Chapter 3

Causes of Congenital Malformations

Martin Lammens, Hans J. ten Donkelaar, John M.G.van Vugt, Gerard van Noort,

Michel Willemsen and Ben Hamel

3.1 Introduction

Congenital malformations are structural abnormali-
ties due to faulty development, present at birth, and
are among the major causes of prenatal, perinatal and
infant mortality and morbidity. They include gross
and microscopic malformations, inborn errors of
metabolism, mental retardation and cellular and
molecular abnormalities. About 2-3% of newborns
have a single major malformation, and 0.7% have
multiple major defects (Norman et al. 1995; Opitz and
Wilson 1997; Aicardi 1998; Volpe 2001a). The fre-
quency is much higher prenatally, the majority abort-
ing spontaneously (Shiota 1991, 1993; Kalousek
1997). More than 80% of malformed conceptuses are
lost during the embryonic period, and more than
90 % before birth. The importance of congenital mal-
formations as a cause of perinatal mortality has in-
creased as deaths from intrapartum problems and in-
fectious diseases have declined, and better neonatal
care has improved the survival of normally devel-
oped low-birthweight babies. During the last few
decades, there has been a rapid expansion of meth-
ods for detecting many different types of disorders
prenatally. In this introductory chapter the known
causes of congenital CNS malformations, and possi-
bilities to detect them prenatally, will be outlined.
Some emphasis will be given to the increasing group
of inborn errors of metabolism affecting the CNS
(neurometabolic disorders), myelination disorders,
and vascular disorders, the last being the major cause
of acquired damage to the developing nervous sys-
tem.

3.2  Causes of Congenital

Malformations

The causes of congenital malformations may be di-
vided into five broad groups (Warkany 1971; Norman
et al. 1995; Jones 1997; Opitz and Wilson 1997; Keel-
ing and Boyd 2001): (1) single gene defects (mutant
genes); (2) chromosome abnormalities; (3) multifac-
torial disorders which are the result of interaction be-
tween genetic predisposition and presumed environ-
mental factors; (4) teratogenic factors; and (5) those
of unknown cause. Despite the tremendous advances
in genetics over the last decade, the aetiology of more
than 50% of malformations is still unknown (Opitz

and Wilson 1997; Moore et al. 2000; Keeling and Boyd
2001). Mutant genes, chromosome abnormalities and
known teratogens can each be identified in about
7-8% of malformations, and a further 20-25% of
malformations fall into the group of multifactorial
disorders. A broad subdivision of malformations in-
cludes abnormalities of pregenesis (gonadogenesis,
gametogenesis), blastogenesis (the first four embry-
onic weeks), organogenesis (the fifth to eighth em-
bryonic weeks) and phenogenesis (roughly the fetal
period; Opitz 1993; Opitz et al. 1997). Some essential
and widely used terms and concepts relating to mal-
formations are summarized in Table3.1 (Spranger
et al. 1982; Opitz 1993; Opitz et al. 1997). A glossary
of genetic terms is included as Table 3.2 (Anderson
1995; Strachan and Read 2004).

3.2.1 Genetic Disorders

Chromosomal Abnormalities

Human development is dependent on the correct
chromosome complement, usually 22 homologous
pairs of autosomes and one pair of sex chromosomes
(Fig.3.1a). In general, one member of each pair of
chromosomes is inherited from each parent. Each
chromosome can be easily recognized by banding
technology and, more recently, with fluorescence in
situ hybridization (FISH; Fig. 3.2). Chromosome mal-
formations are due to either excess or deficiency of
chromosomal material including unbalanced re-
arrangements (Fig.3.4). Approximately 1 in 200 live
newborns will have a chromosome abnormality
(Gilbert-Barness 1997; Miller and Therman 2001). In
perinatal deaths, the frequency varies between 5 and
10%, and is estimated to be more than 60% in first-
trimester miscarriages (Shiota 1993; Kalousek 1997;
Keeling and Boyd 2001). Excess or deficiency of chro-
mosomal material can arise through a change in ei-
ther chromosome number or structure. Changes in
chromosome number are of two types: (1) poly-
ploidy, an abnormal multiple of the haploid number
23, such as triploidy with 69 chromosomes; and (2)
aneuploidy, the loss or gain of a whole chromosome
(monosomy and trisomy, respectively). A given aber-
ration may be present in all body cells, or in two or
more cell lines (mosaicism; Hall 1988; Youssoufian
and Pyeritz 2002). Triploidy occurs in approximately
6% of recognized pregnancies (Keeling and Boyd
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Table 3.1 Terms and concepts relating to malformations (based on Spranger et al. 1982; Opitz and Wilson 1997)

Individual alterations of form and structure

Malformation

Disruption

Deformation
Dysplasia

General terminology
Hypoplasia, hyperplasia

Hypotrophy, hypertrophy
Agenesis

Aplasia

Atrophy

Patterns of morphological defects
Polytopic field defect
Sequence

Syndrome

Association

A morphological defect of an organ, part of an organ or a larger region
of the body resulting from an intrinsically abnormal developmental process

A morphological defect of an organ, part of an organ or a larger region
of the body resulting from the extrinsic breakdown of;, or interference with,
an originally normal developmental process

An abnormal form, shape or position of a part of the body caused
by mechanical forces

An abnormal organization of cells into tissue(s) and its morphological result(s)

Underdevelopment and overdevelopment of an organism,
organ or tissue resulting from a decreased or increased number of cells, respectively

A decrease or increase in the size of cells, tissues or organs, respectively
Absence of a part of the body caused by an absent anlage (primordium)
Absence of a part of the body resulting from a failure of the anlage to develop

Decrease of a normally developed mass of tissue(s) or organ(s) because of a
decrease in cell size and/or cell number

A pattern of anomalies derived from the disturbance of a single developmental field

A pattern of multiple anomalies derived from a single known or presumed prior
anomaly or mechanical factor

A pattern of multiple anomalies thought to be pathogenetically related
and not known to represent a single sequence or a polytopic field defect

A non-random occurrence in two or more individuals of multiple anomalies

not known to be a polytopic field defect, sequence or syndrome

2001), and is usually due to an error of fertilization:
an ovum being fertilized by two spermatozoa. Both
polyploidy and monosomy (with the exception of a
small proportion of monosomy X: Turner syndrome)
are virtually lethal in man. An additional chromo-
some is much more common than chromosome loss.
Autosomal trisomy has been recorded for most auto-
somes, but the incidence varies enormously. Trisomy
of chromosome 16 is the most common, but the usu-
al result of this anomaly is spontaneous or missed
abortion in the first trimester (Kalousek et al. 1990;
Warburton et al. 1991; Kalousek 1997). The most
common liveborn example is Down syndrome (tri-
somy 21; Fig. 3.1b), followed by trisomy 18 (Edwards
syndrome) and trisomy 13 (Patau syndrome); first
described by Down (1866), Edwards et al. (1960) and
Patau et al. (1960) (Table3.3). Even amongst these
karyotypes, miscarriage is the most common out-
come (Kalousek et al. 1990; Kalousek 1997).

