of age and 1 in 84 when she is 40. In clinically recog-
nized pregnancies, aneuploidies occur more frequently when
a woman is over 35 years old. At the same time, it is in these
women that pregnancy chances decline sharply both in nor-
mal conception and after IVE.

Herein lies the rationale for PGS: excluding from transfer
embryos with an abnormal chromosome complement should
result in an increase in live birth rates after IVF. In addition,
the transfer of embryos with a normal genetic constitution
should reduce the chance of a miscarriage.

The Technology of PGS

A sample for genetic testing can be obtained from the oocyte
preconception (the first polar body only) or postconception
from the zygote (the second polar body), from the
cleavage-stage embryo (1 or 2 day 3 blastomeres) or from a
day 5 or 6 blastocyst (several trophectoderm cells). A limita-
tion of testing polar bodies is that it can only identify aneu-
ploidy of maternal origin. Testing blastomeres has the
advantage that meiotic aneuploidy originating from either
parent can be detected. However, errors in mitotic cell divi-
sion in the early embryo can result in cells with different
chromosome complements (mosaicism) in the same embryo;
these can be different combinations of aneuploid cells or a
mixture of diploid and aneuploid cells. This is important
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FiGure. 16.1 Interphase nuclei hybridized with FISH probes specific
for sequences on chromosomes 13, 16, 18, 21 and 22, two signals of
the same colour indicate normal copy number, one signal monosomy
and three signals trisomy

because the diagnostic accuracy of an aneuploidy test using
any technology depends on the sample being representative
of the embryo. It is important to appreciate that the predic-
tive value of an abnormal result following indiscriminate
testing of embryos where the incidence of aneuploidy might
be low, even in the best hands, risks being no better than toss-
ing a coin.

Since the introduction of PGS in 1995, the primary
technique to identify chromosome aneuploidy in a single
cell has been fluorescence in situ hybridization (FISH).
Chromosome-specific sequences of DNA tagged with fluo-
rophores of different colours (DNA probes) can be used to
count the number of chromosomes present in a polar body
or the nucleus of a blastomere or trophectoderm cell and
differentiate a diploid chromosome complement from other
euploid complements [haploid (1), triploid (3n) and tetra-
ploid (4n)] and aneuploid complements with monosomy and/
or trisomy for one or more individual chromosomes tested.
The FISH technique is limited by there being relatively few
discrete colours available and typically up to five chromo-
somes can be tested at the same time (Fig. 16.1). However,
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FiGuRe. 16.2 Cartoon representation of principle of array CGH. Total
genomic DNA from test material is prepared as small fragments and
labelled with a red fluorochrome, then mixed with reference DNA
similarly prepared and labelled with a green fluorochrome. The mixed
pool of DNA is added to the array slide, where sequences compete for
complementary sequences on the slide. The resulting fluorescence
ratios give information on the relative copy number of each sequence

the same nucleus can be retested (reprobed) and in this way
12 chromosomes have been tested in clinical practice. High
technical skill is required, and scoring FISH signals in a single
nucleus is inherently subjective and prone to errors.

More recent application of microarray technology to PGS
has made it possible to test for aneuploidy for every chro-
mosome. Array CGH is a technique where whole-genome
amplified DNA from the biopsied sample and a normal refer-
ence sample is labelled with different fluorophores (red and
green) and hybridized to thousands of specific DNA segments
of known size and location from every chromosome located
on a glass slide (Fig. 16.2). Although capable of detecting
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all chromosomes, and their loss or gain, a disadvantage of
this technique is that it cannot differentiate quantitatively
between a normal diploid-euploid complement (e.g. 46,XX)
and abnormal euploid complements (e.g. haploid 23,X; trip-
loid 69,XXX; tetraploid 92,XXXX). Although relatively rare
at conception, triploidy is found in 16 % of spontaneous
miscarriages.

A different microarray technique exploits the common
occurrence (around ten million have been identified) of sin-
gle nucleotide polymorphisms (SNP) throughout the genome.
These are DNA sequences where there is a single nucleotide
difference between a pair of chromosomes at the same loca-
tion (e.g. GATTACA and GATTTCA) and therefore hetero-
zygous alleles. SNP arrays typically use hundreds of thousands
of probes (high-density arrays). An advantage of SNP array
analysis is that the copy number of each chromosome present
can be independently verified using the degree of allele het-
erozygosity. Where only one copy of a chromosome is present
(single copy loss, monosomy), there is only one SNP allele at
every locus and there is loss of heterozygosity. Where there
are three copies of a chromosome (single copy gain, trisomy),
the number of alleles is increased at every locus on the
chromosome.

How Does PGS Differ from PGD?

A distinction between PGS and PGD is not universally rec-
ognized. In contrast to PGD, PGS is primarily associated with
attempting to improve the efficiency of ART, whereas the
primary objective of PGD is to give disadvantaged couples
with serious inherited genetic conditions the same chance of
a healthy child as any couple in the general population. For
PGD the pregnancy rate may be of secondary concern to the
increased risks of having a child affected with a serious
genetic disorder or having the difficult decision to terminate
an affected pregnancy. Advanced technologies currently
available seek to combine testing for inherited genetic



Chapter 16. Preimplantation Genetic Screening 181

conditions (i.e. PGD) with sporadic chromosome aneuploidy
(i.e. PGS). Whether this holds any clinical benefit for the
couple undergoing PGD has not been fully explored.

The ‘Indication’ for PGS

Given the aforementioned correlation between maternal age
and the decreased chance of pregnancy as well as the
increased incidence of aneuploidy, the beneficial effect of
PGS was expected to be greatest in women of advanced
maternal age. Next to women of advanced maternal age, PGS
has been offered to women with a history of recurrent mis-
carriage, women with a history of repeated implantation
failure (i.e. several failed IVF cycles) and women whose part-
ner has poor sperm quality (severe male factor), mainly
because of the high incidence of aneuploidy detected in the
embryos of these women. More recently, PGS has also been
offered to younger women (under 35 years of age), as high
aneuploidy rates were also found in their embryos.

What Is the Evidence?

In 1995, the first deliveries were reported after transfer of
embryos that had been screened for aneuploidies. Since then
the use of PGS has become increasingly common, in particu-
lar among women considered to be of advanced maternal
age. Some have even suggested that PGS should become a
standard procedure for all women undergoing IVF.

