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NOTICE

Medicine is an ever-changing science. As new research and clinical ex-
perience broaden our knowledge, changes in treatment and drug therapy
are required. The authors and the publisher of this work have checked
with sources believed to be reliable in their efforts to provide informa-
tion that is complete and generally in accord with the standards accepted
at the time of publication. However, in view of the possibility of human
error or changes in medical sciences, neither the authors nor the pub-
lisher nor any other party who has been involved in the preparation or
publication of this work warrants that the information contained herein
is in every respect accurate or complete, and they disclaim all responsi-
bility for any errors or omissions or for the results obtained from use of
the information contained in this work. Readers are encouraged to con-
firm the information contained herein with other sources. For example
and in particular, readers are advised to check the product information
sheet included in the package of each drug they plan to administer to be
certain that the information contained in this work is accurate and that
changes have not been made in the recommended dose or in the contra-
indications for administration. This recommendation is of particular
importance in connection with new or infrequently used drugs.
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To the memory of John C. Fletcher, PhD a great friend, educator, mentor, and iconoclast. For more than
30 years, John was truly the “conscience of our field” helping to shape the ethical backbone for care of the
dying patient, then moving on to genetic testing, prenatal diagnosis, multiple pregnancy management, and
fetal therapy. His steadfast support for developing new approaches involving carefully thought out fetal
research helped make possible many of the advances reported in this volume. John was never afraid to do
battle with those in power to protect the weak and to challenge existing dogmas even to his own personal
and professional detriment. He will be sorely missed.



FOREWORD

This is a really big book. Its size and scope are all the more impressive considering the fact that just 40
years ago it would have been a very small book, perhaps even non-existent. Human cytogenetics was just
developing, amniocentesis for prenatal genetic diagnosis did not appear until 1967, ultrasound use was
limited to little more than detecting a midline shift, and talk of the fetus as patient was yet to be heard. Yet
just 40 years later a comprehensive book on prenatal diagnosis and associated issues requires 68 chapters
to cover the relevant topics. Even as a component of the genetics revolution, this is remarkable growth,
matched in only a few other areas of medicine.

Taking on the task of covering this field had to be daunting. We are fortunate that Mark Evans, M.D.,
expanding on his 1992 book, Reproductive Risks and Prenatal Diagnosis, joined with three of his former
trainees as co-editors and took on this task. The result provides a great service to the field by documenting
how far science has allowed us to progress in providing pregnancy care. It is a remarkable compilation
authored by authorities in each topic area, and provides the reader a status report on the whole field of
prenatal diagnosis.

John Fletcher, to whom this volume is appropriately dedicated, would have especially loved this book.
Coming from a background in theology, conditioned by incomparable experience as the bioethicist (the first
one) for the clinical research center at the National Institutes of Health, and channeled by choice into a focus
on bioethical issues in reproductive health and maternal-fetal medicine, he played a major role in fostering
progress and shaping procedures in this field. John Fletcher firmly believed not only that good ethics begins
with good science, but also that understanding science and medical practice was a prerequisite to making
sound ethical decisions. He would have enjoyed poring through the pages of this book, with almost every page
providing a source of new ethical questions to ponder and deliberate. As his focus became more and more
on prenatal diagnosis and pregnancy decision-making, he provided two major valuable services. First, he
served as the conscience of the field, asking provocative questions of sometimes too-cavalier perinatologists
about what they were doing and how they were doing it, keeping the focus on the mother/pregnant woman
as the person who was the ultimate decision maker. The role he played here was particularly important
for its assistance to practitioners and researchers in avoiding many of the pitfalls lurking in the field that
could have given well-intentioned efforts a bad name if they were done in an insensitive way. Second, he
became also the advocate for the field and the need for research to provide the knowledge base for decision
and action. He loved to debate the ethical issues with scientists, physicians, advocates, and politicians, but
always wanted to be sure he understood the science before he began.

The reader would do well to approach reading this book emulating John Fletcher, exerting every effort
to learn and understand the science, and use that understanding to work through with patients the ethical
decision-making process in striving to provide the best care for fetus, child, and mother in the most ethically
appropriate manner.

Duane Alexander, M.D.

Director of National Institute of Child Health and Human Development
National Institutes of Health

Bethesda, Maryland

Copyright © 2006 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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PREFACE

It has been 15 years since I wrote the preface to Reproductive Risks and Prenatal Diagnosis (shown below).
The principles have withstood the test of time. I remarked in 1992 how much reproductive genetics had
changed in the previous decade. That pattern has not only continued, but it has hastened to WARP speed.
The emphasis of advances has shifted from new clinical procedures in the 70s and 80s, to visualization in the
90s, to currently a pre-eminence of changes in the laboratory. These new tools have provided the clinician
with a new armamentarium for the earlier, more reliable, and sophisticated ability to diagnose and thereby
the option to treat genetic and congenital abnormalities.

The more “bang for the buck” from new biotechnologies has coincided with tremendous challenges to
traditional academic institutions that have limited the number that can afford (or have the vision) to invest
in the infrastructure necessary to mount extensive research efforts in our field. Thus, more of it has moved
“off shore” and outside of the traditional centers. This trend is likely to continue over the next decade.

PREFACE TO REPRODUCTIVE RISKS AND PRENATAL DIAGNOSIS (1992)

I remember my first day of medical school. The Dean gave a fairly standard speech, namely that half of
what we were about to learn in the next four years would be wrong, but he didn’t know which half. There is
perhaps no area of medicine in which that uncertainty and changeability has held truer than in reproductive
genetics. Many of the fundamental tenets of genetics have simply been shown in the past decade to be
wrong. For the practicing clinician who may not have had genetics since medical school (or even worse
since college), the earth-shaking changes are very unsettling, and the field can appear quite alien. The object
of this book is to present the radically new approaches to diagnoses of fetal anomalies in such a way as
to be understandable, reproducible, and useful in everyday practice. This book is organized such that one
starts out getting a foundation in basic principles, gradually moving into their application for clinical tests,
the utilization of laboratory techniques, and finally the management of the fetus with a problem. Although
each chapter has been written to stand independently of the others, the preceding chapters do, in fact, form
a foundation that will make subsequent chapters more understandable.

XXi
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PRINCIPLES OF

CHAPTER

1 “CLASSIC” GENETICS

Arie Drugan

INTRODUCTION

Congenital anomalies affect approximately 2% of liveborns
but have a major impact on pregnancy loss as well as on peri-
natal mortality and morbidity.! Although scientists have been
intrigued with congenital malformations since early history,
glimpses of a true understanding of the origin of genetic defects
started with the pioneer work of Mendel in 1865. Mendel’s ex-
periments with garden peas defined “inheritance units” (later
called genes) that pass separately and randomly into the egg or
sperm, allowing parental traits to appear unchanged in subse-
quent generations. In the following century, only 2 major mile-
stones have been recorded: Garrod’s definition of enzymatic
defects as “inborn errors of metabolism” and the identification
of the 46 human chromosomes in 1956.> Chromosomal DNA
is the vehicle that carries the “inheritance units” described by
Mendel in his early experiments. During cell division, conden-
sation of the DNA allows the chromosomes to be stained and
analyzed. Evaluation of the number and gross structure of the
chromosomes enabled the correlation of specific chromosome
aberrations with severe syndromes of congenital anomalies de-
scribed many years before.>*

Laboratory techniques to cut and analyze DNA sequences
were developed in the early 1970s.>~7 Restriction enzymes
were used to recognize specific base pair sequences and to cut
the DNA molecule whenever that sequence appears, thus re-
sulting in DNA strands of differing lengths and velocity on
gel electrophoresis. These were called “restriction fragment
length polymorphisms” (RFLPs). The DNA strands were then
sorted by coupling with molecular probes on the gel. When
the actual molecular structure of the gene in investigation is
unknown, known RFLPs in close vicinity to the gene can be
used as gene markers, enabling us to follow the segregation
of the gene within a given family. Direct gene analysis with
complementary DNA probes can be used when the sequence of
base pairs within the gene is already known. In some families,
these techniques enable identification of carrier or affected in-
dividuals before they are clinically symptomatic or even before
they are born (prenatal diagnosis). Thus, within a relatively
short period, the science of genetics evolved from anatomic
descriptions of malformation patterns (without an identifiable
cause), through the correlation of phenotypic abnormalities
with pathology at the microscopic cellular level (i.e., abnor-
mal number or gross structure of the chromosomes) to the
current molecular level—an abnormal gene structure causing
an abnormal gene product resulting in phenotypic changes.

Genetic disease can be caused by chromosome anomalies,
single gene disorders, or multifactorial disorders. In chromo-
some disorders, the number or the gross structure of the chro-
mosomes is aberrant, resulting in added or missing genetic ma-
terial. As a group, they are quite common, affecting about 0.7%
of live births.® The abnormal dose of thousands of genes causes

severe malformations in most organ systems, severe growth
and mental retardation, and, in some cases, fetal or neonatal
death. Some errors in embryogenesis may result in inviability
prior to implantation, causing the low fecundity rate (25%) per
cycle observed in fertile couples trying to conceive.! Others
cause loss of pregnancy after it was clinically recognized.

Single gene disorders are caused by “mutations,” changes
in the structure of an active gene, causing abnormal transmis-
sion of genetic information and resulting in an altered or absent
gene product. Single gene disorders are inherited following
strict Mendelian rules. Knowing the family pedigree and the
mode of inheritance of a specific disorder, one can calculate
with relative accuracy the risk to other family members.

Multifactorial disorders are the relatively common result of
the interaction between genetic predisposition and exogenous
factors (e.g., teratogens) to produce a birth defect. Although
the risk of multifactorial disorders is higher in families previ-
ously affected, the risk of recurrence is significantly lower than
in single gene disorders and pedigrees are not characteristic.
Overall, multifactorial disorders affect approximately 1% of
live births.

THE CHRONIOSOMES AND CELL DIVISION

The chromosomes are rod-shaped condensations of DNA
formed during cell division. The number and function of the
chromosomes is species specific—there are 44 autosomes and
2 sex chromosomes in the human genome (23 pairs of homol-
ogous chromosomes). Homologous chromosomes carry the
same genes in the same order but are inherited from differ-
ent parents—1 from the mother, the other from the father.
Thus, the human genome is diploid in most of its cells; the
only cells in the human body that are haploid (contain only 1
from each chromosome pair, or 23 chromosomes overall) are
the gametes—the egg and sperm. At fertilization, the chromo-
somes in the oocyte and in the sperm combine to form again
a diploid zygote from which all cells of the new organism are
formed by cell division.

There are 2 types of cell division (Table 1-1). During body
growth and repair processes, somatic cells divide by mitosis.
In the mitotic process the chromosomes double for each cell
division, resulting in end products that are identical to the orig-
inal parent cell (Fig. 1-1). There are 4 active stages in mitosis
(prophase, metaphase, anaphase, and telophase) and a long in-
terphase stage, during which most of the metabolic activities
of the cell take place. The duplication of genetic material also
takes place in interphase. The chromosomes are best observed
at metaphase, when they are maximally condensed.

Meiosis is the reduction division by which gametes are
formed. It consists of 2 successive cell divisions with only
1 replication of genetic material, resulting in egg or sperm con-
taining only half the chromosomes (1 from each homologous
pair) of the parental cell. Since there are 2 meiotic divisions,
4 haploid cells can be formed from each diploid cell. This
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TABLE DIFFERENCES BETWEEN MITOSIS
1-1 AND MEIOSIS
Mitosis Meiosis
Cell type Somatic Gametes
Time span Hours to days
Females—from Males—60 to 72 days
embryo to ovulation
(—45 years)
DNA Duplicated every cell ~ Duplicated once every

division 2 cell divisions

Crossing over®  Rare Very common
23 chromosomes

(diploid)

46 chromosomes
(haploid)

End product

“Crossing over—exchange of genetic material between homologous chromo-
somes.

is usually the case with spermatogenesis—4 spermatids are
formed from every primary spermatocyte in a relatively short
and simple process that takes 60—70 days. In contrast, prophase
of Meiosis I in the oocyte starts during fetal life, around the
fourth month of gestation. The meiotic process is arrested be-
fore birth in a stage specific to female meiosis called dicty-
otene and remains in that stage until that oocyte is ovulated
12-50 years later. The luteinizing hormone (LH) surge stimu-
lates meiosis I to resume, which is now completed in a matter
of minutes—1 daughter cell receives most of the ooplasm and
23 chromosomes and becomes a secondary oocyte. The other
23 chromosomes are extruded as the first polar body. The sec-
ond meiotic division proceeds almost immediately and stops

Synthesis

4N

Division
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again in metaphase II. Meiosis II is resumed after fertiliza-
tion in the fallopian tube and is completed with extrusion of
the second polar body. Thus, meiotic division in the female is
a long and intricate process in which, over many years, only
1 mature haploid oocyte is formed. The complexity of the fe-
male meiotic process is the most likely explanation for the
strong association between advanced maternal age and in-
creased risk of chromosomal abnormal conceptions.’ In about
80% of conceptions affected by trisomy 21, nondisjunction
(the failure of homologous chromosomes to separate and seg-
regate into different daughter cells during cell division) is of
maternal origin, in most cases occurring during maternal meio-
sis 11911 Molecular studies proved a maternal origin for other
autosomal trisomies as well.!>!3 An association between ab-
normal ovulation patterns and increased risk of chromosomal
abnormal conceptions has also been documented.'? Increased
paternal age, however, does not increase the risk of chromoso-
mal abnormal offspring.'*

A genetic process of major importance occurring during
meiosis is chiasma formation and crossing over between ho-
mologous chromosomes. This enables infinite variance in ge-
netic material transmitted from generation to generation, which
is of utmost importance from the evolutionary point of view.
Chiasma formation may be obligatory for normal disjunction,
since at least 1 chiasma per chromosome arm is observed.
Each crossover event involves only 1 of the 2 sister chro-
matids of a homologue. In male meiosis about 50 chiasmata
are observed—an average of 2.36 chiasmata per chromosome
pair. The number of chiasmata is determined by the length of
the chromosome. The number of recombination sites is higher

2N

Meiosis 11

FIGURE 1-1 Mitosis meiosis.
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in the female than in the male and nearer to the telomeres
(chromosome ends) than to the centromere.