Down syndrome is characterized by mental defi-
ciency, a characteristic facial expression that results
from the upward slanting of the eyes and the promi-
nent skin folds extending from the base of the nose to
the inner aspect of the eyebrows and other anomalies
of body form. Frequently, there are also congenital
heart malformations. Down syndrome is due to three

categories of chromosomal abnormalities: (1) tri-
somy 21, secondary to non-disjunction during meio-
sis (95% of affected individuals); (2) translocation
type or partial trisomy 21; and (3) mosaicism for tri-
somy 21. The extra chromosome 21 is maternal in
origin in some 95% of cases (Antonarakis 1991). In
less than 5% of the cases with Down syndrome, the
trisomy 21 occurs as a result of an unbalanced
translocation. Mosaicism for trisomy 21 is the rarest,
less than 1-2% of cases. Trisomy 21 is the most com-
mon of all age-related chromosomal abnormalities,
constituting about half the overall maternal age-re-
lated risk (Laxova 1997): at ages 35,40 and 45, the risk
isabout 1in 270,11in 135,and 1 in 50, respectively. Cy-
togenetic prenatal diagnosis of Down syndrome is
established by chorion villus sampling (between 10
and 12 gestational weeks) or amniocentesis (between
14 and 16 weeks). Screening by measuring nuchal
translucency thickness (Fig. 3.3), an early ultrasound
marker for Down syndrome (Nicolaides et al. 1992,
1999; Snijders and Nicolaides 1996; Pajkrt et al.
1998a,b), carried out in the first trimester of preg-
nancy has a higher detection rate than invasive meth-
ods. Brains of patients with Down syndrome are
characteristically small, rounded, foreshortened and
exhibit a steep rise of the occipital lobes, extreme
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Table 3.2 Glossary of genetic terms (after Anderson 1995; Strachan and Read 2004)

Alleles
Aneuploidy
Association

Autosomes

Carrier

Centromere
Codon

Dominant
Exon

Fragile site
Gene
Haploid
Insertion

Intron

Inversion
Linkage

Locus
Mosaic
Multifactorial

Mutation
Oligonucleotide
Phenotype

Polymorphism
Recessive
Ring chromosome

Sex chromosome
Telomere

Translocation

Trisomy

Alternative forms of genes occuping an identical site (locus), e.g. the A and B alleles
of the ABO blood group gene

Deviations by an integral number (rather than a multiple) from the normal diploid complement
(2x23=46) of chromosomes

The occurrence together in the population of two genes or phenotypic traits in a frequency
greater than would be predicted on the chance basis of their individual frequencies

Non-sex chromosomes in the nucleus (pairs 1-22)

A person who is carrying one copy of a gene, which causes symptoms only when present
in double dose, and therefore the person is unaffected

A construction connecting the chromatids in mitosis, separating the two arms

The unit of the genetic code, i.e. 3 bases in either DNA or RNA, that specifies a single amino acid
to be incorporated into a protein

One copy of a gene out of the normal pair produces a phenotypic effect

The portion of the gene that is transcribed into messenger RNA, usually containing coding
information

A specific region on a chromosome that is prone to breakage, usually appearing as a non-staining

gap or constriction in one or both chromatids in a metaphase chromosome

The unit of inheritance for one characteristic or trait, i.e. usually one localized DNA sequence coding

for one protein

The chromosome number usually found in a normal gamete with only one copy of each pair
(in humans, the haploid complement is 23)

A structural abnormality in which a sequence of DNA is introduced into another sequence,
either at the DNA level or at the chromosome level

A sequence of DNA that is initially transcribed into messenger RNA, but is then removed from
the trancsript by ‘splicing’ together the exon sequences on either side of it. It is the portion
of DNA that usually does not contain coding information

A structural chromosomal abnormality in which a segment of a chromosome is reversed,
each end reattached to where the other end had previously been attached

The location of two genes near enough to one another on the same chromosome that they
are coinherited through a meiotic event more than 50% of the time

A location on the chromosome, usually implying the position of a gene
A person with cells with more than one genetic makeup

A pattern of inheritance determined by the interaction of multiple genes with others
and with the environment

A permanent and inheritable change in genetic material.
A short piece of DNA, usually 5-50 nucleotides

Characteristics observed in a person that reflect the gene and/or (to varying degrees)
interaction with the environment

An inherited characteristic present in the population at a frequency great enough that the
rarest allele is not maintained by recurrence mutation alone

The mechanism of single-gene inheritance that requires 2 doses of a mutant gene in order
for the phenotype to manifest

A structural chromosomal abnormality with deletions of the terminal portions of the arms
of the chromosome and the broken sticky arms rejoining to form a ring

The chromosomes that are different in the sexes (usually XX in women and XY in men)
The tip of a chromosome

The exchange of chromosomal material between two different chromosomes,
either‘balanced’ (no loss or gain of genetic material) or ‘'unbalaned’

3, rather than 2, copies of a given chromosome are present
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Fig. 3.2 Fluorescence in situ hybridization:example of micro-
deletion syndrome (Williams syndrome). The light-blue probe
is a marker for the chromosome of interest (chromosome 7).
The pink probe is a marker for the region of interest on that
chromosome (7q11.23). The absence of a signal of the pink
probe on one of the two chromosomes 7 proves that region
7911.23 is deleted and supports the clinical diagnosis of
Williams syndrome

3.2 Causes of Congenital Malformations

Fig. 3.3 Normal (a) and thickened (b) nuchal translucency
associated with Down syndrome

Table 3.3 Autosomal trisomy syndromes (after Moore et al. 2000)

Incidence

Chromosome aberration/syndrome

Clinical manifestations

Mental deficiency; severe CNS malformations; sloping forehead;

malformed ears; scalp defects; microphthalmia; bilateral cleft
lip and/or palate; polydactyly; posterior prominence of heels

Mental deficiency; growth retardation; prominent occiput;

short sternum; ventricular septal defect; micrognathia; low-set,
malformed ears, flexed digits with hypoplastic nails;
rocker-bottom feet

Trisomy 13 (Patau syndrome) 1:25,000
Trisomy 18 (Edwards syndrome) 1:8,000
Trisomy 21 (Down syndrome) 1:800

Mental deficiency; brachycephaly; flat nasal bridge;

upward slant topalpebral fissures; protruding tongue;
simian crease, clinodactyly of the 5th digit; congenital heart defects

narrowing of the superior temporal gyri, incomplete
opercularization with exposure of the insular cortex
and reduced secondary sulcal development (Killén et
al. 1996; Cairns 1999; de la Monte 1999). These abnor-
malities are largely due to diminished and mal-
formed growth of the frontal and temporal lobes sec-
ondary to impaired neuronal differentiation (Lubec
and Engidawork 2002). Brain weight is usually in the
low normal range, whereas the brain stem and cere-
bellum are small in relation to the cerebral hemi-
spheres (Scott et al. 1983; Weis et al. 1991). Histologi-

cal changes include abnormalities in cortical lamina-
tion, irregular clustering of neurons, muted dendritic
arborization and proliferation of dystrophic neurites
(Marin-Padilla 1972, 1976; de la Monte 1999;
Chap. 10). Virtually all Down syndrome patients de-
velop Alzheimer-like pathology by the fourth decade
of life (Mann 1988).