Observational studies comparing IVF with and without
PGS carried out in the 1990s and the early years of this cen-
tury demonstrated that PGS is associated with higher implan-
tation rates per transferred embryo, but not with an increase
in the rate of ongoing pregnancies per initiated cycle or per
oocyte retrieval.

Rigorous scientific evidence on the effectiveness of PGS
has only come in recent years. Nine randomized controlled
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trials comparing IVF with and without PGS have thus far
been conducted. FISH was used in all trials and cleavage-
stage biopsy was used in all but one. PGS significantly lowered
live birth rate after IVF for women of advanced maternal age
(risk difference —0.08, 95 %; CI —0.13 to —0.03); for a live birth
rate of 26 % after IVF without PGS, the rate would be
between 13 and 23 % using PGS. Trials where PGS was
offered to women with a good prognosis and to women with
repeated implantation failure suggested similar outcomes.

Thus, currently there is no evidence of a beneficial effect
of PGS on the live birth rate after IVF using cleavage-stage
biopsy and FISH. On the contrary, for women of advanced
maternal age, PGS significantly lowers the live birth rate.
Likewise, there is no rigorous scientific evidence on the effi-
cacy of the more recently developed PGS methods.

The reason behind the inability of PGS to increase live
birth rates lies in part in the technology itself and in part in
the biology of the human preimplantation embryo. Technically,
PGS could negatively affect embryo development because it
requires the removal of one or two blastomeres at the cleav-
age stage. In addition, the molecular techniques used to
determine chromosome copy number are not flawless (see
Chap. 6). Biologically, the high incidence of chromosomal
mosaicism at the cleavage stage undermines the principle
that the cell analyzed in PGS resembles the entire embryo.
Cumulative data from the literature suggests that over half of
allday3humanpreimplantationembryosare diploid-aneuploid
mosaic.

Is Selection the Way Forward?

The widespread use and recent development and optimization
of PGS is driven by the concept that better embryo selection
will improve the success rates of IVF, since embryos that are
cryopreserved have a reduced chance of implanting after
thawing. Better selection methods should result in higher live
birth rates without an increase in multiple pregnancies.
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Recent developments challenge this concept and suggest that
perhaps the path of embryo selection is turning into a dead end
in the quest for optimal IVF success rates. The main reason is the
accumulating evidence that all embryos can now be cryopre-
served and transferred in subsequent cycles without significantly
impairing pregnancy rates or perhaps even with better preg-
nancy rates. Furthermore, recent data suggest that babies that
result from such freeze/thaw cycles are healthier than babies
that result from fresh transfer of embryos. No selection method
will ever lead to improved live birth rates in a ‘freeze-all sce-
nario’, as, by definition, the live birth rate per stimulated IVF
cycle can never be improved upon when all embryos are serially
transferred. In fact, if the selection method under study would
not be 100 % specific, then selection would even lower the live
birth rate after IVFE as some viable embryos are incorrectly dis-
carded instead of being transferred. The only parameter that
could possibly be improved upon by embryo selection would be
time to pregnancy, provided embryos with the highest implanta-
tion potential are transferred first. At present, there is no one
PGS method that has been proven to be 100 % specific.

A Future for PGS

The inefficacy of PGS using cleavage-stage biopsy and FISH
has in recent years led to a renewed and increasing interest in
further development of, and adjustments to, the PGS tech-
nique. New methods to determine the ploidy status of a single
cell, such as microarrays, are being studied. In an attempt to
avoid the confounding effects of chromosomal mosaicism,
embryos are now biopsied at either the zygote or blastocyst
stage. Despite the complete lack of rigorous evidence of ben-
efit of these new methods, many have already been imple-
mented into clinical practice at least in some clinics. Indeed, the
theory behind these developments sounds plausible, the tech-
niques used are attractive and provide potential and the first
results seem promising. However, a decade ago, this was
exactly the scenario when PGS using cleavage-stage biopsy
and FISH was promoted and introduced into clinical practice.
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It is important that prior to wholesale implementation,
practitioners first provide robust evidence of method assess-
ment and controlled pilot studies to allow rigorous clinical
trials on the efficacy of new PGS techniques to be conducted.
In the event of future studies indeed showing that all embryos
of an IVF cycle can be cryopreserved and transferred in sub-
sequent cycles without impairing pregnancy rates (or maybe
even with an improvement in pregnancy rates), then such
RCTs of PGS are of limited value, as no form of PGS will ever
improve the live birth rate after IVF in such a scenario. It will
only be able to potentially decrease time to pregnancy.

Key Points

e Chromosome aneuploidy is naturally occurring,
typically sporadic and generally leads to non-viable
offspring.

e PGS has the potential to select the best embryos for
transfer and reduce the risk of losing a much wanted
pregnancy.

e There is no high-level clinical evidence from ran-
domized control trials of a beneficial effect of PGS
on the live birth rate after IVE.

e For women of advanced age, PGS using cleavage-
stage biopsy and FISH leads to a significant decrease
in live birth rates.

e Technical limitations and chromosomal mosaicism
confound the effectiveness of PGS. A test that identi-
fies aneuploidy with 100 % accuracy would be a sig-
nificant advance; however, such a test has not yet
been developed.

e New approaches in the application of PGS should be
evaluated carefully before their introduction into
clinical practice.

e Further development of the so-called freeze-all strat-
egies would make any selection method, including
PGS, of limited value.
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Chapter 17

Regulation of PGD in the UK
and Worldwide

Veronica English and Peter Braude

Assisted reproduction, including preimplantation genetic
diagnosis, has been subject to statutory regulation in the UK
since 1991. The Human Fertilisation and Embryology Act
(1990) based largely on the recommendations of the 1984
Inquiry into Human Fertilisation and Embryology (the
Warnock Report) made it a criminal offence to carry out
certain activities without a licence from the statutory regula-
tory body, the Human Fertilisation and Embryology Authority
(HFEA). The activities that required a licence were:

e The creation or use of human embryos in vitro, for treat-
ment or research (including preimplantation genetic
diagnosis)

e The use of donated gametes or embryos

e The storage of gametes and embryos
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This list was extended in 2007 to include some other forms
of fertility treatment and clinical procedures in order to com-
ply with the EU Tissues and Cells Directive.