The 44 autosomes and the 2 sex chromosomes of the human
genome are unique in function. At first, chromosomes were
classified into 7 groups (A through G), according to their size.
The X chromosome was placed within the C group and the
Y chromosome within the G group. Today, chromosomes are
classified according to: their size, the length of the short (p) and
long (q) arms, as determined by the location of the centromere,
and the banding pattern.

Tissues for chromosome analysis must provide dividing
cells—peripheral blood (lymphocytes), bone marrow, skin fi-
broblasts, amniocytes, or chorionic villi. Common metaphase
banding reveal approximately 400 bands per haploid genome.
This level of banding is practical for detection of major anoma-
lies in chromosome structure and is most commonly used for
karyotype analyses. However, in the late eighties a group of dis-
orders were described in which microdeletions or duplications
of a chromosomal region may cause a distinct complex pheno-
type. These disorders collectively are called contiguous gene
syndromes'> and are thought to result from co-deletion of sepa-
rate unrelated genes that happen to be contiguous on the deleted
chromosomal segment. This type of chromosome anomaly is
detected only by high-resolution banding. This technique, per-
formed in only a few laboratories, requires evaluation of the
chromosomes in late prophase or early metaphase, when they
are less condensed and provides approximately 1000 bands per
haploid genome.

CLINICAL ASPECTS OF
CHRONMOSONMAL ANOMALIES
Chromosome aberrations are a frequent cause of congenital
malformations, affecting about 1 of 165 live births.® The fre-
quency of chromosome anomalies is much higher in patients
with severe mental retardation and in pregnancies affected by
congenital anomalies or fetal loss (Table 1-2). About half of
all spontaneous abortions in the first trimester are caused by
chromosomal problems.'® Chromosome aberrations have been
found in 30-35% of amniocenteses performed following the
diagnosis of fetal malformations on ultrasound.'”-!8
Chromosome abnormalities can be classified as numer-
ical or structural. Numerical chromosome anomalies, either
additional sets of chromosomes (polyploidy) or additional or
missing single chromosomes (aneuploidy), are far more com-

TABLE FREQUENCY OF

1-2 CHRONOSOME ANONMALIES

Live births 0.6 %
Mentally retarded, institutionalized 12 %
Mentally retarded with congenital anomalies 23 %
I-st trimester pregnancy losses 50 %
II-nd trimester pregnancy losses 15-20 %
III-rd trimester losses (stillbirths) 6 %
Major fetal malformations (ultrasound) 35 %
Prenatal diagnosis for maternal age >35y 1-3 %

mon than structural anomalies, representing more than 95% of
recognized chromosomal aberrations.'® Two different mecha-
nisms are active in the etiology of these disorders. Polyploidy
may be caused by failure of cleavage of the fertilized egg at the
first mitotic division or, more commonly, by fertilization of the
normal oocyte with more than 1 normal sperm (polyspermy).
This is a relatively frequent problem, affecting 1-3% of recog-
nized conceptions and approximately 5% of oocytes fertilized
invitro.!” In contrast, aneuploidy is mainly the result of meiotic
nondisjunction and shows a definite association with advanced
maternal age.

The vast majority of triploid conceptions are caused by fer-
tilization of a haploid egg by 2 haploid sperm. Thus, triploid
conceptions may have the karyotype 69,XXX; 69,XXY; or
69,XYY. Most triploid conceptions will be aborted in the first
or early second trimester. About 7% of clinically recognized
spontaneous abortions are caused by triploidy.”’ In those cases
surviving into the second or third trimester, the placenta under-
goes cystic degeneration typical of partial hydatidiform mole.
When the fetus survives into the second or third trimester,
generally by virtue of fetal mosaicism, it is severely growth
retarded and has omphalocele or other associated congenital
anomalies. Maternal serum alpha-fetoprotein (MSAFP) is fre-
quently elevated in pregnancies affected by triploidy.>

The abnormal development of the fetus and placenta
in triploid conceptions demonstrates a new and revolution-
ary concept in medical genetics, termed genomic imprinting.
Gregor Mendel’s theory states that hereditary factors, or genes,
have equal effects when transmitted from either parent. How-
ever, human triploids, which have twice the normal genetic
contribution from 1 parent, show differential development de-
pendent on the origin of the double genetic dose (paternal or
maternal). Most cases result from dispermy (2 paternal and
1 maternal chromosomal complements) and the abnormalities
observed are a large placenta with cystic molar changes and a
growth retarded malformed fetus. However, when 2 maternal
complements and 1 paternal complement are present, only a
small underdeveloped placenta is seen. If a fetus exists, it is
markedly underdeveloped, probably related to placental fail-
ure. Thus, it appears that paternal genetic information is critical
to the development of the placenta and fetal membranes while
maternal genetic information is essential for early embryonic
development. This has also been substantiated by experiments
in pronuclear transplantation and parthenogenetic activation
in mice. With only paternally derived chromosomes (andro-
genetic), only placenta and membranes develop, as seen also
in hydatidiform moles. Conversely, with 2 sets of only ma-
ternally derived chromosomes there is relatively good embry-
onic development but poor development of the placenta and
membranes.?!

Tetraploidy (92,XXXX or 92,XXYY) arises almost always
from failure of the first mitotic division of a normal diploid
zygote, so that 4 copies of each chromosome exist in the mul-
tiplying cell. Most of these pregnancies will be miscarried in
the first trimester; tetraploidy is observed in about 2% of spon-
taneous abortions, commonly diagnosed on ultrasonography



as an empty sac (“blighted ovum™) without embryonic rem-
nants. Isolated cases of liveborn tetraploid fetuses with multi-
ple congenital anomalies have also been reported.???3 Mosaic
tetraploidy is, however, a relatively common laboratory artifact
of amniotic cell cultures and is almost always associated with
good outcome.?* The type of cell and the culture medium (i.e.,
Chang medium) may affect the percentage of tetraploid cells
growing in culture.? True tetraploidy should be suspected only
if a significant percentage of tetraploid cells is discovered in
multiple culture flasks. In these cases, confirmation of cytoge-
netic results by repeat amniocentesis or percutaneous umbili-
cal blood sampling (PUBS) should be sought before operative
decisions are taken.

Aneuploidy refers to the addition or absence of single chro-
mosomes (either autosomes or sex chromosomes), causing tri-
somy or monosomy, respectively. Most autosomal trisomies
and some of the X-chromosome trisomies are caused by ma-
ternal nondisjunction and increase in frequency with advanced
maternal age.”~!2 For 47,XXY (Kleinfelter syndrome) the fre-
quency of maternal and paternal nondisjunction events is al-
most equal, with a slight excess (57%) of paternal nondisjunc-
tion. The age effect appears to be limited to cases of maternal
nondisjunction. Unlike the autosomal trisomies, the diagno-
sis of monosomy X is observed more frequently in young
women.?’ In most cases, the origin of monosomy X is mi-
totic loss of a paternal sex chromosome post fertilization and
during cell division, an event influenced neither by paternal
nor by maternal age.”

Aneuploidy is the most common type of chromosome
anomaly in live births as well as in abortion material.'® The
most commonly observed karyotypes in aneuploid liveborn in-
fants are trisomy of the autosomes 13, 18, or 21 or of the sex
chromosomes and monosomy X. Trisomy 21 is the most com-
mon chromosome anomaly in liveborns, being diagnosed in
about half of all chromosomal abnormal neonates. Rare cases
of trisomy 8, 9, 22, or partial trisomies for other chromosomes
have also been reported. It is hypothesized that fetuses with
full autosomal trisomies surviving to term have a component
of mosaicism with a normal cell line in their placenta, facili-
tating their intrauterine survival.?? That is true in particular for
unusual trisomies such as trisomy 8 or trisomy 9, which are
usually diagnosed in neonates only in mosaic form.

Autosomal trisomies occur in about 3% of recognized con-
ceptions and cause about 25% of all pregnancy losses. The most
common autosomal trisomy in first trimester miscarriages is
trisomy 16, which has never been reported at term. Monosomy
X is the most common single chromosome anomaly found in
abortion material, occurring in about 18% of all spontaneous
miscarriages. It is estimated that 95-99% of all conceptions
with monosomy X are miscarried, most commonly in the first
trimester. '

All autosomal trisomies (except for chromosome 1) have
been observed in abortion material, but monosomy is much
rarer—only monosomy X have been described. Since trisomy
and monosomy are reciprocal events, the results of meiotic
nondisjunction, these data imply that autosomal monosomy
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and trisomy (of chromosome 1) have a stronger negative im-
pact on affected conceptions, causing their loss even before
pregnancy is clinically recognized. Thus, whether the aneu-
ploid fetus is destined to be miscarried before or after preg-
nancy is recognized or is allowed to be delivered, malformed,
at term, is determined by the chromosome involved in ane-
uploidy, meaning the amount and type of added or missing
genetic material. Chromosome 21 is the smallest chromosome
(only 56,000 kilobases of DNA) and most conceptions affected
by trisomy 21 will be delivered as liveborns. Chromosomes 13
and 18 are larger than chromosome 21. About 70% of preg-
nancies affected by trisomy 13 or 18 are miscarried—the rest
are born alive with malformations and severe growth and men-
tal retardation and die soon after birth.> Chromosome 1 is
the largest human chromosome and pregnancies affected by
trisomy 1 are miscarried very early, probably before implan-
tation. Most autosomal monosomies are also miscarried very
early, probably because of the effect of uniparental transmis-
sion of some genetic information on the developing pregnancy.
Likewise, there are definite differences between potentially vi-
able autosomal and sex chromosome trisomy:

1. Mental retardation in sex chromosome aneuploidy is gen-
erally mild and some affected individuals may have normal
or above normal intelligence. Profound mental retardation
is the rule with autosomal trisomies.

2. The phenotypic expression of sex chromosome aneuploidy
affects mainly the development and function of sex organs
and sex hormones; reproductive failure is common in these
cases and may be the presenting symptom. With autoso-
mal trisomies, somatic expression is common and multiple
organ systems are frequently affected.

Mosaic aneuploidy (the appearance in culture of 2 cell lines,
with different karyotypes) may result from a nondisjunction
event during mitosis of a normal zygote. In these cases, the
normal and the hypermodal (trisomic) cell lines will continue
to develop, but the hypomodal (monosomic) cell line will be
lost early after the event. More commonly, however, mosaic
aneuploidy is the result of an originally trisomic conception
with loss of the extra chromosome in part of the cells. In some
of these cases, the diploid cells may have both chromosomes
from a uniparental origin, indicating that the only chromo-
some from the other parent was lost. Uniparental disomy may
have important developmental effects due to abnormal genetic
imprinting.

Mosaicism with a normal cell line is found in 1-2% of
Down syndrome conceptions and up to 20% of liveborns af-
fected by trisomy 13. In general, the phenotype of mosaics
should be milder than those of individuals with full aneuploidy.
The more severe the effect of aneuploidy, the more likely it is
to be mosaic if discovered in a liveborn. It is difficult, how-
ever, to predict the outcome in the individual case, since the
proportion of normal to abnormal cells in different fetal tissues
may vary. An extreme example of such tissue variation is tri-
somy 20 mosaicism. This abnormality is found at varying rates
in different fetal tissues but has never been diagnosed in fetal
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blood; therefore, cordocentesis does not have a place in the
investigation of these cases. Clinical problems associated with
trisomy 20 mosaicism are rare, but it is unpredictable which of
the involved cases will be affected.’!

After excluding pseudomosaicism (a single hypermodal
cell in culture) chromosomal mosaicism affect 0.2-0.7% of
amniotic cell cultures.*? The chance that pseudomosaicism re-
flects fetal abnormality is virtually nil. True chromosomal mo-
saicism in amniotic cell cultures is more ominous, although
it should be kept in mind that the culture reflects true fetal
mosaicism in only part of these cases. Gosden et al.”® used
cordocentesis to investigate fetal karyotype in cases of mo-
saicism diagnosed in cultures of amniotic cells. In their study,
a normal fetal blood karyotype was obtained in 8 of 10 cases
of multiple hypermodal cells confined to 1 culture flask and
in 4 of 10 cases in which the abnormality appeared in multi-
ple colonies or in multiple culture flasks. In 16 cases in which
autosomal or sex chromosome trisomic mosaicism was the in-
dication for fetal blood karyotyping, trisomic cells were not
present in fetal or newborn blood. Fetal blood sampling con-
firmed the abnormal karyotype in more than 50% of cases
involving mosaic translocations, rearrangements or supernu-
merary markers. These results suggest that all cases of mosaic
aneuploidy diagnosed at amniocentesis should be reevaluated
by fetal blood sampling, since the chromosome anomaly is
probably extraembryonal in most of these cases.

The incidence of mosaicism in chorionic villi specimens
is 1-2%.%3 Experience with chorioic villus sampling (CVS)
and abortion specimens suggests that it is difficult to predict
fetal karyotypes from such results. A recent study suggests
that in 90% of cases chromosomal mosaicism is confined to
the placenta (CPM), with a normal fetal karyotype.** More-
over, it appears that the ratio of normal to abnormal cells may
change with time, in favor of the normal cell line (1 clinical
example of such changes is the Pallister Killian syndrome—
mosaic tetrasomy 12p). Thus, the prognosis in pregnancies
diagnosed on CVS to be affected by chromosome mosaicism
is commonly favorable. However, unexplained intrauterine fe-
tal death or intrauterine growth retardation may occur in some
of these cases.?36

Structural chromosome anomalies affect approximately
0.2% of newborns and are most commonly caused by break-
age with abnormal repair of the chromosomes.?” Chromosome
damage can occur spontaneously but is more common after
exposure to radiation or to mutagenic agents or in specific
genetic disorders such as Bloom syndrome, ataxia telangiecta-
sia or Fanconi anemia. Breaks involving only 1 chromosome
may lead to loss of the broken part (deletion) or to inversion
of the repaired chromosomal segment. If the breaks involve
2 chromosomes, exchange of the broken segments between
the two may lead to a translocation. The translocation may be
balanced (when genetic material was not added or lost in the
process) or unbalanced (when added or missing chromosomal
segments result in partial trisomy or monosomy, respectively).
The phenotypic abnormalities depend on the chromosomes
involved in the process and whether the rearrangement is bal-

anced. Deletions and duplications are always unbalanced and
are always associated with abnormal phenotype and mental re-
tardation. Since deletions or duplications in the offspring may
be the product of a balanced structural anomaly in the parents,
parental blood karyotypes should be pursued in these cases.