Structural chromosome abnormalities may in-
volve translocations (exchange of material between
chromosomes), inversions, deletions or duplications
(Gardner and Sutherland 1996; Fig. 3.4). They may
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arise de novo or as a result of a parental chromosome
rearrangement. Fusion at or near the centromere of
the five acrocentric chromosomes, known as Robert-
sonian translocation, is one of the most common bal-
anced structural rearrangements. Simple reciprocal

Fig. 3.4 Structural chromoso-
mal abnormalities: a deletion
and translocation; b inversion;
c Robertsonian translocation;
d isoschromosomal transloca-
tion; e ring formation; f fragile
Translocation site (after Anderson 1995)
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translocations involve exchange of material between
two chromosomes. Balanced carriers are entirely
normal, but they are at risk of having chromosomal-
ly unbalanced offspring or miscarriages due to
malsegregation at meiosis. Unbalanced structural



Table 3.4 Microdeletion syndromes with CNS manifestations

3.2 Causes of Congenital Malformations

Syndrome Location Parental origin
Angelmann syndrome 15911-13 Maternal
DiGeorge syndrome 22911 Either parent
Velocardiofacial (Shprintzen) 22911 Either parent
syndrome

Miller-Dieker syndrome 17p13 Either parent
Prader-Willi syndrome 15911-13 Paternal
Rubinstein-Taybi syndrome 16p13.3

Smith-Magenis syndrome 17p11.2 Either parent
Williams syndrome 7911.23 Either parent
Wilms tumour and aniridia 11p13

genitourinary anomalies
and mental retardation

Symptoms

Mental retardation; macrostomia; prognathia;
paroxysmal laughter

Aplasia of thymus and parathyroids;
malformations great vessels/heart

Palatoschizis; heart malformations; growth retardation;
sometimes mental retardation

Mental retardation; lissencephaly

Mental retardation; hypotonia; adipositas

Mental retardation; broad thumbs and great toes
Mental retardation; deafness; eye malformations

Mental retardation; typical facies;
cardiovascular malformations

Urogenital malformations; mental retardation

chromosome rearrangements result in deletions
(partial monosomy) and duplications (partial tri-
somy). Microdeletion syndromes, such as Prader-
Willi and Angelmann syndromes (chromosome 15),
DiGeorge and Shprintzen syndromes (chromo-
some22), and Miller-Dieker syndrome (chromo-
some 17; Chap. 10), are being recognized with in-
creasing frequency (Malcolm 1996; Strachan and
Read 2004; Table 3.4). Deletion of chromosome 22q11
(del22q11) is associated with a wide variety of clini-
cal phenotypes (Chap.5). In certain microdeletion
syndromes, genomic imprinting is important. The
female and male parent confer a sex-specific mark on
a chromosome subregion so that only the paternal or
maternal allele of a gene is active in the offspring.
Therefore, the sex of the transmitting parent will in-
fluence the expression or non-expression of certain
genes in the offspring. In Prader-Willi and Angel-
mann syndromes, the phenotype is determined by
whether the microdeletion is transmitted by the fa-
ther (Prader-Willi syndrome) or the mother (Angel-
mann syndrome).

Single Gene Defects
These disorders are the result of a single mutant gene
and follow the Mendelian rules, either as autosomal
dominant, autosomal recessive or X-linked traits.
Many of the more than 8,000 disorders identified are
rare and others may not show morphological defects
(McKusick 1998; OMIM). Known single gene defects
account for approximately 8 % of congenital malfor-
mations at term. Autosomal dominant gene defects
give rise to recognizable effects in heterozygous indi-
viduals, usually with an equal sex distribution in
about 50% of the offspring. Some of these disorders,
such as Huntington disease and some of the autoso-
mal dominant cerebellar ataxias, do not produce rec-

ognizable disease before adult life, whereas others,
such as achondroplasia and thanatophoric dysplasia,
are recognizable at birth and may be detected prena-
tally by ultrasound examination. When an autosomal
disorder occurs with unaffected parents, a new muta-
tion is not likely to recur in siblings. Gonadal mo-
saicism, reduced penetrance and variable expression
may represent a small but real recurrence rate. Small
deletions, responsible for contiguous gene syn-
dromes, may segregate as dominant mutations. For
example, velocardiofacial syndrome (VCES) is due to
deletion of 22q11, but with sufficient extensive dele-
tion a more severe condition arises, including DiGe-
orge sequence (Chap. 5).

Autosomal recessive gene defects occur equally in
males and females, and are only clinically manifest in
homozygotes with a recurrence risk of 25%. There-
fore, affected individuals have healthy, heterozygous
parents. Unless an autosomal recessive disorder is
common in a certain population, such as Tay-Sachs
disease in Ashkenazi Jews, there is often a history of
consanguineous marriage. An example of a recessive
inherited disorder, affecting the CNS, is Meckel-
Gruber syndrome, a triad of CNS malformations,
consisting of prosencephalic dysgenesis, occipital en-
cephalocele and rhombic roof dysgenesis, combined
with multicystic, dysplastic kidneys and polydactyly
(Hori et al. 1980; Ahdab-Barmada and Claassen 1990;
Clinical Case 3.1).

X-linked recessive gene defects usually affect only
males in 50% of cases if the mother is a carrier. The
disorder is usually transmitted by healthy female car-
riers and their daughters have a similar chance of
carrying the gene. Since the father, in general, does
not pass an X chromosome to his sons, he will never
pass the X-linked recessive trait to his male offspring.
Examples are Duchenne muscular dystrophy and
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I Clinical Case 3.1

Meckel-Gruber Syndrome

Originally described by Meckel (1822) and labelled
dysencephalia splanchnocystica by Gruber (1934),
the autosomal recessive Meckel-Gruber syndrome is
a lethal multiple malformation syndrome that is char-
acterized by a posterior encephalocele, by cysts of the
kidneys, pancreas and liver and by polydactyly (Opitz
and Howe 1969; Ahdab-Barmada and Claassen 1990).
Additionally, aplasia of the olfactory tracts, microph-
thalmia, talipes and incomplete development of the
external and/or internal genitalia may be found. Hori
et al. (1980) presented a case of a male infant with
multiple malformations (see Case Report).