Regulating PGD Under the 1990 Act

The first successful application of PGD in two couples
happened whilst Parliament was debating the 1990 Act.
Although aware of the potential use of PGD for avoiding dis-
ability, it chose not to set out detailed criteria for its use in the
Act. Instead it gave the HFEA the power to issue treatment
licences to authorise, in the course of providing treatment
services, ‘practices designed to secure that embryos are in a
suitable condition to be placed in a woman or to determine
whether embryos are suitable for that purpose’. This placed
sole responsibility for setting the boundaries within which
PGD could take place firmly within the remit of the HFEA,
until Parliament revisited the issue in 2008 (see below).
Consistent with the ‘special status’ of the embryo reflected in
both the Warnock Report and the legislation, the HFEA
decided at an early stage that embryo testing should be
restricted to cases where a child would be at significant risk of
serious harm — albeit the word ‘serious’ was not defined. This
made the criteria for testing and the disposal of affected
embryos consistent with the legal criteria, in the Abortion Act
1967 (as amended), for termination of an existing pregnancy
on grounds of fetal abnormality. In line with this position, the
HFEA also made clear that although the use of PGD to deter-
mine the sex of embryos in order to avoid serious X-linked
conditions was permitted, the technique must not be used to
select the sex of a child for social reasons.

Assessing Technical Proficiency

Any clinic undertaking PGD in the UK must be licensed by
the HFEA to perform IVF treatment and meet all of the crite-
ria set out in the HFEA’s code of practice. In addition, between
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1999 and 2009, individual embryo biopsy practitioners were
required to apply to the HFEA to be ‘registered’ to carry out
the procedure. In order to achieve this status, they had to pro-
vide evidence of their competence and expertise, from the use
of embryos donated for research, and to be inspected and
assessed by an HFEA inspector. Only those practitioners reg-
istered with the HFEA for this purpose could undertake
embryo biopsy procedures in clinical practice. The responsibil-
ity for ensuring the competence of embryo biopsy practitioners
now falls to the ‘Person Responsible’ (who under the Act is the
individual legally responsible for the practice in the clinic) who
must ensure that their performance is regularly assessed.

Conditions For Which PGD May Be Used

The HFEA has always rejected the idea of producing a list of
medical conditions that it considers sufficiently serious to
justify the use of PGD. Rather each individual condition is
considered as and when an application for its use is received.
By law, each condition for which PGD is intended must be
approved as appropriate by the HFEA before PGD may take
place. Initially, individual clinics were required to apply for a
licence for each condition for which it wished to test, but
since October 2009, once a condition has been approved by
the HFEA in principle, any clinic in the UK licensed to prac-
tice PGD was able to test for that condition without the need
to submit its own separate application. A list of approved
conditions is provided on the HFEA’s website.

Assessing Seriousness

The issue of ‘seriousness’ was addressed in a public consulta-
tion exercise undertaken by the HFEA in 1999. Whilst deter-
mined to maintain its approach of ensuring consistency with
prenatal diagnosis, the Authority wanted to explore some of
the boundaries and provide some general guidance about how
seriousness should be assessed in this context. Much debate
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focused on whether there should be some form of objective
test of seriousness or whether it was appropriate to take into
account the experiences and perspectives of the individuals
concerned. The HFEA concluded that the family’s own per-
spective of the seriousness of the disease for them, given their
individual circumstances, was an important factor to take into
account. This general principle guides both the HFEA’s deci-
sion making about individual conditions and the decisions of
individual clinics about whether to provide PGD in a particu-
lar case. In its code of practice (HFEA 2009), the HFEA
advises clinics to consider:

e The views of the people seeking treatment in relation to
the condition to be avoided, including their previous
reproductive experience

e The likely degree of suffering association with the

condition

The availability of effective therapy now and in the future

The speed of degeneration in progressive disorders

The extent of any intellectual impairment

The social support available

The family circumstances of the people seeking treatment

Assessing ‘Significant Risk’

In the early days of PGD, the conditions tested for were con-
genital or childhood-onset conditions with near full pene-
trance. In all such cases there would be a ‘significant risk’ that
a child born would suffer from the disorder. As our knowl-
edge and understanding of genetics increased, however, the
question arose as to how immediate or likely the risk had to
be to be considered ‘significant’. The first challenge was a
request for the use of PGD for Huntington’s disease, a seri-
ous disorder which does not manifest until well into adult-
hood - a late onset disorder (see Chaps. 3 and 4). Whilst the
baby and later the child would not be at ‘significant’ risk of
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the disorder, the adult he or she grew into would be. Another
challenge to the significance test arose in relation to testing
embryos for conditions with a far lower penetrance, such as
some forms of cancer where those with the mutation are at a
30-80 % lifetime risk of developing the condition. In such
cases, the child or later adult, derived from an ‘affected’
embryo, may never develop the condition. In some cases, such
as inherited forms of breast cancer, the condition would be
both late onset, with the possibility of screening or treatment
available, and of lower penetrance (discussed in Chap. 4).

The HFEA once again set out to gauge public and profes-
sional opinion before ruling on such cases (HFEA 2005).
Guided by this consultation exercise, and the views of its own
Ethics and Law Committee, it concluded that, in principle, it
was appropriate that PGD should be available for serious,
lower penetrance, later-onset genetic conditions such as
inherited breast, bowel and ovarian cancer. Initially it
required each request to be considered by the Authority on a
case-by-case basis but this requirement was removed in 2010
when approval for lower penetrance disorders was brought
into line with the main PGD licensing system.

Who Is ‘the Child’ at Risk?

The HFEA’s aim for consistency with prenatal diagnosis,
with its requirement that the child is at significant risk of seri-
ous harm, came under further challenge by requests for the
use of PGD combined with HLA testing to produce a child
who would be a compatible cord blood or tissue donor for a
very sick sibling (see Chap. 13). In some of these cases, the
child to be born itself was at risk of the condition and so the
criteria for PGD were met. However, additional testing was
requested to ensure that, of the unaffected embryos, prefer-
ence should be given to those that would result in a compat-
ible donor for a sibling. In other cases the child to be born
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was not at risk at all, but was tested solely to ensure compat-
ibility. This not only challenged the HFEA'’s desire for consis-
tency with prenatal diagnosis but also the legal obligation of
all clinics to take account of the ‘welfare of any child who
may be born or affected by the treatment’. After much delib-
eration the HFEA concluded that, in principle, it was willing
to accept PGD with HLA testing, but initially restricted such
testing to cases where the child itself was at risk. This distinc-
tion was subsequently removed. Whilst the welfare of the
child provisions of the legislation were satisfied by the fact
that the treatment was of benefit to another child ‘affected by
the treatment’, in this case, the HEEA had to set to one side
its adherence to the principle of consistency with prenatal
diagnosis.