Inversions are the result of 2 breaks in the chromosome
with repair of the broken segment in reversed direction. Since
genetic material should not be lost in the process, the pheno-
type is most commonly normal. The population frequency of
pericentric inversions is 0.01%>® and those involving chromo-
somes 9, 10, or 11 are so common that they are considered
normal population variants. The pericentric inversion of chro-
mosome 9 (p11q13) is particularly common in blacks.

When one of the parents carries a balanced inversion the
risk of unbalanced offspring at the time of amniocentesis is
about 6%.* This risk seems to differ with the sex of the carrier.
The rate of unbalanced offspring is 4% when the inversion is
carried by the father and 7.5% when the mother is the carrier of
the balanced inversion. Thus, inversion carriers should receive
genetic counseling and should be offered prenatal diagnosis by
amniocentesis or CVS, regardless of maternal age. Conversely,
when an inversion is diagnosed in an amniocentesis or CVS
specimen performed for other indications, parental karyotypes
should be obtained. If the inversion is also carried by one of
the parents (inherited), anormal phenotype should be expected.
However, if the inversion appears de novo in the conceptus and
parental karyotypes are normal, mental retardation or abnormal
phenotype may occur, due to positional effects on gene activity
(moving the coding part of 1 gene next to regulatory sequences
of another gene), breaks within a gene or minute deletions at
the break lines.

The incidence of balanced inversion or translocation car-
riers among couples affected by 2 or more pregnancy losses
is 2-4%, 10 times higher than the prevalence of translocation
carriers in the general population.® Among individuals with
unbalanced translocations, about one third to one half are in-
herited from a carrier (balanced) parent—most of the rest arise
de novo, commonly in the father’s sperm. The pattern of seg-
regation in familial cases exhibits multiple affected siblings
and/or multiple miscarriages concentrated on one side of the
family. In inherited cases, blood karyotypes of other family
members are often necessary to identify additional individuals
at risk for unbalanced offspring.

Two main types of translocations are identified—reciprocal
and Robertsonian. A reciprocal translocation means that breaks
were formed on 2 nonhomologous chromosomes and the seg-
ments between the breaks were exchanged between the two. In
the balanced carrier, the nomenclature of such a karyotype will
be 46, XX or XY, t(a:b), where “a” and “b” represent the num-
bers of the chromosomes involved in the translocation. Unless
minute deletions occurred at the breaking points, the phenotype
of reciprocal translocation carriers is normal. Considering the
segregation possibilities into gametes of such a carrier, the cal-
culated risk of unbalanced offspring in these cases is 50%; the
actual risk of unbalanced offspring when one of the parents is
the carrier of a balanced reciprocal translocation is 12—14%.%



Robertsonian translocations can take place only between
acrocentric chromosomes—numbers 13, 14, 15, 21, and 22.
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In this translocation, the “p” arms of the translocated chromo-
somes are lost and the “q” arms unite at the centromere. Thus, a
Robertsonian translocation carrier has only 45 chromosomes,
but the genetic material is balanced (and the phenotype nor-
mal), since the “p” arm of acrocentric chromosomes does not
contain euchromatin. The nomenclature of this type of karyo-
type will be 45, XX or XY, t(a;b). Theoretically, one third of
the offspring of a Robertsonian translocation carrier will have
an unbalanced karyotype and will be phenotypically abnor-
mal; one third will carry the balanced translocation like the
parent and will have a normal phenotype, and one third will
have normal chromosomes.3 The actual risk of unbalanced vi-
able offspring is, however, negligible, unless the translocation
involves chromosomes 13 or 21. A significant sex difference
in the segregation of Robertsonian translocations is also ob-
served. For a female carrier of a Robertsonian translocation
involving chromosome 21, the risk of having a viable trisomic
21 offspring is 10-20%. The exceptions are carriers of 21;21
translocations, in which all conceptions will be abnormal—
either monosomic (and therefore nonviable and aborted) or
trisomic and potentially viable with Down syndrome. The
risk for a liveborn unbalanced offspring for female carriers of
other Robertsonian translocations or for male carriers is low
(1-2%). Since all conceptions involving trisomy 14, 15, or 22
and most trisomy 13 pregnancies will be miscarried, the rate of
spontaneous abortions is increased in carriers of Robertsonian
translocations.3%3

Structural chromosome rearrangements are often diag-
nosed incidentally when prenatal diagnosis is performed for
unrelated indications (e.g., advanced maternal age). If the re-
arrangement is unbalanced, the partial monosomy or trisomy
implies a serious risk of mental retardation or abnormal phe-
notype. Available evidence suggests that chromosomal dele-
tions or duplications large enough to be observed by regu-
lar cytogenetic techniques usually have serious phenotypic
consequences.*! When the structural rearrangement is seem-
ingly balanced, it is important to determine whether the same
rearrangement is carried by one of the parents. The diagnosis
of the same chromosome rearrangement in parental karyotype
reassures that a normal phenotype is expected in the tested
fetus, but may prompt chromosome studies of other family
membranes and, obviously, in subsequent pregnancies.

When a balanced chromosome rearrangement is not inher-
ited but appears de novo in the index pregnancy, fetal prog-
nosis is guarded. At amniocentesis, the incidence of de novo
balanced translocations or inversions is 0.06%, higher than the
0.04% incidence of these abnormalities reported at term.*!:#?
Thus, it appears that about one third of these pregnancies are
miscarried between amniocentesis and term. The incidence of
dysmorphic features in newborns with de novo rearrangements
is 7.6%, 2 to 3 times higher than the incidence of congenital
anomalies reported in newborns.*! Moreover, cases of mental
retardation or developmental delay that are not associated with
dysmorphism may not be reported at birth. In surveys of the
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mentally retarded, apparently balanced, de novo chromosome
rearrangements were 7 times more frequent than among new-
borns surveyed at random. Thus, patients that are diagnosed to
carry a fetus with de novo chromosome rearrangement should
be counseled that the risk of congenital anomalies for that
pregnancy is probably in the range of 10—15%. The risk is
probably higher with reciprocal translocations or with inver-
sions; the risk for congenital anomalies associated with de novo
Robertsonian translocations is probably small.

THE GENES AND
MENDELIAN INHERITANCE

The Human Gene—Structure and Function

Human chromosomes are made of DNA, double-helix polynu-
cleotide chains formed of 2 purine and 2 pirimidine bases.
In the double helix, Adenine always pairs with Thymine and
Guanine with Cytosine (Fig. 1-2). Along the polynucleotide
chain, each 3-base sequence (codon) can code for a specific
amino acid. Since there are 64 possible arrangements of nu-
cleotide base triplets but only 20 amino acids, the genetic code
is said to be redundant, with each amino acid being coded by
1 to 6 codons. Overall, the diploid set of chromosomes con-
tains about 7 billion base pairs.*> However, not all of it is trans-
lated into protein. It is estimated that about half of the DNA
is formed by “informative” sequences, that being interspaced
with DNA stretches that are not translated and whose function
is not exactly defined.
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FIGURE 1-2 Nucleotide base pairing.
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Three chief classes of DNA are recognized.**

1. Unique sequences: Approximately 50-60% of human
DNA is formed of single copy stretches about 2000 bases
long. The number of protein coding, unique, sequences is
probably around 100,000 per haploid genome. They are
interspaced with repetitive DNA sequences about 0.3 kb
long. The repetitive noncoding DNA sequences probably
serve structural or regulatory function.

2. Highly repetitive sequences are found in specific areas such
as the heterochromatic region of chromosomes 1,9, 16, and
the Y-chromosome and are usually located near the cen-
tromere. These millionfold repetitions of oligonucleotides
form about 10% of the human genome. They are highly
polymorphic in quantity but without any effect on the phe-
notype. Since highly repetitive sequences are transmitted
from generation to generation in an extremely conserved
form, they can be used as markers in population studies.

3. Moderately repetitive sequences (about 30% of the human
genome) contain some gene families that are necessary
in all cells and in each phase of individual development.
Genes for ribosomal RNA, generally located in the nucle-
olus organizing region (NOR) of human acrocentric chro-
mosomes, immunoglobulins, histones, and transfer RNA
are included in this group.

Protein coding genes are formed from exons, the actually
translated sequences of nucleotide bases, interspersed with
nontranslated sequences called introns (Fig. 1-3). Upstream
to the exon-intron complex (toward the 5" end of the molecule)
there are regulatory sequences that control gene expression
and initiate transcription. These are called promoter regions
and appear to be similar in all genes. They include signals for
initiation of transcription (the TATA box, about 30 bases up-
stream of the gene) and the recognition site for RNA transcrip-
tase (CAT box), about 80 base pair upstream of the transcribed
sequence. The signal to stop transcription is given by a regu-
latory sequence flanking the transcribed complex downstream
(toward the 3’ end of the molecule).

Transcription, the transfer of the genetic code from DNA to
messenger RNA (mRNA) is always in the same direction, from
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the 5’ to the 3’ end of the DNA molecule. The mRNA molecule
created is complementary to the DNA sequence copied, mean-
ing that it is the exact copy of the DNA strand that was not
transcribed (with the exception that Uracyl is substituted for
Thymine). After transcription, a poly Adenyl tail is added to
the mRNA molecule and the introns are excised (spliced) to
form a “mature” form of mRNA that exits the nucleus. In the
cytoplasm, the “mature” mRNA serves as a skeleton along
which transfer RNA (tRNA) builds the specific protein by se-
quentially adding amino acids as encoded by mRNA.

Promoter elements modify gene activity by controlling the
rate of transcription.** Specific mediator proteins (e.g., steroid
hormones) may interact with promoter elements to increase
their activity. Gene inactivation is effected by DNA methyla-
tion of the promoter region.*> It should be emphasized that
DNA methylation is a reversible phenomenon; a decrease in
DNA methylation is associated with an increase in gene expres-
sion or with reactivation of expression of suppressed genes.
Different patterns of DNA methylation are responsible for
varying expression of genes in different cells as well as for the
decrease in number of genes expressed in mature cells.*> DNA
methylation may also be one of the mechanisms (although not
the sole and probably not the primary one) to explain parental
genomic imprinting.?!

MUTATIONS—THE PATHOGENESIS OF
SINGLE GENE DISORDERS

Mutation is a change in the normal DNA sequence of nu-
cleotides, caused by absence, addition, or substitution of 1 or
more base pairs. If the mutated DNA strand is part of the se-
quence of base pairs forming a gene, the mutation will result in
a different pattern of codons which may cause the formation of
an abnormal mRNA template and an abnormal gene product.
A single base substitution—"“point” mutation—may or may
not alter the amino acid sequence coded by the gene since, as
previously mentioned, some amino acids are coded by more
than 1 codon. For example, the amino acid Leucine is coded
by 6 different codons. Sometimes, however, a single base sub-
stitution can cause severe disorders. A common example is
sickle cell disease. In this disorder a single base substitution
in codon 6 of the B globin chain causes the replacement of
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FIGURE 1-3 Exon — intron — protein.
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FIGURE 1-4 Frameshift mutation.

glutamic acid by valine. Glutamic acid has 2 COOH groups
and 1 NH2 group whereas valine has only 1 COOH group. The
charge difference between hemoglobin A and hemoglobin S
explains the instability of the latter under specific conditions,
causing the sickling phenomenon.

“Frameshift” mutations (Fig. 1-4) are caused by insertions
or deletions of 1 or more nucleotide bases in the gene sequence
altering the whole coding system of the gene caudad to the mu-
tation locus. Since the amino acid sequence coded downstream
to the mutation will be entirely different from that coded by the
original gene, the gene product in these cases will be grossly
abnormal, with obvious phenotypic consequences. Such mu-
tations are observed in part of the 8 thalassemia genotypes
or in the Duchenne Muscular Dystrophy (DMD) locus. Mu-
tations can affect gene activity also by changing the code for
termination of transcription (chain termination mutations) or
by changing the recognition code for splicing sites. The latter
will result in acceptance of part or the whole intron as exon,
thus changing significantly the mRNA template. In addition,
mutations in regulatory sequences can lead to reduced, abnor-
mal, or absent transcription, by changing the recognition site
of RNA polymerase.

Thus, the pathogenesis of genetic disease can be summa-
rized as an alteration of DNA structure causing abnormal gene
function and resulting in an abnormal gene product. The abnor-
mal rate of production or the production of abnormal protein
may interfere with enzymatic or metabolic pathways or cause
structural anomalies or cell membrane dysfunction. Mutations
in regulatory genes can be even more detrimental, since cell
differentiation and morphologic development may be altered.
The existence of regulatory genes has not been substantiated
yet in humans, but has been demonstrated in lower life forms.*°

Genetic disorders that are caused by malfunction of a sin-
gle gene are inherited following strict Mendelian rules. Based
on the diagnosis, the pedigree and knowledge of the pattern of
inheritance of a specific disorder, we can calculate the accu-
rate risk for other family members to be affected. Single gene
disorders are logged in a useful referral catalog that is updated
periodically by Victor McKusick at Johns Hopkins University;
the ninth edition contains more than 4400 entries.*” With a per-
sonal computer and modem, the catalog can be available and
updated online.