Case Report. A 40-year-old mother with a
history of three abortions and one child with multiple
malformations including cheilopalatoschisis, cardiac
anomalies and cleft bladder who died shortly after
birth gave birth to a macrosomic male infant (4,650 g
body weight) with multiple malformations.The infant
survived for 4days. External dysplasias comprised
macrocephaly (head circumference 42 cm), cheilo-
palatoschisis, auricular anomalies and unilateral hexa-
dactyly. Internal dysplasias were cysts of the kidneys
and pancreas and a patent foramen ovale. The child
had frequent generalized convulsions and died of
bronchopneumonia. Chromosomal analysis was nor-
mal.The main neuropathological findings were a cleft
foramen magnum, micropolygyria and heterotopia of
the cerebral cortex, hypoplasia of the vermis and cen-
tral white matter of the cerebellum, diffuse hetero-
topia of Purkinje cells and unique heterotopic grey
matter in the central part of the cervical spinal cord
(Fig. 3.5).The infant’s disorder was classified as Gruber
syndrome (Hori et al. 1980).
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Fig. 3.5 Meckel-Gruber syndrome, showing various malfor-
mations of the brain:a micropolygyria of the cerebral cortex;
b gliomesenchymal dysgenesis of the basal forebrain;
¢ subependymal and tegmental calcifications in the mesen-
cephalon
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Fig.3.5 (Continued) d displacement of cerebellar and vesti-
bular nuclei, enlarged fourth ventricle and pontine hypo-
plasia; e reversed Purkinje cell layer; f heterotopia above the
central canal and misplaced dorsal roots in upper cervical
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cord (mostly Luxol Fast Blue staining; from the Department
of Neuropathology, Medizinische Hochschule Hannover;
courtesy Akira Hori)

haemophilia. The fragile X mental retardation syn-
drome is not straightforwardly X-linked (Gardner
and Sutherland 1996; Hamel 1999; Warren and Sher-
man 2001; O’Donnell and Warren 2002). It is the most
common form of inherited mental retardation, af-
fecting 1 in 4,000-6,000 males and 1 in 8-10,000 fe-
males. The FMR1 gene on the long arm of the X chro-
mosome causes an instable, fragile site at Xq27.3,
where these chromosomes are easily broken. The
sites can be detected by DNA analysis.

Mitochondrial DNA mutations
The known effects of mitochondrial DNA (mtDNA)
mutations, transmitted by the mother, are mostly
metabolic and apparently degenerative diseases.
Since mitochondria are present in all cells with nu-
clei, every tissue or organ may be involved in mtDNA
mutations. Most frequently, the brain, the heart and
skeletal muscles are affected; therefore, these disor-

ders are usually described as mitochondrial en-
cephalomyopathies. A better term may be defects of
oxidative phosphorylation (OXPHOS defects), since
all tissues and organs may be affected (Zeviani et al.
1998; Smeitink and van den Heuvel 1999). Many pa-
tients present the first symptoms before the age of
2years. In general, OXPHOS defects are progressive
and fatal disorders. The clinical features in patients
suffering from OXPHOS defects are highly variable,
but a well-recognized phenotype and in fact proto-
type of this large group of disorders is Leigh syn-
drome. Leigh syndrome (Leigh 1951) or subacute
necrotizing encephalomyopathy is a progressive sub-
cortical disorder, characterized by multifocal, bilater-
al areas of subtotal necrosis in the basal ganglia, the
brain stem tegmentum, the cerebellum and to some
extent the spinal cord (Chap. 9). Movement disorders
of any type, including hypokinetic-rigid syndrome,
chorea, myoclonus or dystonia, may be most obvious.
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Fig. 3.6 Critical periods in human development and the site
of action of teratogens. During the first 2 weeks of develop-
ment, teratogenic factors destroy most cells of the embryo,
resulting in the death of the embryo and spontaneous abor-
tion. Alternatively, only a few cells are destroyed, the embryo

Multifactorial Disorders

Common congenital malformations such as cleft lip
with or without cleft palate and neural tube defects
have a familial distribution consistent with multifac-
torial inheritance, suggesting that the disease is due
to the interaction of different genes and environmen-
tal factors. Such disorders occur with increased fre-
quency among family members of an affected indi-
vidual in an inverse frequency to their relationship. A
mathemathical ‘liability’ model invoking a threshold
effect can be constructed and recurrence risks in the
offspring of family members calculated. The recur-
rence risks used for genetic counselling of families
with congenital anomalies determined by multifacto-
rial inheritance are empirical risks based on the fre-
quency of the anomaly in the general population and
in different categories of relatives. In individual fam-
ilies, such estimates may be inaccurate, because they
are usually averages from the population rather
than precise probabilities for the individual family.
Digenic inheritance in human diseases has been
demonstrated in an increasing number of diseases
(Ming and Muenke 2002), including retinitis pigmen-
tosa, deafness, Hirschsprung disease, Usher syn-
drome, Waardenburg syndrome type 2 and holopros-
encephaly.

recovers,and does not show malformations afterwards. In the
horizontal columns, the period of major complications is
shown in red, that of minor anomalies in light red. (After Moore
and Persaud 1998)

3.2.2 Environmental Causes

Teratogenic factors have an adverse, disruptive effect
on an embryo or a fetus between fertilization and
birth. The term teratogen is usually limited to envi-
ronmental agents, such as drugs, radiation and virus-
es. The disruptive effects include congenital abnor-
malities, embryonic and fetal death, intrauterine
growth retardation (IUGR) and mental dysfunction.
Critical periods in human development and the site
of action are shown in Fig. 3.6. The fetus is less sensi-
tive to morphological alterations than the embryo,
but changes in functional capacity, intellect, repro-
duction or renal function may occur. Mechanical
effects may be due to vascular disruptions and the
amnion disruption sequence.