Parliamentary Review

In 2008 Parliament had the opportunity to scrutinise the
way in which the HFEA had managed the responsibilities
delegated to it in respect of PGD. The decisions made by
the Authority in the intervening years, and the framework
for decision making that had been established, were sub-
sequently endorsed and integrated into the legislation. In
place of the general statement about ensuring embryos
were suitable for transfer came a new detailed section
explicitly addressing PGD. In line with the HFEA’s rul-
ings, sex selection other than for medical reasons is pro-
hibited, PGD with HLA testing is permitted and the
HFEA can approve testing where there is a risk that the
child would have or develop a serious disability, illness or
medical condition. The legislation also specifically prohib-
its the deliberate selection for the purpose of replacement
of affected embryos. This follows publicity given to a case
in the USA where a deaf couple wanted to use PGD to
select a deaf child.
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Regulation in Other Countries

The USA does not have federal law that specifically dictates
how PGD may be practised and which diseases are or are not
suitable for this purpose. The regulatory framework is largely
by professional self-regulation or by legislation in individual
states. The American Society of Reproductive Medicine
issues practice guidelines and, unlike the UK and many other
countries in Europe, condones sex selection for non-medical
purposes — ‘family balancing’ (see Chap. 15). The use of PGS
thrives there with a number of companies established to pro-
vide testing services for multiple conditions using sophisti-
cated molecular techniques (see Chap. 19).

Because individual states in Europe have diverse albeit
linked histories, and varying degrees of religious influence, laws
about PGD are not unified. In France PGD is regulated by a
law that allows healthy embryos to be selected when a parent
or other close relative has a serious genetic disease and PGD
to provide a tissue match for an ill sibling is also allowed. Sex
selection is legal for medical purposes, but not for cultural rea-
sons or family balancing. Italy’s Law on Assisted Reproduction
2001 only allows ART for infertile heterosexual couples and
also makes it illegal to freeze or destroy human embryos. This
was in 2007 successfully challenged in 2007 over a landmark
case of PGD for thalassaemia and again in 2012 by the
European Court of Human Rights over a PGD case for cystic
fibrosis which is being appealed by the Italian government.

In Austria and Germany, neither PGD nor PND was
allowed for the purposes of selecting against embryos that
may be considered to carry disabling disorders (embryop-
athic indications). Germany’s Embryo Protection Act pro-
tects a fertilised egg from the time of fusion of pronuclei and
made it a criminal offence to use embryos in a way that does
not promote their survival, thus precluding biopsy and PGD.
The recent change by free vote (2011) following a landmark
case now allows PGD in restricted centres if the chances of a
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miscarriage or stillbirth are high for genetic reasons or if the
parents have strong likelihood of passing on a genetic defect.

Key Points

e [t is a criminal offence in the UK to carry out PGD
without a licence from the Human Fertilisation and
Embryology Authority.

e The HFEA must approve each condition before it is
used for the first time in PGD; once approved, other
clinics licensed to offer PGD may test for the same
condition without seeking approval.

¢ In most cases, the HFEA will only approve condi-
tions where there is a risk that a child would have or
develop a serious disability, illness or medical condi-
tion; this could include adult-onset disorders and
predisposition to serious conditions.

e The exception to this general rule is PGD with HLA
testing in order to select a suitable donor for a very
sick sibling, which the HFEA will consider.

e [t is unlawful to use PGD to select the sex of a child
for social reasons or for the deliberate selection and
replacement of affected embryos.

e The law in the rest Europe is varied but changing in
favour of allowing PGD. In general sex selection for
non-medical purposes is outlawed, unlike the USA
where gender selection for family balancing is
allowed.
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Chapter 18
New Developments in PGD
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PGD is a fast-changing landscape of reproductive medicine
and constantly adopts new developments to improve its avail-
ability, accuracy and safety. These developments have been
made possible because of rapid advances in assisted concep-
tion techniques and genetic testing tools. This chapter will
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cover some of those new developments, which are gradually
being incorporated into the day-to-day PGD service.

With the introduction of new technologies into routine
clinical practice, it is imperative that our focus remains on the
safety of children born after PGD. Therefore, this chapter will
also provide an up-to-date summary of the available litera-
ture on the follow-up of PGD babies and children and recom-
mendations for future follow-up studies.

Trophectoderm Biopsy for PGD

Embryo biopsy for PGD is usually performed on day 3 after
fertilisation when the embryo has developed to the 6-8 cell
stage. One or two cells are removed for testing following
breaching of the zona pellucida with acidified Tyrode’s solution
or a laser. This equates to up to 25 % of the total cell mass of
the embryo. Although good results are achieved with cleavage
stage biopsy, the biopsy procedure may risk the removal of criti-
cal cell mass from the embryo. Many IVF laboratories are rou-
tinely culturing embryos to the blastocyst stage using sequential
medium and low-oxygen culture systems. This expertise has
lead to advances in embryo biopsy techniques with the develop-
ment of trophectoderm biopsy on day 5 or 6. Trophectoderm
biopsy at the blastocyst stage enables many more cells to be
removed whilst avoiding damage to the inner cell mass.

Methodology

e Embryos are hatched using a laser on day 3 to encourage
herniation of the trophectoderm at the blastocyst stage
(Fig. 18.1).

e Early on the morning of day 5, embryos are examined for
protruding trophectoderm. If this has not occurred, they
are re-examined up to 24 h later.
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FiGure 18.1 Herniating blastocyst before trophectoderm biopsy

¢ Embryos for biopsy are held on a holding pipette with the
trophectoderm at the 3 o’clock position. Approximately
5-10 cells are then drawn into a biopsy pipette and gently
pulled away from the blastocyst. A laser is used to fully
detach the cells from the trophectoderm (Fig. 18.2). The
cells are collected and analysed using PCR- or
FISH-based test.