PATTERNS OF SINGLE GENE INHERITANCE

Genes at the same locus on homologous chromosomes are
called alleles. According to Mendel, alleles always segregate
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during meiosis, each mature sex cell (spermatocyte or oocyte)
containing only 1 of each homologous chromosomes (and 1
of each alleles). Since the allocation of chromosomes during
meiosis is totally random and independent of segregation of
other chromosomes, each fertilized oocyte contains a random
assortment of alleles contributed by both parents. Thus, each
genetic locus can be either concordant or discordant with re-
gard to the function of a specific allele pair, this being termed
homozygous and heterozygous, respectively. Moreover, there
is a “gene dosage” effect, each allele contributing half the nor-
mal gene product. A trait that is expressed in the heterozygous
state is considered dominant. In dominant disorders, 50% re-
duction of the activity or the quantity of the normal protein
coded by the specific gene will cause phenotypic abnormali-
ties. Dominant disorders will be caused mainly by malfunction
of genes coding for structural proteins (i.e., collagen) or for pro-
teins regulating complex metabolic pathways, such as mem-
brane receptors. A trait that is expressed clinically only in the
homozygous state is called recessive. In recessive conditions,
a normal phenotype is maintained with 50% and less of the
normal gene function. Disorders associated with enzyme de-
ficiencies (“inborn errors of metabolism™) are the main group
of diseases in this class.

The pattern of inheritance of a disorder is determined by
the location of the abnormal allele (on an autosome or the sex
chromosome) and by the dominance of the trait. Building a
pedigree helps to identify how a specific disease runs in the
family and thus to determine the inheritance pattern and risk
of recurrence in other family members. It should be empha-
sized that dominance and recessiveness are attributes of the
phenotype, not the abnormal gene. Since a gene dosage ef-
fect always exists (though it may not be fully expressed in
the phenotype), we can state that dominance and recessiveness
are determined by the sensitivity of the methods used to assay
one’s phenotype.

AUTOSONIAL DOMINANT INHERITANCE

Autosomal dominant disorders are inherited from 1 parent car-
rying and, in most cases, showing phenotypic expression of
the abnormal gene. For practical purposes, most individuals
with a dominant disorder are heterozygotes. Only when both
parents have the same autosomal dominant disorder, 25% of
their offspring could be affected with the homozygous form
of the disease, which will always be more severe than that of
the parents due to double dosage of the deleterious gene. In
many cases, homozygous autosomal dominant disorders will
be lethal in utero or in early infancy. Thus, offspring of achon-
droplastic individuals, a disease in which marriage between
affected individuals is not uncommon, will be either affected
(as the parents) or normal; the homozygous form of achon-
droplasia is always lethal during pregnancy.

Characteristic criteria of autosomal dominant inheritance
include:

1. Vertical pattern in a pedigree—the trait appears in every
generation without skipping (Fig. 1-5).
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FIGURE 1-5 Autosomal dominant pedigree.

2. Inheritance from only 1 heterozygote parent, with 1:2 risk
for offspring of either sex to be affected. Father to son trans-
mission is observed almost exclusively in transmission of
autosomal dominant traits.

3. Male and female offspring are affected with equal fre-
quency and equal severity. With some exceptions, the sex
of affected individuals does not modify the expression of
a dominant trait.

4. The frequency of sporadic cases is in negative correla-
tion with the reproductive fitness of affected individuals.
In other words, the proportion of cases caused by new mu-
tations (the first case in the family, not inherited from an
affected parent) is highest in disorders that are lethal in
utero or in early infancy (e.g., thanatophoric dwarfism).
Advanced paternal age has also been associated with a
higher risk of autosomal dominant disorders (e.g., achon-
droplasia or neurofibromatosis) caused by new mutations
in offspring. When an autosomal dominant disorder is
caused by a new mutation, the risk for other affected off-
spring (siblings of the affected individual) is very low and
probably similar to the frequency of the disorder in the
general population.

5. Unaffected family members do not transmit the disorder
to their offspring; identification of heterozygotes may be
confounded, however, by late or variable age of onset of
clinical symptoms and by lack of penetrance or variability
in expression of the trait.

Late age of onset is characteristic of Huntington chorea.
The mean age of onset of this severe degenerative disorder of
the nervous system is 38 years, with some heterozygote carriers
not being clinically affected until 70 years of age. Thus, most
of the patients are asymptomatic in the reproductive years and
do not know whether they carry the deleterious gene, a fact that
may have significant implications on the health of both parent
and offspring. Although the gene for Huntington disease has
been mapped to human chromosome 4p16.3 and, using molec-
ular techniques, prenatal diagnosis of heterozygote fetuses is
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feasible,*® ethical and psychological implications obviate the
common use of gene probes for Huntington’s chorea in clinical
practice.

Lack of penetrance is defined as absence of the dominant
phenotype in a heterozygote individual known to carry the ab-
normal gene by means of an affected parent and an affected
child. Some autosomal dominant disorders with reduced pen-
etrance are otosclerosis (40%), retinoblastoma (80%), hered-
itary pancreatitis (80%), and Gardner’s syndrome (84%). In
some disorders, penetrance may be influenced by age (see
Huntington chorea). In disorders with reduced penetrance, the
risk for offspring of an apparently normal individual almost
never exceeds 10%.

Expression of autosomal dominant traits may vary between
heterozygotes. Even within the same family some affected in-
dividuals may express severe phenotypic changes while oth-
ers may manifest only minimal, difficult to detect, symptoms.
Variability of expression is evident in neurofibromatosis, tuber-
ous sclerosis, and myotonic dystrophy. In such disorders, de-
tailed clinical examination and, sometimes, special tests may
be needed before pronouncing an individual as nonaffected
(and therefore not carrying the gene for the disease). That
may have obvious implications in terms of genetic risk for
affected sibs or offspring. It is important to bare in mind that
expression of some disorders may vary between transmitting
generations. Thus, the severity of the disorder in the parent
does not indicate what will be the expression in the affected
offspring. Examples include disorders of late onset, such as
Huntington chorea and Myotonic Dystrophy. Approximately
10% of cases of Huntington disease (HD) and 10-20% of cases
of myotonic dystrophy are characterized by juvenile onset and
a very severe course. In more than 90% of juvenile cases, the
gene for the disease is transmitted from a specific parent—in
juvenile HD by the father, in congenital myotonic dystrophy by
the mother. It appears that parental genomic imprinting plays
a major role in determining the appearance of juvenile, severe
forms of these disorders.?!

In summary, autosomal dominant phenotypes are com-
monly associated with malformations, are clinically variable
and, in most cases, are less severe than recessive phenotypes.
Variability of expression and incomplete penetrance may con-
found the vertical pattern of autosomal dominant inheritance.
As a rule, individuals affected by autosomal dominant disor-
ders are heterozygous for the disease gene; in the homozygous
form, these disorders are almost always lethal in early life.
Some genetic disorders with autosomal dominant inheritance
are listed in Table 1-3.

AUTOSONIAL RECESSIVE INHERITANCE

Disorders inherited in an autosomal recessive pattern are ex-
pressed only in the homozygote who has inherited the dis-
eased gene from 2 heterozygote, phenotypically healthy, par-
ents. Thus, the inheritance pattern is horizontal, with only 1
generation in the pedigree showing clinical manifestations of
the disease. Commonly, these disorders are caused by rare
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TABLE GENETIC DISORDERS WITH AUTOSOMAL TABLE SINGLE GENE DISORDERS WITH
1-3 DOMINANT INHERITANCE 1-5 OBVIOUS ETHNIC PREDILECTION
Achondroplasia Ethnic Group Disorder
Huntington disease . . .

. Africans Sickle cell anemia

Hypercholesterolemia . .
N other hemoglobinopathies (Hb C,
Myotonic Dystrophy persistent Hb F, thalassemias)

Phakomatoses (Neurofibromatosis, Tuberous Sclerosis)
Polycystic Kidney Disease (Adult type)
Polydactyly

enzymatic defects and are termed “inborn errors of
metabolism.” Since the genotype is homozygous, the pheno-
type of these disorders is less variable and more severe than in
dominant conditions.

Consanguinity or inbreeding in an isolated (ethnic) group
have a significant impact on the frequency of recessive disor-
ders in a specific population. A common example is Tay Sachs.
This lysosomal storage disease is characterized by accumula-
tion of Ganglioside GM2 in the nervous system, causing men-
tal retardation, blindness, a cherry red spot in the retina, and
muscular weakness leading to death in early childhood. The
enzymatic defect is absence of Hexoseaminidase A and car-
rier detection is available by determination of Hex A serum
levels.*’ The gene for Tay Sachs, mapped to human chromo-
some 15q22, is carried with a frequency of 1 in 27 among
AshkenaziJews and 1 in 300 among the rest of North American
population. The chance of random mating between 2 Jewish
Tay Sachs carriers can be calculated as 1 in 729, as compared
to 1 in 90,000 among non-Jews. Thus, among Ashkenazi Jews,
parents of affected children are usually nonrelated, whereas in
other populations the consanguinity rate among parents of af-
fected cases is high. Tay Sachs carrier determination should be
offered routinely to Jewish couples and should be considered
even when only 1 of the parents is Jewish. Other examples of
autosomal recessive disorders with obvious ethnic predilection
are listed in Tables 1-4 and 1-5. When available, determina-
tion of the carrier status for diseases specific to ethnic groups
should be offered as a standard of care in pregnancy.

TABLE ETHNIC PREDILECTION OF SOME
1-4 AUTOSONMAL RECESSIVE DISORDERS
Carrier Disease
Disease Ethnic Group Frequency Frequency
Sickle cell Blacks lin 12 1 in 600
Cystic Fibrosis ~ N. Europeans 1in 22 1in 1936
o Thalassemia Asians, Chinese 1in 25 1 in 2500
Tay Sachs Ashkenazi Jews? 1in 27 11in 2916
B Thalassemia Mediterranean 1 in 30 1 in 3600
Canavan Ashkenazi Jews 1in 37 1 in 5476
Phenylketonuria  E. Europeans 1in 60 1 in 14400

“Niemann-Pick and Gaucher (adult type) are related metabolic disorders more

common in this ethnic group.

Ashkenazi Jews Abetalipoproteinemia
Bloom’s syndrome
Familial Dysautonomia
Factor XI deficiency
Iminoglycinuria
Sphyngolipidoses (table 3)

Chinese Alpha thalassemia

Eskimos Pseudocholinesterase deficiency

Finns Congenital nephrosis
Aspartylglucoseaminuria

Japanese Acatalasia

Oguchi disease
Mediterranean (Italians, Betha thalassemia
Greeks, Arabs) Familial Mediterranean Fever

G6PD deficiency

The most common autosomal recessive disorder in the
white Caucasian population is Cystic Fibrosis, with a carrier
frequency of 1 in 22. The gene for cystic fibrosis has been
mapped to human chromosome 7p, mutations specific to differ-
ent ethnic groups have been identified and molecular screening
to identify carriers of cystic fibrosis or prenatal diagnosis of af-
fected fetuses is increasingly used in clinical setup.’®~>* Other
autosomal recessive disorders in which screening of carriers is
used in clinical practice include Canavan, Gaucher (type A),
and « 1 -antitrypsin deficiency.

The following criteria are characteristic of autosomal re-
cessive inheritance:

1. The disorder usually appears only in siblings of an affected
case (horizontal pattern of the pedigree). Both parents and
offspring (if any) are obligatory carriers, but clinically un-
affected (Fig. 1-6).

2. With mating of 2 carriers, each male or female offspring
has a 1 in 4 chance of being affected. Half the siblings
of an affected individual will be carriers, like the parents,
and one fourth will not carry the trait. Thus, two thirds of
healthy siblings of an affected person are phenotypically
normal but carry the trait.

3. Transmission in consecutive generations is rare and is con-
fined to matings between affected and carrier or affected
individuals. In the latter situation, all offspring will be
affected.

4. Consanguinity and inbreeding increase the frequency of
rare autosomal recessive traits.

All humans are heterozygous for 3 to 5 lethal equivalents—
disorders that would have been lethal if appearing in
the homozygous state. This may account for the in-
crease in perinatal mortality and morbidity associated with
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only 1 X chromosome. Thus, males are said to
be hemizygous in respect to X-linked genes.
2. Women have only 1 active X chromosome, the
other being inactivated in the early female em-
bryo (the Barr body). Thus, a woman heterozy-
gous for an X-linked gene is an actual mosaic,
with the abnormal allele active in about half
of her cells.”>% The inherited allele on the X

O

chromosome will always be active in the hem-
izygous male.

The characteristic pattern of X-linked inheri-
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tance is oblique (Fig. 1-7), the disease frequently
affecting a boy and his maternal uncle. The
following model is suggestive of X-linked in-
heritance:

FIGURE 1-6 Autosomal recessive pedigree.

consanguineous marriages or mating within inbred popu-
lations or genetic isolates.

DISORDERS INHERITED IN LINKAGE TO THE
SEX CHRONVIOSOMES
For practical purposes, sex-linked inheritance refers mainly to
genetic disorders carried on the X chromosome, since the Y
chromosome contains only a scarce amount of genetic informa-
tion (mainly regarding the size of teeth and testes differentia-
tion). For Y-linked inheritance only male-to-male transmission
is observed and only males are affected.

X-linked inheritance patterns are influenced by 2 major
factors:

1. Women have 2 X chromosomes and can be homozygous
or heterozygous to genes on the X. In contrast, males have

»

1. Male-to-male transmission is never observed,
since a father does not transmit the X chromo-
some to his sons.

Unaffected males do not transmit the affected phenotype
to offspring of either sex.

Males are usually affected more severely than females. In
X-linked dominant disorders, females tend to be affected
twice as frequently (but less severely) than males.

All the daughters of an affected male will carry the abnor-
mal gene (and will express it, if dominant).

A carrier mother will transmit the mutated gene to half of
her offspring, of either sex.