Chemicals, Drugs, Hormones

and Vitamins
Drugs with a known teratogenic effect are relatively
few (Gilbert-Barness and Van Allen 1997; Laxova
1997; Shepard 1998; Moore et al. 2000). Examples in-
clude alcohol, cocaine, thalidomide, lithium, retinoic
acid, warfarin and anticonvulsant drugs (Table 3.5).
Retinoic acid syndrome malformations first appeared
after the introduction of Accutane (13-cis-retinoic
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Table 3.5 Some drugs and infectious agents with teratogenic effects (after Gilbert-Barness and Van Allen 1997; Laxova 1997;
Moore et al.2000)

Mechanism Most common congenital anomalies Prenatal

of action detection
Drugs
Alcohol Increased Fetal alcohol syndrome: IUGR; CNS abnormalities; Ultrasound

cell death characteristic facial expression for growth,

anomalies

Aminopterin Disrupted IUGR; skeletal defects; malformations of the CNS, Ultrasound
and antifolates cell division notably meroanencephaly for anomalies

Cocaine Vasoconstriction IUGR; prematurity; microcephaly; cerebral infarction; High-risk care
neurobehavioural disorders
Isotretinoin Excessive Retinoic acid syndrome: craniofacial malformations; Ultrasound
(13-cis-retinoic acid cell death NTDs; cardiovascular defects
or Accutane)
Lithium carbonate Right heart defects; increased incidence of NTDs Fetal echo-
cardography
Methotrexate Increased Multiple anomalies, especially skeletal Ultrasound
cell death (face, skull, limbs, vertebral column); hydocephalus;
meningomyelocele; cleft palate
Phenytoin Increased Fetal hydantoin syndrome: [UGR; microcephaly; Ultrasound
(Dilantin) cell death mental retardation; cleft lip/palate
Thalidomide Abnormal Abnormal development limbs (meromelia, amelia) Ultrasound
cell division
Valproic acid Craniofacial anomalies; NTDs; often hydrocephalus
Warfarin Impaired calcium Fetal warfarin syndrome: nasal hypoplasia; Ultrasound
and vitamin K stippled epiphyses; eye anomalies; mental retardation
metabolism
Chemicals
Methylmercury Minimata disease: cerebral palsy; microcephaly;
mental retardation; blindness
Polychlorated biphenyls IUGR; skin discoloration
Infections
Cytomegalovirus Microcephaly; hydrocephaly; cerebral palsy; Ultrasound
chorioretinitis; sensorineural loss;
psychomotor/mental retardation
Herpes simplex virus Chorioretinitis; hydranencephaly
Human immuno- Growth failure; microcephaly; prominent forehead; Ultrasound
deficiency virus flattened nasal bridge; hypertelorism
Rubella virus IUGR; heart abnormalities; eye defects; hearing loss
Toxoplasma gondii Microcephaly; mental retardation
Treponema pallidum Hydrocephalus; congenital deafness; mental retardation ~ Ultrasound
Varicella virus Hydrocephalus; limb paresis; seizures; Ultrasound

eye malformations; mental retardation

IUGR intrauterine growth retardation, NTDs neural tube defects

acid), a drug used for the treatment of severe cystic
acne (Lammer et al. 1985). Although the retinoids
(the normal biologically active retinoic acid and re-
lated compounds such as vitamin A, the dietary pre-
cursor of retinoic acid) had been long known to be
potent teratogens, and the drug Accutane was not to
be taken during pregnancy, in the USA many acci-
dental exposures occurred, resulting in a surprising-

ly high incidence of severe craniofacial malforma-
tions (Lammer et al. 1985; Jones 1997; Gorlin et al.
2001; Chap. 5). Maternal chronic or excessive alcohol
consumption, in particular during the first trimester
of pregnancy, may lead to the fetal alcohol syndrome
(Clarren et al. 1978; Gilbert-Barness and Van Allen
1997). The newborn baby is small and may show
craniofacial anomalies. Brain anomalies are variable
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and unspecific, in contrast to the more common
craniofacial anomalies. Hydrocephalus, agenesis of
the corpus callosum, neural tube defects and poren-
cephaly may be found (Gilbert-Barness and Van
Allen 1997), and even holoprosencephaly has been
noted (Bonnemann and Meinecke 1990).

Maternal Conditions
A variety of maternal diseases, either genetic or ac-
quired, and deficiency states may affect the develop-
ing embryo. In other disorders, such as epilepsy, the
therapy is most likely damaging. Maternal phenylke-
tonuria (PKU) is the best documented example of a
genetic disorder in the mother affecting her offspring
when her serum phenylalanine level is elevated dur-
ing pregnancy. Without a strict diet throughout preg-
nancy, the children of women with PKU have severe
mental retardation, microcephaly and heart defects
(Scriver and Kaufman 2001). Maternal diabetes mel-
litus type 1 is a risk factor for all sorts of congenital
anomalies. Good control can prevent birth defects,
however. A high incidence of Down syndrome (Nar-
chi and Kulaylat 1997) and caudal regression syn-
drome (Passarge and Lenz 1966; Williamson 1970)
have been noted. Maternal connective tissue disor-
ders, such as osteogenesis imperfecta and Ehlers-
Danlos syndrome, are risk factors for early amnion
disruption sequence. Radiation effects on the devel-
oping brain were extensively studied after the atomic
bombings of Hiroshima and Nagasaki (UNSCEAR
1986; Otake et al. 1989, 1991; Schull et al. 1992). The
most conspicuous effect on brain development is an
increased occurrence of severe mental retardation,
with or without microcephaly at specific gestational
ages. The period between 8 and 15 weeks following
fertilization appeared to be the most vulnerable.
Schull et al. (1992) studied brain abnormalities in five
of these mentally retarded individuals, using MRI. In
the two patients exposed at the eighth or ninth week
following fertilization, large areas of ectopic grey
matter were seen, due to failure of neurons to migrate
properly. The two individuals exposed in the 12th or
13th week showed no readily recognized ectopic grey
areas but did show mild macrogyria, which implies
some impairment in the development of the cortical
zone. The one individual who was exposed in the 15th
week did not show such changes. The brain was small
with an apparently normal architecture. Hyperther-
mia during pregnancy can cause embryonic death,
abortion, growth retardation and developmental de-
fects (Edwards et al. 1995, 2003). Cell proliferation,
migration, differentiation and apoptosis are all ad-
versely affected by elevated maternal temperature,
showing some similarity to the effects of ionizing ra-
diation. The development of the CNS is especially
vulnerable: a 2.5°C elevation for 1h during early

neural tube closure in rats resulted in an increased
incidence of craniofacial defects, whereas 2-2.5 °C el-
evation for 1h during early neurogenesis in guinea
pigs caused an increase in the incidence of micro-
cephaly (Edwards et al. 1995). In general, thresholds
and dose-response relationships vary between
species. In humans, epidemiological studies suggest
that an elevation of maternal body temperature by
2°C for at least 24 h during fever can cause a range of
developmental defects, but there is little information
on the threshold for shorter exposures (Chambers et
al. 1998; Edwards et al. 2003).