¢ Blastocysts usually collapse following biopsy and are then
re-examined for signs of re-expansion after further culture
for up to 24 h.

e Transfer takes place when results become available, usu-
ally on day 6.
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FiGure 18.2 Blastocyst after trophectoderm biopsy, showing biop-
sied material

e An alternative method is to vitrify the blastocysts imme-
diately after biopsy, before re-expansion occurs. The
samples of trophectoderm can be analysed at a later date
and genetically suitable embryos can be transferred in a
subsequent frozen embryo transfer (FET) cycle (see
Chap.9).

As with non-PGD blastocyst culture, not all embryos
will make it to the blastocyst stage, and so there may be
fewer embryos available for biopsy. However, evidence
suggests that live birth rates could be higher for blastocyst
stage biopsy than for cleavage stage biopsy and that vitri-
fied biopsied blastocysts have a high implantation poten-
tial when transferred in an FET cycle. This not only reduces
the risk of ovarian hyperstimulation syndrome but also
allows the embryos to be transferred in an FET cycle when
the endometrium may be more receptive. These develop-
ments in blastocyst culture and biopsy techniques have
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enabled elective single blastocyst transfer to become a
viable option in PGD and spare embryos to be cryopre-
served for future use.

Technological Developments in PGD
for Monogenic Disorders

Delivering robust tests on single cells is technically challeng-
ing due to the availability of only one copy of the genome
template as the starting material. The technological field for
standard diagnostic DNA testing advances quickly and new
technologies are assessed to see which can be applied to
PGD. Over the years, there has been a common objective of
moving towards single cell tests that can be universally
applied to many couples. This objective of a universal test per
disease is now being replaced by the panacea of having an
all-in-one test that can be applied to any couple, at risk of
transmitting any genetic disease including monogenic (single
gene) disorders, chromosomal translocations, HLA typing
and aneuploid screening.

The majority of testing strategies for monogenic disease in
preimplantation embryos use either a combination of direct
mutation and linked microsatellite markers or solely linked
microsatellite markers (see Chap. 8). It has been possible to
implement these amplification-based tests with the availabil-
ity of improved polymerases and PCR reaction mixes. It is
now routine for 5 or more markers to be co-amplified and the
use of 12 or more markers have been reported, thus allowing
the same test to be applied to more couples. This improves
the experience for couples having PGD; individualised
workup is avoided and the waiting time to start a PGD cycle
is reduced. Furthermore, the ability to co-amplify multiple
markers can allow more than one diagnosis to be made on a
single embryo such as combining a monogenic disease such
as beta-thalassemia with human leukocyte antigen (HLA)
typing (see Chap. 13). However, this approach still requires
careful test design due to limitations in the number of mark-
ers that can be evenly co-amplified simultaneously.
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Whole Genome Amplification (WGA)

As PGD involves testing only a single or, at best, few cells,
more powerful and reliable amplification is required to fulfil
the needs of new comprehensive whole genome studies.
WGA can fulfil this need as micrograms of DNA can be pro-
duced from the 6 picograms of DNA present in a single cell
for the downstream application. Various WGA systems are
available. For example, WGA using isothermal amplification
(non-PCR) with phi 29 DNA polymerase (REPLI-g, Qiagen;
GenomiPhi, GE Healthcare) for multiple displacement
amplification (MDA) produces long amplified products
which are many kilobases in length and are highly represen-
tative of the starting template including accurately reproduc-
ing the number of repeat units present in a stretch of
repetitive DNA sequence, the most common dinucleotide
repeat being (CA) . MDA-based WGA is already used by
several PGD laboratories for testing monogenic disorders as
the amplified products are amenable to both genotyping and
microsatellite linkage analysis.

In order to use microarrays, designed to detect copy num-
ber variation in genomic DNA, whole genome amplification
of a single cell also needs to be performed. A new generation
of PCR-based WGA methods is available for this purpose
(SurePlex, BlueGnome; GenomePlex, Sigma-Aldrich).
Following fragmentation and ligation of linker adapters to
the DNA, PCR-based WGA can be performed with a turn-
around time that allows array protocols to be accommo-
dated. The genome coverage is not as representative as
MDA -based WGA, due to increased amplification bias, but
the accuracy is sufficient to enable detection of whole chro-
mosome aneuploidies in single cells within a 24-h testing
protocol. PCR-based WGA does not faithfully replicate mic-
rosatellite sequences; at present there is no universal WGA
step for all the downstream processes required to detect
both chromosome imbalance and monogenic disorders
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Microarrays

Microarrays are now part of routine cytogenetic analysis for
genome wide detection of copy number variations from
genomic DNA. Different array platforms exist which use
DNA fragments of various lengths as probes to assess copy
number by comparative genomic hybridisation (aCGH).
The genomic locations to be analysed are specified by the
probes and these can be either cloned DNA fragments of
thousands of nucleotides or synthesised DNA oligonucle-
otides of tens of nucleotides. At present, PCR-based WGA
is the preferred method for aCGH platforms using cloned
DNA probes. Clinical case reports have been reported in
PGD for carriers of chromosome translocations but its
main clinical use is for 24 chromosome aneuploid screening
(see Chap. 16).

Single Nucleotide Polymorphism (SNP) Arrays

A SNP array is a type of oligonucleotide array which, in
addition to assessing copy number, has the potential to
diagnose monogenic disease by using SNP genotyping and
haplotyping from family studies. The preferred method of
DNA amplification for this application is MDA-WGA due
to its fidelity for genotyping. Analysis of SNPs around and
within the gene of interest should allow embryos to be
selected based on the SNP haplotype, but as yet a clinical
validation has to be completed to determine the power of
this haplotyping approach over the well-established short
tandem repeat (STR) microsatellite marker haplotypes.
The predicted density of informative SNPs needs to be
assessed for a variety of genetic scenarios including regions
of high rates of recombination, telomeric or centromeric
located genes, consanguinity and founder/common
haplotypes.
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Human Genome Sequencing

Advances in the human genome sequencing project and in
single cell genomics may be of clinical use in PGD, although
it was not their intended use. In PGD, parental or near rela-
tive samples are not always available for family studies in
order to construct the haplotypes needed for linkage analysis.
Linked markers are always used in PGD to monitor for allele
dropout, contamination and recombination events and con-
firm any mutation result; they confer the most information
when phase of the alleles is known. From the perspective of
the human genome project, it is important not only to
sequence but also to know on which chromosome homologue
the alleles reside, since obtaining the constituent molecular
haplotypes (phase defined haplotypes) of the genome will
help to understand genome function (the HapMap project:
hapmap.ncbi.nlm.nih.gov). It may be possible in the near
future to apply metaphase chromosome isolation or other
molecular haplotyping approaches from genomic projects to
allow the phase of alleles to be obtained from just an indi-
vidual, thus eliminating the need to seek samples from family
members other than the couple requesting PGD.