The proportion of carrier mothers is positively associ-
ated with the severity of the condition. Thus, for disorders
that are always lethal in early childhood (e.g., Duchenne
Muscular Dystrophy) about a one third of cases are caused
by new mutations.
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FIGURE 1-7 X-linked pedigree.
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TABLE GENETIC DISORDERS WITH OBVIOUS
1-6 X-LINKED INHERITANCE
Color blindness

Duchene Muscular Dystrophy (DMD)
Ectodermal dysplasia

Fragile X syndrome

Hemophylia

Lesch Nyhan syndrome (HGPRT deficiency)
Lowe Oculo-Cerebro-Renal syndrome
Testicular feminization

7. On average, the age of the father of the first heterozygous
woman in the pedigree will be advanced.

It appears that the expression of the X-linked phenotype
is dependent on a “gene dosage effect.” Affected males have
only the mutant gene and express its full dosage. Carrier fe-
males are mosaic for the abnormal gene and the phenotypic
expression will depend on the amount of abnormal gene that
was inactivated in early embryonic life. In situations that do
not allow inactivation of the specific X chromosome carrying
the abnormal gene (e.g., translocation of that X on an auto-
some), women exhibit the phenotype with the same severity
as males. As with autosomal disorders, whether the phenotype
is called “recessive” or “dominant” depends on the sensitivity
of the assay. Table 1-6 lists some classic examples of genetic
disorders transmitted in linkage with the X chromosome.

The most interesting and unusual example of X-linked
inheritance in the Fragile X syndrome, delineates another
mechanism effective in the transmission of genetic disease to
offspring. This most common form of mental retardation her-
itable in linkage to the X chromosome, affects approximately
1 in 1250 males and 1 in 2000 females; the carrier frequency in
the population has been calculated as 1 in 866.%7 The clinical
phenotype, which includes an IQ of 20-50, dysmorphic facies,
and macroorchidism, is associated with a cytogenetic marker
(fragile site) on Xq27, observed in about 35-50% of cells from
affected males. A normal sibling of an affected patient may
potentially carry the abnormal gene without expressing it and
even without exhibiting the fragile site in culture, and yet may
transmit it to offspring who subsequently express the disease.>®
Inheritance data suggest that about 20% of hemizygous males
may be totally normal. Daughters of such “transmitting males”
are almost never retarded yet have a 40% risk of a mentally
retarded son and 16% risk of an affected daughter. Moreover,
mothers of “transmitting males” have only 9% risk of a men-
tally retarded son and are never themselves mentally retarded.
In contrast, mentally retarded females have a 50% risk for an
affected son and 28% risk for an affected daughter. The more
severe the mental retardation in the affected woman, the more
frequently it is associated with facial dysmorphism. When the
pedigree is analyzed, there appears to be a clustering of af-
fected individuals in more recent generations, a phenomenon
known as anticipation.
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The unusual and puzzling characteristics of inheritance
of the fragile X syndrome arise from a “dynamic” mutation:
the amplification of a repetitive sequence of 3 nucleotides
(cytosine-guanine-guanine). In normal individuals, the DNA
segment in Xq27.3 contains between 2—-60 copies of CGG.
An increase in the number of CGG repeats to 60—200 copies
is known as a premutation characteristic of normal transmit-
ting males and some normal carrier females. A premutation is
significant because, when passed to offspring, it may develop
into a full mutation (many hundreds to thousands of CGG re-
peats). Expansion to a full mutation is more common when the
premutation is maternal rather than paternal and when a male
offspring is conceived by a female carrier. The length of the full
mutation is unstable during cell division, resulting in marked
mosaicism for the number of CGG repeats in the cells of a
single individual. Persons carrying the full mutation exhibit
the whole range of the FraX/MR phenotype. Molecular testing
for clinical diagnosis of patients with mental retardation, car-
rier detection, and prenatal diagnosis has been accomplished
successfully and is more reliable than cytogenetic methods.
Prediction of phenotype is relatively straightforward in the
normal range (<50 CGG repeats) or in the premutation range
(70-200 CGG repeats). All males and 50% of women carry-
ing far more than 200 CGG copies will be affected. Predicting
the phenotype in patients carrying ~200 CGG repeats remains
problematic.

Thus, the phenomenon of anticipation and dynamic muta-
tion may explain differences in expression and in penetrance
observed in some X-linked dominant disorders as well as the
variability in clinical phenotype noted for certain genetic dis-
eases with autosomal dominant inheritance. In specific autoso-
mal dominant disorders, such as Huntington disease, the effect
of transmission by either maternal or paternal chromosome on
age of onset and severity of symptoms in offspring may be
explained by such a dynamic mutation.>”

MULTIFACTORIAL INHERITANCE

Multifactorial disorders appear to result from the combined
effect of genetic and environmental, nongenetic factors. The
additive effect of the different components, if above a specific,
though ill-defined, threshold, may interfere with developmen-
tal processes to cause congenital malformations or to unveil
a previously hidden disease. Diabetes, congenital heart de-
fects, neural tube defects, pyloric stenosis, cleft lip and palate,
and epilepsy are all examples of disorders with multifactorial
inheritance.

In Mendelian (single gene) inheritance, the risk of recur-
rence in sibs was calculated based on the odds that a specific
allele will segregate into the fertilized oocyte. Genetic contri-
bution was equal from both parents and risk for proband was not
modified by the number of affected individuals in the pedigree
or by environmental influences. With multifactorial disorders,
the risk of recurrence is based on empirical data obtained from
clinical observations and population studies. Moreover, the
population frequency of the disorder, the sex of the proband,
and the affected individual and the relationship of the proband
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TABLE RISK OF RECURRENCE FOR SOME
1-7 MULTIFACTORIAL DISORDERS
Risk to
Population First-Degree
Incidence (%) Relatives (%)
Congenital heart defects 1 2-3
VSD 0.5 2-4
ASD 0.1 3.0
Tetralogy of Fallot 0.07 3.0
Pulmonary stenosis 0.08 2.0
Pyloric stenosis® (M:F—5:1) 0.5 3-5
Duodenal ulcer 1.7 10.5
Neural tube defects 0.2 34
Cleft lip and/or palate 0.2 2-4
CDH*(F:-M—3:1) 0.5 5.0

VSD—ventricular septal defect; ASD—atrial septal defect; CDH—congenital
dislocation of hip.

“Sex predilection—the risk for relatives is higher if disorder is expressed in
member of the less commonly affected sex.

to the latter may all influence recurrence risk. The population
frequency of many of these disorders is 1%, with arisk of recur-
rence of 3—4% in first-degree relatives. Although specific re-
currence risks are available for different disorders (Table 1-7),
some common rules may apply in many such situations:

1. The risk is highest among closest relatives and decreases
rapidly with distance of relationship. The correlation
between relatives is proportional to the genes in common.
The risk is seldom increased above the risk of the general
population in third degree or more distant relatives. In con-
trast, the risk to subsequent sibs is higher when parents are
consanguineous.

2. The risk for affected siblings equals the risk of affected
offspring. Dominance and recessiveness do not generally
apply in multifactorial inheritance.

3. Recurrence risk depends on the population frequency of
the disorder; for first-degree relatives, this risk is approx-
imately the square root of the incidence of the disorder in
the population studied. The lower the population risk, the
higher the relative risk of recurrence in sibs.

4. When there is unequal sex distribution of a disorder, re-
currence risk is higher when a member of the more rarely
affected case has the disease. A common example is py-
loric stenosis, which is 5 times more frequent in males than
in females. The risk of recurrence is 3.8% for brothers of a
male index case but 9.2% for brothers of an affected female.

5. Recurrence risk is higher when more than 1 family
member is affected.

6. Recurrence risk is higher when the disease in the index
case is more severe.

The common denominator of these rules is a higher genetic
liability that is associated with increased risk of recurrence in
other family members, probably because of genes shared by the
affected individuals. A higher genetic liability (lower thresh-
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old) may be reflected by many affected members in a family,
more severe expression of the disease or members of the more
rarely affected sex being affected.’” The concept of genetic
liability is also substantiated by the association of some dis-
orders with specific HLA haplotypes—individuals with the
commonly associated HLA haplotype have a significantly
higher risk of inheriting the disorder than individuals with other
genetic makeups.5!

Environmental factors (e.g., geographic location or diet)
are also essential determinants in the occurrence of multifac-
torial disorders. A common example is neural tube defects
(NTD), a spectrum of disorders of closure of the neural crest
that include anencephaly and spina bifida. The overall inci-
dence is approximately 1 in 500 to 1 in 1000 in the United
States. Throughout the world, the prevalence of NTD is high-
est in Northern Ireland (about 8 per 1000 births) and lowest
in Japan. For couples of Irish descent that emigrated to the
United States the risk for NTD is halved. However, the risk for
NTD is doubled for Japanese couples living in Hawaii. Over-
all in the United States, the highest rate of NTD is observed
among the white Appalachian population. For any given place
there are marked differences between African and Caucasian
population.%?

Following the birth of 1 child with NTD, the risk of recur-
rent NTD in another offspring is 3% (in the United States) to 5%
(in the United Kingdom). The birth of another affected child
increases the risk of recurrent NTD in that family to 10-15%.
However, recent evidence suggests that the risk of recurrence
can be lowered significantly by preconceptual administration
of folic acid, continued until the closure of the neural tube is
completed (about 6-8 weeks gestation). In high-risk families,
diet complementation with folic acid is advocated to reduce
the risk of recurrent NTD to less than 1%.% On the other hand,
some medications (like valproic acid), maternal diabetes, or
operations performed to the mother in the first trimester® are
reported to be associated with an increased risk for NTD in
offspring. Thus, ethnic/genetic and environmental differences
may act in common in the production of NTD.

SUMMARY

Genetic diseases are a heterogenous group of disorders whose
pathophysiology can be viewed as gene malfunction resulting
in abnormal quality or quantity of the gene product. When
single genes are involved, these disorders follow strict, math-
ematical rules of inheritance. Multifactorial disorders are the
result of the interaction between genetic predisposition and ex-
ternal (environmental) factors and their inheritance is based on
empirical observations. Chromosome anomalies can be viewed
as a generalized effect of multiple gene dosage abnormalities,
resulting in a pattern of mental and growth retardation and
developmental defects of some organ systems specific to the
chromosome involved. In many cases these defects will be
lethal in the perinatal period.



16

References

11.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

. Delhanty JDA, Handyside AH. The origin of genetic defects in the

human and their detection in the preimplantation embryo. Human
Reproduction Update. 1995;1:201-215.

. Tjio HJ, Levan A. The chromosome number of man. Hereditas.

1956;42:1.

. Down JLH. Observations of an ethnic classification of idiots. Clin-

ical Lecture Reports, London Hospital 1866;3:259.

. Lejeune J, Gauthier M, Turpin R. Etude des chromosomes soma-

tiques de neuf enfants mongoliens. Cr Acad Sci Paris. 1959;248:
1721.

. Smith HO, Wilcox KW. A restriction enzyme from Hemophilus

Influenza; 1. Purification and general properties. J Mol Biol. 1970;
51:393.

. Kelly TJ Jr, Smith HO. A restriction enzyme from Hemophilus

Influenza; 1I. Base sequence of the recognition site. J Mol Biol.
1970;51:396.

. Southern EM. Detection of specific sequences among DNA frag-

ments separated by gel electrophoresis. J Mol Biol. 1975;98:
503.

. Hsu LYF. Prenatal diagnosis of chromosome anomalies. In: Genetic

Disorders and the Fetus. 2nd ed. New York and London: Plenum;
1986: 115-183.

. Hook EB. Rates of chromosomal abnormalities at different maternal

ages. Obstet Gynecol. 1981;58:292.

. Juberg RC. Origin of chromosomal abnormalities. Evidence for

delayed fertilization in meiotic nondisjunction. Hum Genet. 1983;
64:122.

Jongbloet PH, Mulder AM, Hamers AJ. Seasonality of preovulatory
nondisjunction and the etiology of Down syndrome. Hum Genet.
1982:62:134.

. Eggerman T, Nothen MM, Eiben B, et al. Trisomy of human chro-

mosome 18. Molecular studies on parental origin and cell stage of
nondisjunction. Human Genet. 1996;97:218-223.

Fisher JM, Harvey JF, Morton NE, et al. Trisomy 18. Studies of
the parent and cell division of origin and the effect of aberrant re-
combination on nondisjunction. Am J Hum Genet. 1995;56:669—
675.

Martin RH, Rademaker AW. The effect of age on the frequency of
sperm chromosomal abnormalities in normal men. Am J Hum Genet.
1987;41:484.

Emanuel BS. Molecular cytogenetics toward dissection of the con-
tiguous gene syndromes. Am J Hum Genet. 1988;43:575.
Warburton D. Chromosomal causes of fetal death. Clin Obstet Gy-
necol. 1987;30:268.

Williamson RA, Weiner CP, Patil S, et al. Abnormal pregnancy
sonogram. Selective indication for fetal karyotype. Obstet Gynecol.
1987,69:15.

. Platt LD, DeVore GR, Lopez E, et al. Role of amniocentesis in

ultrasound detected fetal malformations. Obstet Gynecol. 1986;68:
153.

Boyers SP, Diamond MP, Lavy G, et al. The effect of polyploidy on
embryo cleavage after in vitro fertilization in humans. Fertil Steril.
1987;48:624.

O’Brien WF, Knuppel RA, Kousseff B, et al. Elevated maternal
serum alpha-fetoprotein in triploidy. Obstet Gynecol. 1988;71:994.
Hall JG. Genomic imprinting. Review and relevance to human dis-
eases. Am J Hum Genet. 1990;46:857.

Golbus MS, Bachman R, Wiltse S, et al. Tetraploidy in a liveborn
infant. J/ Med Genet 1976;13:329.

Scarbrough PR, Hersh J, Kukolich MK, et al. Tetraploidy. A report
of three liveborn infants. Am J Med Genet. 1984;19:29.