Infectious Agents

A number of infectious agents can affect the fetus,
producing a range of effects from structural anom-
alies to mental retardation (Table 3.5). Classically, the
TORCH group of infections (toxoplasmosis, rubella
virus, cytomegalovirus and herpes/varicella virus)
are screened for in the case of permanent cerebral
impairment in the neonate (Becker 1992; Stray-Ped-
ersen 1993; Sunderland 1993). But also infections
with human immunodeficiency virus (HIV) and oth-
er agents may lead to permanent fetal injury. Micro-
cephaly, hydrocephalus, hydranencephaly and cere-
bral calcifications are the sequelae most often found
in the TORCH group of infections (Fig. 3.7), and lead
to developmental delay, psychomotor retardation
and seizures. Microphthalmia is also often noted in
toxoplasmosis, rubella and HIV infection. Often the
infection ultimately leads to destruction of cerebral
tissue with the formation of cystic spaces in the
brain. They have been described as porencephaly
(Tominaga et al. 1996) and schizencephaly (Iannetti
et al. 1998). When the border of cystic lesions is
formed by dysplastic cortex such as polymicrogyria,
cytomegalovirus infection should be suspected
(Barth 2003). In all instances the nature and the de-
gree of the brain disturbances is a function of the
time of the infection. Early infections may lead to in-
trauterine death, lissencephaly may result from cy-
tomegalovirus onset between 16 and 18 weeks of ges-
tation, whereas polymicrogyria may be due to onset
of infection between 18 and 24 weeks of gestation
(Barkovich and Linden 1994; de Vries et al. 2004). If
the fetus is aborted early, the lesions may be restrict-
ed to foci of macrophages around glial or neuronal
cells with classical intranuclear viral inclusions. The
CNS malformations observed in a case of cyto-
megalovirus infection are illustrated in Clinical
Case 3.2. Rubella virus is embryopathic but also has a
recognizable fetopathic effect. Its features are cardiac
defects, congenital cataract and deafness. Intracere-
bral calcifications, visible on ultrasound and CT ex-
amination, should raise suspicion for an intrauterine
infection.



Fig. 3.7 Toxoplasmosis encephalopathy:a obstruction of the
aqueduct by gliotic and inflamed tissue in intrauterine toxo-
plasmosis infection in a neonate; b detail of inflamed white
matter (courtesy Caroline Van den Broecke, University Hospi-
tal Gent)

Mechanical Effects

Disruptions of the developing embryo and fetus are
rather frequent (Gilbert-Barness and Van Allen
1997), and may arise as a result of vascular disrup-
tions (e.g. Poland sequence), amnion rupture se-
quence (Van Allen et al. 1987a, b; Bamforth 1992; Mo-
erman et al. 1992; Clinical Case 3.3) and less frequent
mechanical effects due to invasive procedures for
prenatal diagnosis (Squier et al. 2000; Squier 2002;
Clinical Case3.4) or pregnancy reduction. Amnion
rupture sequence is a disruption sequence character-
ized by major anomalies of the craniofacial region,
body wall,and limbs. The pathogenesis of these de-
fects is unknown, but it is probably heterogeneous.
Mechanisms involved may be vascular disruption
(Van Allen et al. 1987a,b), mechanical disruption
(Torpin 1965; Higginbottom et al. 1979), genetic dis-
ruption (Donnai and Winter 1989) and germ disc dis-
ruption (Streeter 1930).
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Suspicion of a congenital malformation may arise on
clinical grounds or because of an abnormal result
from a routine prenatal investigation. A pregnancy
may be at high risk of abnormality because of a par-
ticular family history or the advanced age of the
mother. Higher-risk groups for chromosome abnor-
malities include older mothers, those with a previous
chromosomally abnormal child, and when one par-
ent is a translocation carrier. Usually, these women
are offered chorion villus sampling or amniocentesis
routinely. An increasing number of single gene disor-
ders and chromosome abnormalities can now be
identified at the molecular level. Population screen-
ing programmes may identify women at increased
risk of fetal abnormalities (Brock et al. 1992; Laxova
1997; Nicolaides et al. 1992, 1999): second trimester
serum test (triple test), first trimester serum test
(double test) combined with nuchal translucency
measurement on ultrasound examination, and the
standard anomaly scan at 18-20 weeks of gestation.
For instance, a-fetoprotein (AFP) escapes from the
circulation into the amniotic fluid from fetuses with
open neural tube defects and open ventral wall de-
fects (gastroschisis, omphalocele). Measuring the
level of AFP in amniotic fluid was first carried out
for the prenatal diagnosis of neural tube defects. The
various imaging methods for prenatal diagnosis will
be briefly discussed.

3.3.1 Ultrasound and Magnetic

Resonance Examination

High-frequency ultrasonography allows visualiza-
tion of the normal and abnormal development of the
embryo or fetus. However, detailed knowledge about
early development of the embryo and fetus is a pre-
requisite for evaluation of the pregnancy at risk for
genetic diseases of the fetus, or when abnormal de-
velopment of the embryo or fetus is suspected (Blaas
et al. 1994; Amin et al. 1999; Blaas and Eik-Nes 1999;
Garel 2004; Chap. 1).

Ultrasound Examination

of the Normal Spine
In normally developing embryos, the spine can be vi-
sualized from the eighth week of gestation onwards
(van Zalen-Sprock et al. 1995). It is recognizable as
two lines representing the not yet ossified vertebrae
(Fig.3.10a). Primary ossification of the vertebrae
starts in the cervical spine and gradually extends cau-
dally. Complete mineralization of the vertebrae is
achieved between the 12th and 14th weeks of gesta-
tion; therefore, evaluation of the spine with ultra-
sound is possible from the 13th of gestation onwards.
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B Clinical Case 3.2
Cytomegalovirus Encephalopathy

Cytomegalovirus (CMV) infection affects the fetus
and results in structural anomalies such as destruc-
tion of cerebral tissue with the formation of cystic
spaces in the brain. Early CMV infections may lead to
intrauterine death, lissencephaly may result from on-
set between 16 and 18 weeks of gestation, whereas
polymicrogyria may be due to onset of infection be-
tween 18 and 24 weeks of gestation (Barkovich and
Linden 1994;Tominaga et al. 1996; de Vries et al.2004).
The Case Report concerns an intrauterine fetal death
at 33 weeks of gestation.

Case Report. The neuropathological find-
ings in a case of intrauterine fetal death at 33 weeks of
gestation from a 21-year-old mother are shown in
Fig.3.8. Intrauterine growth retardation was con-
firmed with ultrasound examination which further re-
vealed ascites and oligohydramnios. A CMV infection

Fig. 3.8 Cytomegalovirus encephalopathy in a case of
intrauterine fetal death at 33 weeks of gestation:a, b lateral

was suggested. At autopsy, a male fetus of 793-g
weight, 35-cm total length, 4.5-cm foot length and
4.5-cm femur diaphysis length, data comparable to
those at 26 weeks of development, was examined.
There was fetal hydrops and strong maceration. Gen-
eralized CMV infection was found of the lungs, kid-
neys, pancreas, thyroid, brain and placenta.Viral inclu-
sions were easily recognized. The small placenta
(250 g) showed a chronic villitis. The heart showed a
perimembranous ventricular septal defect, a wide
pulmonary trunk and interruption of the aortic arch
between the left carotid and brachial arteries.The de-
scending part of the aorta was continuous with the
pulmonary trunk via the ductus arteriosus. The lep-
tomeninges were thickened (Fig. 3.8a, b). In the brain,
polymicrogyria (Fig. 3.8 c) and periventricular necrosis
with calcifications (Fig. 3.8 d) were found.Immunoper-
oxidase staining showed the viral organisms.