Next-Generation Sequencing (NGS)

NGS has recently appeared in the repertoire of many diag-
nostic DNA laboratories and allows high throughput analysis
of DNA by massively parallel DNA sequencing which identi-
fies pathogenic (disease-causing) mutations in a timely and
extremely cost-effective manner. The adoption by PGD cen-
tres of blastocyst biopsy and vitrification will grant the extra
time needed to obtain results using NGS for genetic testing of
preimplantation embryos. However, there are still technical
problems to overcome. All sequencing-based strategies so far
have difficulty in accurately sequencing through long repeti-
tive DNA sequence motifs. Simple tandem repeats which
include microsatellite markers and pathogenic triplet repeat
mutations are likely to remain refractory to NGS analysis.
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Paediatric Outcome After PGD

One of the main questions raised by the availability of PGD
relates to its impact on the health and development of chil-
dren born following successful treatment. Couples undertak-
ing PGD are generally fertile and do not need assisted
reproductive technology (ART) to conceive. Many parents
care for children with special needs and a few have medical
problems themselves as a consequence of the genetic disor-
der that affects them and puts their offspring at risk.
Additionally, there has been a concern regarding the possible
effect of embryo biopsy on the health and well-being of chil-
dren born after PGD. Thus, it is important for couples wishing
to have PGD to know if there is an increased risk of abnor-
mality in the PGD babies they conceive. Therefore, follow-up
of children born after PGD has been recommended since the
early days of implementing PGD technology.

What Can We Learn from IVF?

IVF, with or without ICSI, has been available for over
30 years. Follow-up of infants born after IVF and ICSI has
showed a relative risk of major malformation of 1.24 com-
pared with spontaneously conceived infants. A major malfor-
mation is considered one that has medical or social
consequences and occurs in 2-3 % of live births and 5 % of
5-year-old children. Longer-term studies have showed a rela-
tive increase risk of abnormality of 2.7 after ICSI and 1.8
after IVFE. An increase in imprinting disorders such as
Beckwith-Wiedemann (BWS) and Angelman syndromes and
retinoblastoma has also been reported in IVF/ICSI babies.

PGD Neonatal Data

Studies reporting on the abnormality rate detected in chil-
dren after PGD comprise single-centre studies and studies
based on international databases such as the ESHRE PGD
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Consortium database (see Chap. 11). Typically, single-centre
studies include the evaluation of hundreds of PGD babies,
whilst international databases report on thousands of babies
born after PGD. Recent data from the various studies suggest
that the major abnormality rate at birth after PGD ranges
from 1.6 to 2.1 %. Some babies have more than 1 abnormal-
ity. The abnormalities ranged from significant cardiac abnor-
malities to mild syndactyly. These outcomes are comparable
to those reported in the IVF/ICSI population.

In addition, no differences were found in the incidence of
preterm birth, neonatal weight, length and head circumfer-
ence between PGD babies and babies born after IVF/ICSI.
Likewise, the perinatal mortality rates after PGD and IVF/
ICSI were comparable. No data exists comparing the rate of
birth defects in PGD infants with naturally conceived infants.

Later Outcome Studies

In our centre, we followed up 120 PGD babies born between
1999 and 2007. Data about health and development was col-
lated at birth and 1 and 2 years of age. At birth, seven babies
were found to have minor or major malformations. By 2 years
of age, few new abnormalities were reported, leaving us to
conclude that longer-term follow-up of PGD infants was nec-
essary. A few studies have investigated long-term development
of children born following PGD, although such data remains
limited and typically involves up to 100 children only in each
study. Those studies reported that PGD children were of lower
birth weight, but their linear growth and incidence of child-
hood ill health was comparable to that of normally conceived
children. In addition, mental and psychomotor development at
2 years of age was also found to be similar to the control
groups, as was social, emotional and language development.

Factors That Could Influence Birth Outcome

e Maternal age and parity
e Maternal health
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Pre-pregnancy maternal body mass index

Multiple pregnancy

Duration of gestation

Environmental factors, e.g., smoking and alcohol
consumption

Recommendations for Paediatric
Follow-Up of PGD Babies

As the number of PGD babies born remains small, inter-
national collaboration and routine standardised data col-
lection is required for effective long-term follow-up.
Couples need to be made aware of the additional, albeit
small, risk of abnormality associated with treatment prior
to undergoing PGD.

Any woman who has health-related problems associated
with the genetic diagnosis should be referred to an obstet-
ric or other relevant physician to discuss the optimum
management of her condition during pregnancy and
labour.

Every effort should be made to minimise the risk of mul-
tiple birth after PGD treatment.

Key Points

e Trophectoderm biopsy for PGD provides a larger
DNA sample for robust genetic testing and could be
associated with improved PGD outcome.

e A universal all-in-one PGD test is a realistic objec-
tive, but further development of molecular testing
technology is required.

e Large co-ordinated international paediatric follow-
up studies are needed to confirm long term safety of
PGD.

e Efforts should be made to minimise the risk of mul-
tiple births after PGD.
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Chapter 19

The Future

of Preimplantation Genetic
Testing: From Research Lab
to Responsible Patient Care

Peter Braude and Caroline Mackie Ogilvie

Our understanding of the genetics and biology of the early
developing human has improved with the drive for better
ways todeliver preimplantation testing clinically. Susceptibility
to human aneuploidy during meiosis has been confirmed and
the ubiquity of post zygotic mosaicism has been revealed by
the research on embryos aimed to test the validity of diagno-
sis from single-cell biopsy.

The clinical need for PGD is to select embryos free from a
familial mutation, free from chromosome imbalance conse-
quent on a parental chromosome rearrangement, or to select
embryos free from aneuploidy in order to improve IVF suc-
cess rates. Previous chapters in this book describe the theory
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of PGD and the standard, validated protocols. This chapter
examines future possibilities for preimplantation genetic
testing.