Walker S, Lee CY, Gregson NW. Polyploidy in cells cultured from
amniotic fluid. Lancet. 1970;2:1137.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

SECTION | Genetics & Reproductive Risks

Tegenkamp PR, Hux CH. Incidence of tetraploidy as related to am-
niotic fluid cell types. Am J Obstet Gynecol. 1974;120:1066.
Godsen C, Rodeck CH, Nicolaides KH. Fetal blood sampling in
the investigation of chromosome mosaicism in amniotic fluid cell
culture. Lancet. 1988;1:613.

Warburton D, Kline J, Stein Z, et al. Monosomy X. A chromoso-
mal anomaly associated with young maternal age. Lancet. 1980;1:
167.

Hassold T, Benham F, Leppert M. Cytogenetics and molecular anal-
ysis of sex chromosome monosomy. Am J Hum Genet. 1988;42:
534.

Kalousek DK, Barrett 1J, McGillivray BC. Placental mosaicism
and intrauterine survival of trisomies 13 and 18. Am J Hum Genet.
1989;44:338.

Snijders RJM, Schire NJ, Nicolaides KH. Maternal age and gesta-
tional age specific risk for chromosomal defects. Fetal Diagn Ther.
1995;10:356-367.

Hsu LYF, Kaffe S, Perlis TE. Trisomy 20 mosaicism in prenatal
diagnosis. A review and update. Prenat Diagn. 1987;7:581.

Bell JA, Pearn JH, Smith A. Prenatal cytogenetic diagnosis, amni-
otic cell culture Vs chorionic villus sampling. Med J Aust. 1987,
146:27.

Wright DJ, Brindley BA, Koppitch FC, et al. Interpretation of chori-
onic villus sampling laboratory results is just as reliable as amnio-
centesis. Obstet Gynecol. 1989;74:739.

Phillips OP, Tharapel AT, Lerner JL, et al. Risk of fetal mosaicism
when placental mosaicism is diagnosed by chorionic villus sam-
pling. Am J Obstet Gynecol. 1996;174:850-855.

Kalousek D. The role of confined chromosomal mosaicism in
placental function and human development. Growth, Genetic &
Hormones. 1988;4:1.

Stioui S, Silvestris M, Molinari A, et al. Trisomic 22 placenta in
a case of severe intra uterine growth retardation. Prenat Diagn.
1989;9:673.

Jacobs PA. The epidemiology of chromosome abnormalities in man.
Am J Epidemiol. 1977;105:180.

DeWald GW, Michels VV. Recurrent miscarriages. Cytogenetic
causes and genetic counseling of affected families. Clin Obstet Gy-
necol. 1986;29:865.

Boue A, Gallano P. A collaborative study of the segregation of in-
herited chromosome structural rearrangements in 1356 prenatal di-
agnoses. Prenat Diagn. 1984;4:45.

Petrosky DL, Borgaonkar DS. Segregation analysis in reciprocal
translocation carriers. Am J Med Genet. 1984;19:137.

Warburton D. Outcome of cases of de novo structural rearrangements
diagnosed at amniocentesis. Prenat Diagn. 1984;4:69.

Hook EB, Schreinmachers DM, Willey AM, et al. Rates of mu-
tant structural chromosome rearrangements in human fetuses. Data
from prenatal cytogenetic studies and associations with mater-
nal age and mutagen exposures. Am J Hum Genet. 1983;35:
96.

King CR. Prenatal diagnosis of genetic disease with molecular ge-
netic technology. Obstet Gynecol. Survey. 1988;43:493.
ThompsonJS, Thompson MW. The molecular structure and function
of chromosomes and genes. In: Thompson JS, Thompson MW, eds.
Genetics in Medicine, 4th ed. Philadelphia: WB Saunders; 1986:
27-43.

Razin A, Cedar H. DNA methylation in eukaryotic cells. Int Rev
Cytol. 1984;92:159.

Gehring WJ. Homeotic genes, the homeobox and genetic control
of development. Cold Spring Harbor Symp Quant Biol. 1985;50:
243.

McKusick VA, ed. Mendelian inheritance in man, 8th ed. Baltimore:
Johns Hopkins University Press; 1989.

Hayden MR, Kastelein JJP, Wilson RD, et al. First trimester pre-
natal diagnosis for Huntington’s disease with DNA probes. Lancet.
1987;1:1284.



CHAPTER 1

49.

50.

51.

52.

53.

54.

55.

56.

57.

Principles of “Classic” Genetics

Ben Yoseph Y, Pack BA, Thomas PM, et al. Maternal serum Hex-
oseaminidase A in pregnancy. Effects of gestational age and fetal
genotype. Am J Med Genet. 1988;29:891.

Gilbert F, Tsao KL, Mendoza A, et al. Prenatal diagnostic options
in cystic fibrosis. Am J Obstet Gynecol. 1988;158:947.

Nugent CE, Gravius T, Green P, et al. Prenatal diagnosis of cystic
fibrosis by chorionic villus sampling using 12 polymorphic DNA
markers. Obstet Gynecol. 1988;71:213.

Witt DR, Schaefer C, Hallam P, et al. Cystic fibrosis heterozygote
screening in 5161 pregnant women. AmJ Hum Genet. 1996;58:823—
835.

Tambor ES, Bernhardt BA, Chase GA, et al. Offering cystic fibro-
sis carrier screening to an HMO population factors associated with
utilization. Am J Hum Genet. 1994;55:626-637.

Bekker H, Denniss G, Modell M, et al. The impact of popula-
tion based screening for carriers of cystic fibrosis. J Med Genet.
1994;31:364-368.

Lyon MFE. X-chromosome inactivation and the location and expres-
sion of X-linked genes. Am J Hum Genet. 1988;29:891.

Lyon MF. Gene action in the X-chromosome of the mouse. Nature
1961;190:372.

Nussbaum RL, Ledbetter DL. The Fragile X Syndrome. In: Scriver

58.

59.

60.

61.

62.

63.

64.

17

CR, Beaudette AL, Sly WS, Valle D, eds.The metabolic and molecu-
lar bases of inherited disease, Tth edition. New York: McGraw-Hill;
1995:795-810.

Weaver DD, Sherman SL. A counseling guide to the Martin Bell
syndrome. Am J Med Genet. 1987;26:39.

Hayden MR, Kremer B. Huntington disease. In: Scriver CR,
Beaudette AL, Sly WS, Valle D, eds. The metabolic and molecular
bases of inherited disease, 7th edition. New York: McGraw-Hill;
1995:4483-4510.

Harper PS. Genetic counseling in non Mendelian disorders. In: Prac-
tical genetic counseling, 2nd ed. Wright, Bristol;1984.

Bodmer WF. The HLA system and disease. JR Coll Physicians.
1980;14:43.

Holmes LB. The health problem: Neural tube defects. In: Mater-
nal serum alpha-fetoprotein. Issues in the prenatal screening and
diagnosis of neural tube defects. Washington, DC: US Government
Printing Office; 1981: 1-4.

Milunsky A, Jick H, Bruell Cl, et al. Multivitamin/ Folic acid sup-
plementation in early pregnancy reduces the prevalence of neural
tube defects. JAMA 1989;262:2847.

Kallen B, Mazze RI. Neural tube defects and first trimester opera-
tions. Teratology. 1990;41:717.



This page intentional ly left blank



CHAPTER

EPIDEMIOLOGY OF ANEUPLOIDY

2

Howard S. Cuckle / Svetlana Arbuzova

Aneuploidy is a common event in pregnancy with a wide spec-
trum of medical consequences ranging from the lethal to the
benign. Most of the affected zygotes abort spontaneously early
in the first trimester, while many abort before there are clin-
ical signs of pregnancy. Those that survive into the second
trimester also experience high late-intrauterine mortality and
an increased risk of infant death. Viability and clinical outcome
vary according to the genotype and this chapter concentrates on
the more common forms of aneuploidy which are sufficiently
viable and survive to term in relatively large numbers.

The most frequent of these aneuploidies is Down syn-
drome, which has a birth prevalence, in the absence of pre-
natal diagnosis and therapeutic abortion, of 1-2 per 1,000 in
developed countries. Consequently, it is considered first and
more extensive than both Edwards and Patau syndromes, which
have, respectively, about one tenth and one twentieth the
birth prevalence, and sex-chromosome aneuploidies, which are
common but relatively benign.

With the purpose of this book in mind, aspects of the epi-
demiology that relate to prenatal diagnosis and screening are
emphasized. We also show how molecular biology provides
a better understanding of the genetic abnormality in Down
syndrome. This should eventually help explain the salient epi-
demiological findings and ultimately lead to the cause of the
disorder. The principal etiological hypotheses are outlined.

NATURAL HISTORY OF DOWN SYNDROME

The life-expectancy of those born with Down syndrome to-
day is considerably greater than in the past. Precise estimates
are difficult to derive without making assumptions about the
long-term consequences of the recent improvements in mor-
tality rates among the young. A Danish study estimated an
expectancy of 46 years based on an actuarial analysis of data
from 2,466 individuals entering a national register prior to
1980.! A similar study, using the records of the Californian
State Department of Developmental Services in 1986—1991
found expectancy to relate to the degree of mental disability;>
55 years for mild or moderate, 48 for severe and 42 for pro-
found disability. An actuarial analysis was performed using
data on the 1,610 births registered up to 1981 in the British
Columbia Health Surveillance Register.> There was a plateau
in the survival curve lasting into the mid 1940s when mortality
began to increase markedly. Morbidity has also been improved
in recent decades through more effective treatment of associ-
ated cardiac, digestive and respiratory symptoms.

Increased survival has placed an even greater burden on
those responsible for the educational and social services for
individuals with mental disability. Down syndrome remains
the most common known cause of severe mental handi-
cap. For example, during the late 1970s, a survey among
handicapped young adults in 3 London boroughs found that

20% had Down syndrome.* The second largest group with a
known cause were the 4% who had cerebral palsy. In addi-
tion to the mental handicap, many affected adults may expe-
rience cognitive deficits due to pathological changes in the
brain normally associated with Alzheimer disease. However,
although Alzheimer-like changes are common in the brains
of young people with Down syndrome, it is not inevitable
that they will develop the clinical disease, and when demen-
tia does occur it is not until middle age. The prevalence of
the disorder in Down syndrome is difficult to determine as
there are no standardized criteria for dementia in individuals
with mental disability. A study from New York State has used
operational definitions in an attempt to overcome this lack of
standardization.’ State-wide information systems were used to
investigate 2,534 affected individuals and over 16,000 controls
with other forms of mental disability. Dementia was defined in
terms of declining adaptive behavior. No excess in dementia
was seen until age 50. Thereafter, depending on the criteria
used, the relative risk compared with controls was 1.7-3.2 at
ages 51-60 and 2.7-8.3 at 61-70. In the oldest group the preva-
lence of dementia was 50% using the most lenient criteria and
15% for the most severe.

GENETICS

In the absence of prenatal diagnosis and selective termination
of affected pregnancies Down syndrome occurs in about 1.5
per 1,000 births. In 95% of cases there is non-disjunction of
chromosome 21, in 4% a Robertsonian translocation, mostly
t(14;21) or t(21;21), and 1% are mosaic.® Recent technical ad-
vances in molecular biology provide tools for a better under-
standing of the genetic abnormality. This development helps
to explain some of the salient epidemiological findings and in
the future may aid in elucidating the etiology.

In cases of apparently non-mosaic free trisomy 21, pericen-
trometric DNA polymorphisms have been used to determine
which parent was the source of the additional chromosome.
In the largest series, 724 affected individuals and their parents
were tested: 89% of errors were in the mother, 9% the father
and 2% had post-zygotic mitotic nondisjunction.” These meth-
ods also reveal whether the error occurred in the first stage of
meiosis (MI) or the second (MII); heterozygous chromosomes
implying MI and homozygous MII nondisjunction. In about
three quarters of the maternal and half the paternal cases the
error was in ML

Similar methods have shown that trisomy 21 nondisjunc-
tion is associated with altered recombination. The initial re-
port of this phenomenon indicated that recombination was
reduced.® but further studies have shown that the association
is complex.” ! In the MI cases the generated genetic linkage
map is markedly shorter-than-the normal female map, thus in-
dicating a reduction in recombination. There is also an altered

Copyright © 2006 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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distribution of exchanges, so that the reduction is primarily
confined to the proximal region of 21q. In contrast, MII cases
have a longer-than-normal map with recombination increased
near the centromere. One conclusion drawn by the authors of
these studies is that 3 configurations render the chromosome
susceptible to nondisjunction: absence of chiasmata, distal re-
combination in MI and proximal recombination in MII. This
leads to the suggestion that all maternal nondisjunction could
be the result of events occurring in MI, whereas the apparent
MII error is a consequence of increased proximal recombina-
tion in MI.

Molecular studies have now been performed on large num-
bers of oocytes and sperm as part of assisted reproduction.
Aneuploidy occurs more often in oocytes than sperm, although
there are methodological problems in the interpretation of such
data.!’ In aneuploid oocytes, extra whole chromosomes are
found rarely in comparison to additional free chromatids.'> A
mechanism has been proposed that would account for this ob-
servation and explain the recombination data without recourse
to MII nondisjunction.!? The idea is that, if during a long ovar-
ian sojourn time bivalent coherence is lost, then at completion
of MI the chromosomes will become 4 single chromatids held
together only by chiasmata. At metaphase, stable orientation
along the spindle is achieved by tension between the kine-
tochores and univalent pairs will be rotated until there is a
stable reorientation. It can be predicted that distal chiasmata
will require 90-degree rotation leading to heterozygous free
chromatids, whereas univalent pairs with proximal chiasmata
will orientate normally and produce homozygous chromatids
without MII nondisjunction.

MATERNAL AGE

The most important risk factor for Down syndrome is maternal
age: birth prevalence increases rapidly with age, particularly
after age 30. Consequently, the mean maternal age in Down
syndrome births is about 5 years greater than unaffected births.
The incidence of Down syndrome among pregnancies ending
in miscarriage also increases with maternal age. The combined
results of 2 large studies, in New York and Hawaii, include
3,395 karyotyped miscarriages.'* The mean age in 92 cases
with trisomy 21 was 30.7 years of age compared with 27.0 in
chromosomal normal miscarriages.