Noort (Laboratory for Pathology East-Netherlands,
Enschede, The Netherlands).

lerptomeninges; ¢ polymicrogyria of the cerebral cortex;
d periventricular necrosis with calcifications (courtesy
view and frontal section of the brain showing thickened  Gerard van Noort, Enschede)

This case was kindly provided by Gerard van
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The curled position of the embryo in the first
trimester requires consecutive scanning planes to
visualize the entire spine. In the second trimester
of pregnancy, the vertebrae and spinous processes
are visible in the sagittal plane as a double row of
elements, converging caudally into the sacrum
(Fig.3.10b). In the transverse plane the neural canal
appears as a closed circle, which is lined anteriorly by
the vertebral body and posteriorly by the two ossifi-
cation centres of the laminae. A coronal scan shows
the typical three-lined appearance of the vertebrae
(Fig.3.10¢).

Ultrasound Examination
of the Normal Brain

At 6 weeks of gestation, when the secondary brain
vesicles are being formed, the embryonic cephalic
pole is clearly visible and distinguishable from the
embryonic torso (Achiron and Achiron 1991). The
cavity of the rhombencephalon is one of the first
‘structures’ of the embryonic CNS that can be visual-
ized with transvaginal ultrasound (Fig.3.10e). The
rhombencephalic cavity is no longer recognizable af-
ter 10-12 weeks of gestation. From 10 weeks onwards,
in the fetal head a symmetric, butterfly-like structure
(the choroid plexuses) can be seen (Fig. 3.10f), divid-
ed by a thin straight hyperechogenic line (the falx
cerebri). The choroid plexuses become considerably
reduced in size from the 18th week of gestation on-
wards. From 15-16 weeks of gestation onwards, the
central parts (the atria) and the frontal horns of the
lateral ventricles are clearly visible. The brain
parenchyma is still translucent and hardly distin-
guishable. From 26 weeks of gestation, the brain
parenchyma becomes more hyperechogenic (Fig.
3.11a). In the posterior cranial fossa, the hypoe-
chogenic cerebellar hemispheres can easily be seen
on each side of the echogenic midline vermis, rostral
to the cisterna magna (Fig. 3.11b). The cerebellum is
detectable from 14 weeks of gestation onwards. Imag-
ing of the posterior fossa is important for exclusion of
nearly all open spinal defects (see also Chap. 4).

Ultrasound Examination
of the Abnormal Spine and Brain
The incidence of abnormalities of the fetal CNS has
been estimated at approximately 5-6 per 1,000 births.
Overall, the best detection rates by ultrasound are
found for CNS abnormalities. The sensitivity of de-
tecting CNS abnormalities by ultrasound is about
90% (Chitty et al. 1991; Levi 1998; Grandjean et al.
1999). Neural tube defects are the most common CNS
abnormalities likely to be diagnosed by ultrasound.
Anencephaly can be recognized by failure of develop-
ment of the fetal skull vault with secondary degener-
ation of the brain (Fig. 3.11¢).In the first trimester of
pregnancy, the fetus shows acrania with the brain be-
ing either normal or disorganized and often incom-
pletely formed (Fig.3.11d). The malformation pro-
gresses through exencephaly into anencephaly in the
second and third trimesters of pregnancy (Wilkins-
Haug and Freedman 1991; Chap. 4). The facial bones,
brain stem and portions of the occipital bone and
midbrain are usually present. Associated spinal de-
fects are found in about 50% of cases. A high detec-
tion rate of up to 99% is reported for anencephaly
(Levi 1998). In spina bifida, the neural arch is incom-
plete with secondary damage to the exposed spinal
cord (Fig.3.10d). Most lesions occur in the lum-
bosacral and sacral region, fewer in the thoracolum-
bar region and only a few in the cervical region (Van
den Hof et al. 1990). The effectiveness of ultrasound
in diagnosing spinal defects has been greatly im-
proved by the recognition of associated intracranial
abnormalities: (1) the changing shape of the skull
vault from egg-shaped to lemon-shaped (Fig.3.11e)
with indentation of the frontal lobes bilaterally
(Nicolaides et al. 1986); (2) changes that can be seen
in the posterior fossa with an alteration of the shape
of the cerebellum from a typical dumbbell shape to a
‘banana’ shape, owing to compression of the cerebel-
lum in the posterior fossa (Fig.3.11f); and (3) the
possible presence of ventriculomegaly. The ‘lemon’
and ‘banana’ signs are seen in cases with an open
spina bifida before 24 weeks of gestation. With the
transvaginal ultrasound technique, spina bifida can
already be diagnosed by the end of the embryonic pe-
riod (Blaas et al. 2000). An encephalocele is character-
ized by a defect in the skull and dura through which
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I Clinical Case 3.3

Amnion Rupture Sequence

Amnion rupture causes constrictive bands with sub-
sequent entanglement of fetal parts (mostly the
limbs) by amniotic strands (Jones et al. 1974). Adhe-
sive bands are the result of a broad fusion between
disrupted fetal parts (mostly craniofacial) and an in-
tact amniotic membrane. Most of the craniofacial de-
fects, such as encephaloceles and/or facial clefts, that
are found in these fetuses are not caused by constric-
tive amniotic bands but are due to a vascular disrup-
tion sequence with or without cephalo-amniotic ad-
hesion (Bamforth 1992; Moerman et al. 1992). The
combination of complex, atypical facial clefts, not
strictly following embryogenetic patterns,and unusu-
ally large asymmetric encephaloceles should raise
suspicion for amnion rupture sequence (see Case Re-
port).

Case Report. Ultrasound examination of
the first pregnancy of a 27-year-old mother revealed
multiple malformations at 23 weeks of gestation;
therefore, abortion was induced. Owing to the large
size of the occipital encephalocele, some 30 ml of
haemorrhagic brain tissue had to be extruded before
a female fetus was born. Apart from the occipital en-
cephalocele that was partly attached to the umbilical
cord, an asymmetric face with cheilognathopala-
toschisis, contractures of both ankle joints, an invert-
ed flexed right foot and a hyperextended left foot