Progress and improvements in preimplantation genetic
testing historically have been driven by technological advance;
for instance, FISH probes for the ends of chromosomes,
methods for the faithful amplification of the whole genome
from a single cell and the development of array technology
have, respectively, allowed PGD for chromosome rearrange-
ments, preimplantation genetic haplotyping and the screen-
ing of embryo biopsies across all the chromosomes for
detection of aneuploidy. Likewise, the rapid recent advances
in the development of further cheap, efficient and accurate
techniques for interrogating the human genome are opening
new possibilities for preimplantation testing. Coincident with
advances in testing methods, there have been huge leaps in
molecular biology techniques allowing more and more infor-
mation to be gathered on limited samples of material, and
progress in automation, robotics and computation has facili-
tated the ability to test more samples more quickly and at
yearly decreasing costs.

Recent methods relevant to PGD include qPCR and array
technologies, such as array CGH, SNP arrays and karyomap-
ping (Chap. 18) which are already being used in PGD for the
detection of aneuploidy and unbalanced products of parental
chromosome rearrangements. However,additional imbalances
within chromosomes (i.e. deletion or duplication of genetic
material) also can be detected. These changes known as copy
number variants (CNVs) may be benign or pathogenic,
depending on their size and gene content. Postnatal testing of
control populations using arrays has shown that most indi-
viduals carry CNVs, many of them private family CN'Vs; inter-
preting the clinical significance of a previously undescribed
CNV therefore can be problematic, particularly in the context
of prenatal or preimplantation testing.

Perhaps the most dramatic recent advance in genome
technology has been the development of next generation
sequencing (NGS). It took around 10 years and a cost of
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many millions of dollars to complete the first sequence of the
human genome using ‘Sanger’ sequencing, but using the
latest semiconductor technology, it is now possible to
sequence an entire genome in a day, for a cost of around
$1,000, although the accuracy of this technique is yet to be
established (Fig. 19.1). The continuing development of
cheaper and more efficient methods for NGS has led to sug-
gestions that this technology could be used for PGD, giving
genome-wide information on mutations.

The potential for providing such detailed genome-wide
information raises particular practical, clinical and ethical
problems not previously considered as part of preimplanta-
tion testing. As with CNV detection, the significance of any
mutations detected may be unknown, providing dilemmas for
the selection of embryos for transfer. Further understanding
of the human genome by collecting information postnatally
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on common polymorphisms and variants of currently
unknown significance will be needed before NGS can be
applied confidently to PGD in the clinic. In addition, a patient
who seeks PGD will have had extensive counselling for the
particular disease that they are seeking to avoid and have
discussed the practicalities of the test including misdiagnosis,
non-diagnosis and the possibility of having few or no embryos
to replace after testing. The appearance of a different disease-
causing mutation at another site may not only have conse-
quences for the individual but might have consequences for
other siblings and members of the extended family. For
example, the finding of a haemophilia mutation in an embryo
being tested for cystic fibrosis might have consequences for
other male children in the family and other male children of
relatives. Furthermore, the fact that an additional disease-
causing mutation has been detected potentially reduces the
cohort of disease-free embryos available from that cycle.

Since a multitude of disease-causing mutations could be
identified using these techniques, including those which for
practical reasons could not be covered even in a comprehen-
sive counselling session, it raises the question as to whether
the information at these sites should be revealed or whether
they should be left unexamined and thus left ‘undiscovered’.
There are consequences both ways: by revealing the
information, anxiety is caused, and embryos excluded from
transfer, thus drastically reducing the cohort of available
embryos; concealing a mutation which could result in disabil-
ity would be inexcusable, and not examining for potentially
helpful and life-saving information could be regarded as
negligent.

It should be appreciated that, apart from new mutations
generated during formation of sperm and eggs, and the devel-
opment of the embryo, the genetic information that could be
revealed following detailed genetic testing of the embryo is
already present in the parents and thus could be tested pre-
conceptually. Use of preconception screening of the parents
for mutations in genes known to be associated with recessive
disease, agreed mutually between clinician and the couple,
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would substantially diminish the likelihood of surprises. It
may be possible to draw up protocols for obtaining patient
consent for examining only these loci, and others where
mutations cause known pathology of complete penetrance.
However, there is inherent uncertainty of secure diagnosis
using limited cells taken from a restricted part of the embryo,
and the more mutations that are examined, the less likely it
is that there will be any embryos left for transfer. Whether
the full set of information should be kept for the child’s later
use as part of its medical history is open to debate, as
advances in sequencing technology are likely to make infor-
mation from current techniques redundant by the time the
child has need of it.

These evolving methods still take time to execute, and
depending on the technology used, it may not be possible to
biopsy a blastocyst and have the result ready in time for a
same-day transfer. Biopsy at the cleavage stage would allow
more time but decreases accuracy of diagnosis due to mosa-
icism and paucity of material. Improvements in cryopreser-
vation now allow dislocation of biopsy and DNA extraction
from the diagnostic test. Blastocysts can be biopsied and
vitrified and stored pending the diagnostic result. Transfer
can then be undertaken as a subsequent elective procedure.
Although predicated on effective cryostorage and thawing,
this method probably holds more advantages than disadvan-
tages. The biopsied material can be stored, allowing the diag-
nostic tests to be batched and tested electively.This
means that:

¢ Any unexpected findings can be discussed with the patient
without the pressure of transfer looming, allowing them
time to consider their choices and for further genetic
counselling.

e Frozen embryo transfer can be scheduled for patient con-
venience and in a natural cycle, which may be more condu-
cive to implantation and healthy babies.

e The pressure on achieving a genetic result in a limited time
frame is relieved, and there is more time to evaluate and
interpret the results.
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e More cases can be undertaken on 1 day and be distributed
more easily during the week, avoiding weekend working if
needed.

e Critically, it also facilitates the transfer of a single
embryo, thus reducing the chance of multiple pregnan-
cies. Should pregnancy not follow, additional scheduled
transfers can take place if there are more frozen embryos
available.

Will the Promise of New Technology
Necessarily Deliver Better Results?