The mean maternal age is greater in maternally derived
cases of Down syndrome than those in which there is a pa-
ternal error: for example, 31.5 compared with 28.2 years in
Hasold and Sherman.” But the mean maternal age does not
differ according to the meiotic stage of the maternal error (MI
31.3 and MII 32.1 years, in the same study) or the paternal
error (MI 27.4 and MII 27.5 years).

BIRTH PREVALENCE

The best available estimate for the risk of an affected term
pregnancy is obtained from combining data from published
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series of birth prevalence for individual years of age that
were carried out before prenatal diagnosis became common.
Four such meta-analyses have been published based on 11
different maternal age-specific birth prevalence series. The
difference between the studies was in the number of se-
ries included, method of pooling series, type of regression
equation and extent to which the maternal age ranges was
restricted.

In the first meta-analysis, all 8 series published at that time
were included with a total of 4,000-5,000 cases of Down syn-
drome and more than 5 million unaffected births.!> For each
year of age data were pooled by taking the average birth preva-
lence rate across the series weighted by the number of births.
A 3-parameter additive-exponential regression equation was
used of the form y = a + exp(b + cx) where y is prevalence
and x is age. A single regression was performed over the entire
age range and Figure 2-1 shows that it fitted the data well. In
the second study the same 8 series were included but a separate
analysis was carried out for the 2 series which the authors re-
garded to be most complete. ' Pooling was by summation of the
birth prevalence numerators and denominators. Two different
additive-exponential regression equations were used: the linear
equation above and a 5 parameter version with a cubic expo-
nential component. The maternal age range was restricted in
4 ways (ages 1549, 20-49, 15-45,20-45). The third study in-
cluded 4 series comprising the 2 “most complete” series above,
extended by more recent data and 2 newer series.!” A separate
analysis was carried out after excluding one of the new series;
pooling was by summation. Three, 5, and 6 parameter additive-
exponential regression equations were used, the last having a
quartic exponential component; there was no age restriction.
The last study included 9 series, 6 of the original 8, including
the updated data, the 2 additional series used in the third study
and another new series.'® A separate analysis was carried out
after excluding 1 of the original series. Pooling is by the use
of a weighting factor which estimates the proportional under-
ascertainment in each series. The regression analysis simulta-
neously estimates the curve parameters and this proportion. A
3-parameter logistic regression equation is used of the form
y =a+ (1 —a)/(1+ exp(—b — cx)) where a is between 0 and
1; there was no age restriction.

There is little practical difference between the 19 regression
curves published in the different meta-analyses over the 15—45
age group range. The real differences emerge at older ages; eg,
atage 50 therisksrange from 1in 5 to 1 in 18. There is no simple
way of deciding which of the curves is the most accurate since
the age-specific rates differ between the component series of
the meta-analyses. This is partly due to underascertainment
and possibly due to real underlying differences between the
populations.

Recently another curve has been published based on a se-
ries of 11,000 cases from the National Down Syndrome Cy-
togenetic Register for England and Wales (NDSCR).!? It dif-
fers significantly in the meta-analyses for older women: birth
prevalence was higher at ages 36—41 and considerably lower
after age 45. However, the results are subject to potentially
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strong bias.2 In the previous series, cases were
collected before antenatal screening and prena-
tal diagnosis became widespread, whereas 45% of
the NDSCR cases were diagnosed prenatally and
82% of these ended in termination of pregnancy.
Birth prevalence was estimated by assuming an
intrauterine survival rate following prenatal diag-
nosis derived from studies of older women. This
rate may not be applicable to women who have un-
dergone prenatal diagnosis because of biochemi-
cal and ultrasound screenings. Not only are the
women younger, but extreme levels of all screen-
ing markers are associated with nonviability and
the average marker levels of screen-detected cases
vary with age.

YOUNG WONMEN

The meta-analyses all applied regression curves
that increase monotonically with maternal
age. This would not be valid if, as has been
claimed, the prevalence of Down syndrome is rel-
atively high at young ages.?! Examination of the
observed single year prevalence in the combined

meta-analysis series does not support this claim. The preva-
lence was 0.00%, 0.06%, 0.07%, 0.06%, and 0.06%, re-
spectively, at ages 15-19 compared with 0.06%, 0.07%,
0.06%, 0.07%, and 0.08% at ages 20-24.% Error in record-
ing maternal age is the most likely explanation for the
apparent increased prevalence among very young ages in
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FIGURE 2-1 Down syndrome risk at birth according to maternal age (20—44). Ob-
served birth prevalence and fitted curve.'?

FETAL LOSS

Although Down syndrome is not associated with extremely
high intrauterine lethality, a large proportion of recognized
pregnancies with the disorder are not viable.

some studies. Down syndrome cases in which maternal

age has been under-recorded will tend to make the curve

J-shaped.

PATERNAL AGE

Maternal and paternal ages are highly correlated with relatively
little variability in the age difference between the 2 parents. As
a consequence, an extremely large number of affected couples
would have to be investigated in order to discern any indepen-
dent paternal age effect. Some studies of couples have reported
evidence for an effect in births?? and miscarriages,?> but many
others found no association with age. In a study of French donor
insemination centers, where there is a large paternal age differ-
ence between donors and recipients, a statistically significant

effect of donor age was reported.?*

If a paternal effect does exist, it is more likely to be present
in paternally derived cases. Paternal age has been examined in
a series of 67 such cases.?> The mean age was 29.5 years in 57
meiotic cases and 31.8 in 10 mitotic cases compared with 30.3
in controls. The mean age did not differ according to meiotic

stage: MI 29.2 and MII 28.2 years.

Taking the epidemiological and molecular studies together,
it can be concluded that when an effect exists it must be much

smaller than the maternal age effect.

OVERALL RATES

Studies of prenatal diagnosis are used to estimate fetal loss
rates, either by comparing the observed number of cases with
that expected from birth prevalence, given the maternal age
distribution, or by follow-up of individuals declining termi-
nation of pregnancy, using direct or actuarial survival analy-
sis. Published prevalence studies include a total of 341 Down
syndrome cases diagnosed at chorionic villus sampling (CVS)
and 1,159 at amniocentesis.?® There are 3 published follow-up
series including 110 cases diagnosed at amniocentesis>’ and a
series of 126 cases from the NDSCR which has been analyzed
according to the gestational age at prenatal diagnosis.?® How-
ever, the NDSCR study is biased, as some miscarriages may
have occurred in women who did intend to have a termination;
thus, inflating the rates. An actuarial survival analysis of the
NDSCR data has now been carried out?® which overcomes
the bias and is more data efficient, since all cases contribute to
the estimate and not just those where termination was refused.

Actual and potential heterogeneity between the various
studies precludes a grand meta-analysis to estimate the fetal
loss rates (Fig. 2-2). But an informal synthesis has been car-
ried out and has reached the conclusion that about one half of
Down syndrome pregnancies are lost after first trimester CVS
and one quarter after mid-trimester amniocentesis.>
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GENETIC RISK FACTORS

PREVIOUS DOWN SYNDROME

In a small proportion of couples the index case
will be shown to have arisen from a parental
structural chromosome rearrangement. The re-
currence risk in these couples can be quite high,
depending on the specific parental genotype. The
most frequent is a heterozygous Robertsonian
balanced translocation and, for female carriers,
the risk is great enough to dwarf the age-specific
risk at most ages. For example, among 185 am-
niocenteses in such women 15% of fetuses had
a translocation.® In contrast, male carriers of a

123456 7891

Series

011121314 1516 17 18 19 20 21 22 23

balanced translocation do not appear to have a
high risk; all 70 amniotic fluid samples in the
same study had a normal karyotype.

FIGURE 2-2 Estimates of fetal loss rate in 23 series. From the time of CVS (4) and
amniocentesis (H), by comparing observed and expected prevalence directly or from
amodel (series 16), by follow-up of observed cases that were not terminated (series

1 and 2) or by actuarial survival analysis (series 4).%°

MATERNAL-AGE SPECIFIC RATES

It is general practice to calculate the maternal age specific risk
of Down syndrome at the time of prenatal diagnosis by apply-
ing the overall fetal loss rate to the term risk. A formula has
also been published, from one of the larger prenatal diagnosis
studies, which permits the calculation to be done for individual
weeks of gestation.’!

These calculations assume that fetal loss rates do not vary
with maternal age. Since the studies used to calculate the over-
all rates are largely based on women over age 35 this assump-
tion can only be examined in older women. In the combined
results of the prevalence studies the estimated loss rate after
CVS, using the birth prevalence curve,'® was 45% for women
ages 35-39 and 47% in those ages 40 and older. For amniocen-
tesis the rates were 28% and 21%, respectively. In the com-
bined results of 3 follow-up studies, the mean maternal age
for 29 pregnancies ending in fetal loss was 38.7; for 70 live
births it was 39.0; and in 11 cases age was not available.?’
The fourth follow-up study, based on NDSCR data, includes
younger women, since many prenatal diagnoses were carried
out due to biochemical and ultrasound screening. The gesta-
tion standardized mean age for cases diagnosed at 14-21 weeks
was 37.5 for 44 fetal deaths and 36.3 for 54 live births (from
reference 28).

Thus, the available data do not contradict the assumed
lack of correlation between age and Down syndrome viability.
Nevertheless, in view of the strong correlation between age
and miscarriage in the population,3? the working assumption
should be regarded as tentative and needs to be kept under
review.

If a woman has had a previous pregnancy
with Down syndrome and the additional chro-
mosome 21 was noninherited there is still an
increased risk of recurrence. The increase has
been estimated at 3 points in pregnancy. In an
unpublished study of more than 2,500 women
who had first trimester invasive prenatal diagnosis because
of a previous affected pregnancy, the Down syndrome
incidence was 0.75% higher than that expected from the
maternal-age distribution (Kypros Nicolaides, personal com-
munication). Similarly, a meta-analysis of 4 second trimester
amniocentesis series totaling 4,953 pregnancies found an ex-
cess of 0.54%.3* A meta-analysis of 433 live births had 5 re-
currences, an excess risk of 0.52%.% The weighted average
of these rates, allowing for fetal losses is 0.77% in the first
trimester, 0.54% in the second and 0.42% at term. Examina-
tion of the data suggests that the excess is similar at different
ages, so the excess can be added to the age-specific risk ex-
pressed as a probability. The recurrence risk is relatively large
for young women, but by the age of 40 it is not materially
different from the risk in women without a family history (see
Fig. 2-3). Those with a previous Down syndrome pregnancy
also have an increased risk of other types of aneuploidy and
neural tube defects.?

MULTIPLE RECURRENCE

The recurrence of Down syndrome in older women may be
due to chance alone but in young women it is more likely to
have a genetic cause. Apart from a parental structural chromo-
some rearrangement, mosaicism may be involved. In a study
of 13 families with recurrent free trisomy 21, for example, 5
were shown to involve parental mosaicism.>” Even when there
is no obvious mosaicism the possibility remains of low level
mosaicism confined to the gonads which may be revealed by
the use of molecular techniques. In 1 study this approach was
used to demonstrate low level maternal mosaicism in 2 cou-
ples under 35 years of age, whereas no genetic cause was found
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for the recurrence in 2 older couples.®® A seri-
ous criticism of all published mosaicism studies
is the studies did not include controls from unaf-
fected families. Studies of pre-implantation em-
bryos show that mosaicism is not a rare event.>

There are 14 case reports of families with either
2 Down syndrome cases or 1 Down and another
aneuploidy in which there were different repro-
ductive partners in the parental or grand-parental
generation.** In every case recurrence was on the
maternal side, except for 1 from a highly inbred
population. This suggests the inheritance of a cy-
toplasmic factor.

POLYNVIORPHISMS

The €4 allele of the apolipoprotein (apo) E gene is
associated with Alzheimer’s disease, both sporadic
and familial. Allele frequency in parents of Down
syndrome children has been investigated because
of the excess risk of this disease in affected fami-
lies. In a series of 188 Danish cases there was no
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FIGURE 2-3 Recurrence risk according to maternal age. Rate of recurrence observed
at amniocentesis compared with curves for incidence at amniocentesis with and
without an additive 0.54% risk.**

overall difference in the allele distribution com-
pared to a control population.*’ However, a signif-
icantly increased frequency of the €4 apoE allele
was found in young mothers with MII errors.

Abnormal folate and methyl metabolism can lead to
DNA hypomethylation and abnormal segregation, which has
prompted the investigation of maternal polymorphisms in
genes involved in folate metabolism. The common 677C—T
polymorphism in the 5,10-methylene-tetrahydrofolate reduc-
tase (MTHFR) gene has been reported to occur more frequently
than usual in the mothers of children with Down syndrome,‘“'42
but this is not a consistent finding.**~*® An increased frequency
of the 66A— G polymorphism in the methionine synthase re-
ductase (MTRR) gene was found in 2 studies.*>* Both studies
also tested MTHEFR alleles in the same women and found that
a combination of the 2 mutations conferred a higher risk than
either mutation alone.

REPRODUCTIVE RISK FACTORS

PARITY

A number of studies have reported that women of higher parity
are at increased Down syndrome risk, while others have failed
to confirm such an effect. Most studies either took no account
of maternal age or allowed for this co-variable by stratifying
the data into broad age groups. However, given the exponential
increase in risk after age 30, if stratification is too broad, then
residual confounding will remain. Only 3 studies controlled for
single-year of maternal age: 2 reported a significant association
between Down syndrome risk and parity;*”*® the third did
not.*’

An additional problem of interpretation in this area is
that the acceptability of prenatal diagnosis and termination of
pregnancies affected by Down syndrome declines with parity.
Therefore, analyses which are restricted to births, excluding
terminations, are biased towards a positive effect. It is note-
worthy that of the 3 fully age-controlled studies only the nega-
tive study included terminations.*’ In an attempt to overcome
this bias 1 of the positive studies performed a secondary anal-
ysis after excluding pregnancies where the birth certificate re-
ported that amniocentesis had been carried out.* This resulted
in a reduction of the original effect so that it was no longer sta-
tistically significant. Moreover, it is known that on US birth
certificates the procedure of amniocentesis is only mentioned
on roughly half of the pregnancies where the procedure is ac-
tually performed. Had complete information been available, it
is likely that the effect would have been further reduced. Thus,
there is no unbiased information confirming an association
with parity.