Numerous claims of efficacy for preimplantation genetic test-
ing have been made over the years, but a number have failed
due to inadequate structured clinical research prior to formal
clinical implementation. Preimplantation genetic screening
(PGS) is offered in many countries as a form of PGD and is
numerically the largest reason given for embryo biopsy. At
least ten randomised clinical trials have now shown that
FISH on single blastomeres removed at cleavage stage is
ineffective, as it does not improve delivery rates after IVF
(Chap. 16). Not only is FISH diagnosis limited by the number
of probes that can be used simultaneously or sequentially,
and hence not all chromosomes can be tested for, but mosa-
icism between blastomeres can lead to false positive and false
negative results as biopsies may not be representative of the
genetic status of the whole embryo. The reasons for this par-
ticular fiasco endure and provide important learning points
for implementation of new genetic techniques to PGD in the
future: enthusiasm and belief over sound evidence; prema-
ture clinical implementation driven by media hype, unrealis-
tic patient expectations and commercial pressure; and failure
to understand the biology of the early embryo. Another
important point regarding the use of NGS for diagnosis is
that DNA sequence is not the sole determinant of phenotypic
outcome. Epigenetics plays a crucial role in regulating gene
activity and there is as yet no clinically applicable genome-wide
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test for disturbances in epigenetic marking. Selection of an
embryo with no deleterious mutations is therefore not a
guarantee of a disease-free child.

We are once more entering a period where expectations
are high and where preliminary results are being offered as a
sure panacea. Patients unfulfilled by the failures of previous
methods are pinning their hopes on improvements to tech-
nology. Sadly, the biology is unchanged and our understand-
ing still limited. The evidence to say that blastocysts have
sufficiently low mosaicism for a test to be reliable is scant,
and we have no idea how cells with differing genetic make-up
are distributed as the embryo develops. There are suggestions
that embryos with significant mosaicism of aneuploidy even
at the morula stage are able to self-correct and hence would
be discarded unnecessarily on inappropriate testing. Whether
the use of array CGH, through which the full chromosome
set can be examined, and whether its use on more cells which
can easily be biopsied from the trophectoderm at the blasto-
cyst stage will improve PGS outcome is yet to be demon-
strated in appropriately structured clinical trials.

What Do Patients Want from Preimplantation
Testing and How Is This Likely to Be
Delivered in the Future?

Patients who have a family history of genetic disease, or who
have given birth to a child with disability as a result, are keen
to try and avoid a recurrence. As outlined in Chap. 2, there
are a number of ways of achieving this, only one of which is
PGD. Many couples will still opt for prenatal diagnosis but
are concerned at the gestation at which it is usually per-
formed and the significant development of the fetus before
they may have to consider termination of the pregnancy.
There is an increasing expectation that new tests for free fetal
DNA circulating in the maternal circulation might lower the
time at which a diagnosis could be made and hence allow for
very early termination.
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This test requires distinguishing unequivocally the tiny
amounts of early fetal DNA from the huge sea of free DNA
and cells present in the mother’s circulation, an extraordi-
narily complex task. Current techniques are only sufficiently
sensitive to make this distinction from about 11 weeks gesta-
tion thus conferring little advantage in diagnostic time, other
than avoiding invasive prenatal procedures. Unless there are
significant technical advances in the future that allow smaller
amounts of DNA to be distinguished reliably and hence at
earlier stages, it is likely that PGD will remain the preferred
option.

Should We Choose Our Children?
Use of Positive Selection

Since the introduction of prenatal diagnosis and subsequently
PGD, there have been concerns that emerging genetic tech-
nologies will be used for eugenic purposes. These concerns
have been exacerbated by the immense power of molecular
methods especially as applied to embryos. There is concern
that the ability to reveal very detailed information about the
personal genome will provide opportunities for extensive
embryo selection for non-medical reasons.

Whilst there are proponents of a moral obligation to cre-
ate children with the chance of the best life (procreative
beneficence), the opposing view of the child as a gift with an
acceptance of that child’s talents or disabilities is more usual.
The use of PGD falls somewhere in between; where severe
disability or life-threatening illness can be avoided in order to
provide a better life, it should be allowed to be used.
Nevertheless, it is clear that if untargeted diagnosis is per-
formed, information could be revealed that would allow
more choice, albeit limited by the parental genetic make-up.
Even with current technology, sex selection is possible not
only by PGD but also by selecting for X- or Y-bearing sperm.
Indeed, a 2008 survey of 190 US clinics showed that 42 %
would provide PGD for medical conditions but would also
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select embryos with the patients’ preferred gender. In an
unregulated market, it is unclear how far patients would go in
the pursuit of additional traits to that being tested for by
PGD and how compliant clinics and clinicians would be. In
the UK, the presence of a regulator (the HFEA) operating
under well-established law (HFE Act 1991 and 2008) restricts
sex selection to medical need and precludes testing that
deliberately enhances the chance of genetic mutation.
Licences are needed for each type of disease being tested for,
and a code of practice limits the use of PGS.

It is likely that as the cost of these technologies continues
to fall, similar debates to those held at the inception of PGD
will begin. The challenge for those working in this field will
surely be to apply these new methodologies wisely, in the best
interests of patients, and to avoid the temptation to be swept
along on a tide of innovative technology. And it is important
to remember that however sophisticated the available tech-
nology, the opportunities for embryo selection will always be
constrained by the parental gene pool and the limited size of
embryo cohort, at least until gene modification becomes
technically possible and ethically approved.

Key Points

e Progress and improvements in preimplantation
genetic testing historically have been driven by tech-
nological advance. Powerful new genetic technolo-
gies are being applied to PGT before their nuances
or consequences are fully understood.

e We are once more entering a period where expecta-
tions are high and where preliminary results are
being offered as a sure panacea. Patients unfulfilled
by the failures of previous methods are pinning their
hopes on improvements to technology and being
offered new tests prior to demonstration of their
efficacy by appropriately structured clinical trials.
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e The potential for discovering genome-wide informa-
tion by techniques such as next generation sequenc-
ing raises particular practical, clinical and ethical
problems not previously considered as part of preim-
plantation testing.

e As most genetic information that could be revealed
following detailed genetic testing of the embryo is
already present in the parents, the use of preconcep-
tion screening of the parents for mutations known to
be associated with recessive disease would substan-
tially diminish the likelihood of genetic surprises.

e Since the introduction of prenatal diagnosis and sub-
sequently PGD, there have been concerns that
emerging genetic technologies will be used for
eugenic purposes. There is again concern that the
ability to reveal very detailed information about the
personal genome could provide opportunities for
extensive embryo selection for non-medical reasons.
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