ASSISTED REPRODUCTION

The risk of Down syndrome does not appear to be greater
in pregnancies achieved by assisted reproduction technology
than in naturally conceived pregnancies. The prevalence in the
combined data from 4 age-matched or age-standardized studies
of in vitro fertilization (IVF) was 0.23% (i.e., 32 cases). This
result was similar to the weighted average rate of 0.21% in
the controls.’®™33 Less data are available on intracytoplasmic
sperm injection. In 2 studies the combined prevalence was
0.32% (7 cases) compared with, 0.24%, the rate expected from
the average maternal age and gestation of diagnosis.**> Two
studies were able to compare the prevalence with a standard
IVF series and no difference was found.>%>’
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When calculating the age-specific risk of Down syndrome
in pregnancies achieved by IVF, whether conventional or using
ICSI, care is needed concerning the maternal age. If a donor
egg was used, then the maternal age at term must be calculated
from the age of the donor at the time of sampling plus 266
days—the time from conception to term. A similar calculation
is done if the woman’s own egg was used and it was frozen
after sampling. These calculations assume that risk relates to
the age of the donor rather than the recipient and that storage
has no effect on risk.

FURTHER REPRODUCTIVE FACTORS

Several studies have claimed an association between reduced
frequency of coitus and Down syndrome risk: for a review of
this subject see Martin-DeLeon et al.® Some of the evidence is
direct—based on interviews of parents, but much of it is sim-
ply by inference. Thus, infrequent coitus has been suggested to
underlie occasional reports of the increased Down syndrome
frequency in illegitimate births, long marriage, long interval
between births and among Catholics, who are assumed to be
using the ovulatory method of contraception. More recently, a
study in Jerusalem found a higher Down syndrome prevalence
in orthodox Jewish couples compared with the nonreligious
population.’® Again infrequent coitus was evoked to explain
this result, since orthodox Jews delay coitus until 7 days af-
ter the end of the menses at which time there is a religious
obligation to resume sexual activity.

‘Women who have pregnancies affected by Down syndrome
experience an early menopause. The evidence for this is pre-
sented below (see “Premature ovarian ageing hypothesis” sec-
tion). In 1 study, use of oral contraceptive was reported to con-
fer increased Down syndrome risk, but this was not confirmed
in 3 further studies.%” Similarly, although an early menarche,
a previous miscarriage and consanguinity have been reported
to increase risk, yet this has not been found consistent and
until further studies are conducted, these variables cannot be
regarded as risk factors.

GENERAL RISK FACTORS

TWINS

On theoretical grounds the prior risk of Down syndrome per
twin pregnancy should be greater than the risk in singleton
pregnancies. Since there are 2 fetuses, the probability of the
second being affected is independent of the first and the risk
that at least 1 twin is affected would be double that of sin-
gletons. In fact the risk will be somewhat less than double
because monozygous twins will be concordant for Down syn-
drome so reducing the overall risk. Theoretical age-specific
risks have been published for US Caucasians and African-
Americans ages 25-49, based on the observed total twinning
rates that increase with age and a monozygous twinning rate
assumed to be independent of age.%! Applying twin risks to
US Caucasians for a single year maternal age distribution in
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England and Wales in 2000%? yielded an overall risk for twins
1.88 times greater than the risk for singletons.

However, the observed prevalence of Down syndrome in
twin pregnancies is much less than the theoretic calculations
predict. A meta-analysis of 5 cohort studies (4 are cited in
Wald et al.®® and a more recent report in Doyle et al.**) in-
cludes a total of 106 twins with Down syndrome. The overall
prevalence was only 3% greater than in singletons. None of the
studies was stratified for maternal age and, therefore, this small
increase in the crude Down syndrome prevalence rate among
twins implies a reduction in the age-specific prevalence rate.
Until there is a more precise estimate of age-specific preva-
lence rates it is probably best to assume that the prior term
risk for twins does not differ from that of singletons. The prior
risk during pregnancy is even more problematic. The discrep-
ancy between the observed crude rate and that expected from
theoretical calculations may be accounted for by a particularly
high intrauterine lethality for affected twins. Consequently, the
prior risk of Down syndrome in twins at the time of prenatal
diagnosis may be much higher than for singletons. There is
insufficient published data to clearly judge this at present.

ETHNIC ORIGIN

Those studies with single year of age prevalence rates used
to estimate maternal age-specific risk of Down syndrome are
based almost entirely on women of European origin. How-
ever, there are many individual reports of relatively high or
low birth prevalence in other ethnic groups. Some are from
countries without reliable systems for collecting information
on the maternal date of birth, but 36 studies covering 49 popu-
lations provided sufficient detail and reliable age information
to be entered into a meta-analyis.®> An age-standardized in-
dex was computed, dividing the observed number of Down
syndrome cases by the expected number obtained by applying
the age-specific risk curve to the distribution of maternities.
Figure 2-4 shows the results. There are two groups with some
evidence for rates greater than Europeans. These are women
of Mexican and Central American descent living in California
(standardized indices 1.19 and 1.30 in 2 studies) and Israeli
Jews of Asian or African origin (1.27). The standardized in-
dices were markedly reduced in some populations, including
3 studies in African women, but the authors conclude that this
is likely to be due to incomplete ascertainment.

SMOKING

Several early studies reported that smoking was less common
in the mothers of infants with Down syndrome, but the latest
meta-analysis of 17 published studies failed to find a significant
association.®® Smoking habits are subject to strong birth cohort
effects, so it is important to take full account of maternal age.
Some of the early studies either did not take account of age
or stratified the data using broad age bands, which may not
be adequate. This was demonstrated in 1 study which found a
relative risk of 0.87 with broad age grouping, 0.89 adjusting
for additional variables and 1.00 when age adjustment, with
additional variables, was in single years.%
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One of the studies also categorized subjects
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data, including over 300 affected pregnan-
cies, the rate of vaginal bleeding was 1.7-fold
higher in pregnancies with Down syndrome
than unaffected pregnancies. Since vaginal
bleeding is associated with miscarriage, it is
possible that the excess relates to nonviable pregnancies. How-
ever, in 3 studies restricted to term pregnancies the effect was
still present, and in a large study of pregnancies ending in sec-
ond trimester spontaneous abortion the rate of first trimester
bleeding was no higher in chromosomally abnormal fetuses
than in those with a normal karyotype.”’

MEDICAL, PERSONAL, AND
ENVIRONNMENTAL FACTORS
Several studies have shown that the mothers of children with
Down syndrome have either frank thyroid disease or elevated
thyroid antibody titers.”! It is unclear whether the disease pro-
cess is present before delivery of the affected pregnancy.
Increased risk of Down syndrome has also been related
to environmental agents such as fluoride, ionizing radiation,
and solar activity as well as personal factors including medical
X-rays, premature ageing, grandparental age, dermatoglyph-
ics, and occupation. However, these effects are either small,
confounded by maternal age, potentially biased, or they have
not been observed consistently. Similarly, reports of variations
in prevalence over time, according to the season of conception
and geographical clustering, have not been confirmed.

RISK SCREENING

Multi-marker antenatal screening for Down syndrome is now
widespread and beginning to have an impact on birth preva-
lence. Screening uses epidemiological findings for the inter-
pretation of test results and allowance for covariables when
calculating marker levels.

FIGURE 2-4 Relative risk according to ethnic origin. Maternal age-standardized
index in 49 study populations: European (m), African (a), Latin-American (),
Asian (e), Jewish (®) and mixed (4).%°

TEST INTERPRETATION

It can be shown statistically that the optimal way of interpret-
ing the multi-marker profile is to estimate the risk of Down
syndrome from the marker levels.”” This is done by modifying
the prior risk that attained before testing, by a factor known
as the “likelihood ratio” derived from the marker profile, and
then comparing the posterior risk with a fixed cut-off risk. If
the posterior is greater than the cut-off risk, then the result
is regarded as ‘“‘screen positive,” otherwise it is “screen neg-
ative.” This approach will yield a higher detection rate for a
given false-positive rate than any other method of test inter-
pretation. It also provides a way of encapsulating the result for
the purposes of counseling. The method is optimal even if a
single marker is used and whether the marker is physical or
biochemical.

The prior risk of Down syndrome can be expressed as a
probability, say p, or a rate of 1 in 1/p and needs to be con-
verted into an odds of p:(1 —p). The posterior risk is calculated
by multiplying the left hand side of the odds by the likelihood
ratio from the marker profile (x) and the result re-expressed
as the rate of 1 in 1 4 (1 — p)/px or the probability px/(1 +
plx — 1]). The prior risk can relate to the chance of having
an affected term pregnancy or the chance of the fetus being
affected at the time of testing. In so far as the aim of screening
is to reduce birth prevalence the former is more appropriate.
However, screening is also about providing women with infor-
mation on which to base an informed decision about prenatal
diagnosis and, therefore, it can be argued that the latter is more
relevant.

This calculation assumes that the marker levels and age are
independent determinants of risk. When risk is given at the time
of the test there is the additional assumption that the marker



26

levels are unrelated to the probability of intra-uterine survival.
There is no strong evidence against this, as we have pointed
above out in relation to estimating prevalence from screening
studies, extreme values of some markers are associated with
reduced viability.

ALLOWING FOR COVARIABLES

The levels of all markers currently being used in biochemi-
cal or ultrasound screening vary with gestational age. In twin
pregnancies the median level of every maternal serum marker
is about double that in singletons. All the serum markers inves-
tigated so far have shown a tendency to decrease with increas-
ing maternal weight: presumably due to a fixed mass of fetal
product diluted in a variable blood volume related to maternal
body mass. Some of the biochemical markers are also influ-
enced by maternal smoking, gravidity, ethnic origin, assisted
reproduction, and vaginal bleeding.

Of the known covariables gestational age and the presence
of twins have a major impact on the discriminatory power of
the test. However, all variables can markedly change the risk
for an individual woman. Thus, while allowance for gestation
and twins is mandatory, most centers also adjust serum marker
levels for maternal weight and some take account of the other
covariables.

‘When allowance is made for a co-variable, care is needed to
avoid any possible confounding. If the variable is related to the
risk of Down syndrome, and when markers are adjusted, then
the appropriate prior risk should be used in the risk calculation.
From the above, calculating the risk for variables of twins
and vaginal bleeding would require this modification, while
other variables do not. Furthermore, the standard prior risk
may be used in conjunction with maternal weight adjustment.
In the only study of maternal weight and Down syndrome the
median weight in 51 cases did not differ from that in over 3,000
unaffected controls.®

GESTATIONAL AGE

Gestation can be allowed for either by the use of multiples
of the gestation specific median (MoMs), deviations from the
median, or by taking the ratio between more than one gestation
dependent marker. However, none of these methods of adjust-
ment avoid the effect of errors in gestational assessment. Small
errors can have a disproportionate effect on the estimated risk
of Down syndrome. In practice there are several strategies to
minimize error in estimating risk with the intention of increas-
ing detection rate, reducing the false-positive rate or both. One
strategy is to organize services so that all women have an ultra-
sound dating scan prior to screening. However, some centers
can only ensure that this is done for those with uncertain dates,
pill withdrawal periods and irregular or long cycles. Some cen-
ters use only dates to calculate marker levels, but reinterpret
the result when a scan is eventually done. However, in practice,
those with positive screening results are more likely to have a
reinterpretation than negative screenings. Due to “regression
to the mean” this leads to a large reduction in the false-positive
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rate, and also means a reduction in detection. One way of avoid-
ing this bias is to ensure that borderline negative results are also
reinterpreted. Another approach, adopted by many centers, is
to reclassify a positive result as negative only if the gestational
correction is large (say 2—3 weeks or more).

All of these strategies assume that the ultrasound result is
unbiased. This would not be the case if, in pregnancies with
Down syndrome, the average gestational age based on the scan
differed from the menstrual gestation. A bias could be benefi-
cial or detrimental depending on the direction of bias and the
markers used. With the current most used marker combinations
a negative bias will reduce detection.

The short stature associated in children with Down syn-
drome is reflected in utero by short femur lengths measured by
ultrasound. Thus, if these biometric measurements were to be
used to estimate gestation there would be negative bias. Infants
with Down syndrome are growth retarded at term;”* therefore
it is possible that biometric measures in early pregnancy may
be reduced. An international multi-center collaborative study
has investigated possible bias in 2 main biometric measures
of gestation—crown-rump length and biparietal diameter.”* In
55 case-control sets using the former and 146 the latter the
median difference in measurements was O for both biomet-
ric measures. Therefore, provided the measurement of femur
length is avoided, ultrasound should not seriously bias screen-
ing results.

ETIOLOGICAL HYPOTHESES

The risk factors highlighted by epidemiological study, partic-
ularly the maternal age effect, have given rise to a number of
etiological hypotheses. In this section we briefly outline those
that are either most plausible or have been considered in most
detail.

PRODUCTION LINE HYPOTHESIS

Oocytes formed in late fetal life have fewer chiasmata and more
univalents, which render them susceptible to nondisjunction.
Therefore, it was proposed that the order in which oocytes
ovulate within a woman’s reproductive life is determined by the
order in which they were produced in utero.””> The hypothesis
has been tested using different experimental methods.

No direct cytological evidence has been produced to show
that changes in chromosome pairing at MI prophase can lead
to nondisjunction at MI metaphase. The analysis of mice het-
erozygous for 2 types of inversion showed that the proportion
of oocytes with a loop at the MI zygotene and pachytene stages
decreases with increasing gestational age, but this effect can be
explained by synaptic adjustment.”® A similar 