were found (Fig. 3.9). Asymmetric hypertelorism was
present with normal eyes and a single nostril on the
left. Above the right eye there was a defect of 6 mm in
diameter in the frontal and ethmoid bones through
which some brain tissue protruded. A large, partly col-
lapsed occipital encephalocele contained the larger
part of the right cerebral hemisphere with the hip-
pocampus and basal ganglia. The tentorium cerebelli
could not be found. Infratentorial tissue was absent,
probably lost during the difficult birth. The medial
side of the right hemisphere showed some neuronal
migration disturbances. Otherwise the brain was nor-
mally structured. Despite the extensive midline de-
fects, there were no signs of holoprosencephaly. The
other viscera were without gross malformations. The
placenta was, apart from a small infarction, normally
structured. The umbilical cord contained two arteries
and one umbilical vein. At places, the umbilical cord
was covered with multiple folds of fibrotic and focally
calcified amniotic bands.
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the meninges herniate with or without skin covering
(Chap. 4). The meningeal sac can contain brain tissue
(an encephalocele) or only cerebrospinal fluid (a
meningocele). In the majority of cases a bone defect
of the skull can be recognized (Fig. 3.12a).
Malformations of the cerebrum that can be visual-
ized by ultrasound include ventriculomegaly, holo-
prosencephaly, schizencephaly and porencephaly.
Ventriculomegaly means enlargement of the intra-
cranial ventricular system. It is distinct from hydro-
cephalus in which not only enlargement but also
raised pressure within the ventricular system is
found (Nyberg et al. 1987). Ventriculomegaly is de-
fined as dilatated central parts (atria) of the lateral
ventricles of 10 mm or more, at any gestation time,
measured in a transverse plane at the level of
the cavum septi pellucidi (Cardoza et al. 1988;
Fig.3.12b).In most cases, ventriculomegaly is caused
by an obstruction of the circulation of the cere-
brospinal fluid. Associated sonographic features such

as a ‘dangling choroid plexus’ and an enlarged third
ventricle may be present. Ventriculomegaly may not
be apparent until the second or third trimester of
pregnancy. The corpus callosum can be visualized on
ultrasound, but it should be emphasized that it forms
rather late in development and has not formed en-
tirely before 20 weeks of gestation (Chaps.1, 10);
therefore, accurate diagnosis of agenesis of the cor-
pus callosum can only be made after that time. In
routine scanning, agenesis of the corpus callosum is
suspected by detection of focal dilatation of the pos-
terior horns of the lateral ventricles (teardrop config-
uration), absence of the cavum septi pellucidi and a
high-riding third ventricle (Parrish et al. 1979).
Holoprosencephaly is a failure of the development
of midline forebrain structures that is usually classi-
fied into alobar, semilobar and lobar forms (Chap. 9).
In the alobar form, a monoventricle and non-separa-
tion of the thalami are found (Fig. 3.12c), whereas the
non-separation of these structures declines in the
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Fig.3.9 Amnion rupture sequence in a fetus of 23 gesta-
tional weeks: a overview of malformations; b malformed
craniofacial region; c occipital encephalocele; d the brain

after opening of the skull; e detail of calcified amniotic band
(courtesy Martin Lammens, Nijmegen)

semilobar and lobar forms (Chap.9). Holoprosen-
cephaly is usually associated with craniofacial mal-
formations such as brachycephaly, microcephaly and
abnormal facial development (Chap.5). The detec-
tion rate by routine fetal anomaly scan is high for
both the alobar and semilobar forms of holoprosen-
cephaly, even in the first trimester (Blaas et al. 2002).
In schizencephaly, mostly bilateral clefts can be seen
as translucent areas extending from the dilatated lat-
eral ventricles to the subarachnoid space.
Malformations of the cerebellum detectable by ul-
trasound include the Dandy-Walker complex and
cerebellar hypoplasias (Chap. 8). The Dandy-Walker
complex refers to a spectrum of abnormalities of the
cerebellar vermis, cystic dilatation of the fourth
ventricle and enlargement of the cisterna magna
(Barkovich et al. 1989; Chap. 8). The Dandy-Walker
malformation is characterized by failure of develop-
ment of the cerebellar vermis with a midline cyst-like
appearance in the posterior fossa with communica-

tion between the fourth ventricle and the enlarged
cisterna magna (Fig. 3.12d).

Anomalies of the choroid plexuses detectable by
ultrasound are rather common. Choroid plexus cysts
are found in approximately 1-2% of fetuses in a low-
risk population (Chitty et al. 1998) and in 1 in
150-200 fetuses of 16-18 gestational weeks (Kraus
and Jirdsek 2002). On ultrasound, choroid plexus
cysts with a variable diameter are detected as hypoe-
choic structures within the body of the choroid
plexus (Fig.3.12e). The majority will resolve by
24-28 weeks of gestation (Chitkara et al. 1988; Chitty
etal. 1998). It is generally accepted that such cysts re-
flect a normal variation of the intracranial anatomy.
An aneurysm of the vein of Galen is a rare vascular
malformation of the choroid plexus within the roof
of the third ventricle. Arteriovenous fistulas from the
choroidal, anterior cerebral and other arteries to the
vein of Galen lead to the aneurysmal dilatation of
the vein (Fig. 3.12f). On ultrasound, a large midline
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Fig.3.10 Normal and abnormal ultrasound scans: a trans-
vaginal ultrasound of 11-week-old fetal spine; b sagittal view
of second-trimester normal fetal spine; ¢ coronal view of
second-trimester normal fetal spine; d spina bifida with

cystic structure above the thalamus can be seen. With
colour Doppler investigation a turbulent blood flow
can be demonstated (Gerards et al. 2003).

Three-Dimensional Ultrasound
Three-dimensional ultrasound can be used for sur-
face reconstruction, multiplanar image analysis and
volume calculation (Blaas 1999; Pooh et al. 2003). The
surface mode shows not only fetal head anomalies
such as acrania but also the normal structure of cra-

meningocele (arrow) in lumbosacral region; e cavity of the
rhombencephalon (arrow) in a 6-week-old embryo; f normal
choroid plexuses (arrows) in an 11-week-old fetus (b, ¢ cour-
tesy Monique Haak; d courtesy Mireille Bekker, Amsterdam)

nial bones and sutures. Rotation of brain volume im-
age and multiplanar analysis enable tomographic
visualization as MRI. The planes obtained are com-
parable to sections obtained by CT or MRI (Mont-
teagudo et al. 2000). Three-dimensional ultrasound
provides the ability to simultaneously view a brain
volume in all three scanning planes. In spinal defects,
the three orthogonal planes proved to be most help-
ful in delineating the exact nature and level of the
defect.



3.3 Prenatal Diagnosis

Fig.3.11 Normal and abnormal ultrasound scans: a trans-
verse plane with view of normal brain parenchyma in a sec-
ond-trimester fetus; b transverse plane with view of the cere-
bellum; c fetus with anencephaly; d first-trimester fetus with
exencephaly (arrows); e frontal denting:‘lemon’ sign (arrows)

Magnetic Resonance Imaging
Ultrasonography is the method of choice for prenatal
scanning of fetal anomalies; however, there remain
circumstances in which ultrasound data obtained are
limited or technically difficult, for example in mater-
nal obesity, oligohydramnios and unfavourable posi-
tion of the fetus. Moreover, ultrasound examination
of the fetal CNS is limited because of the non-specif-
ic appearance of some abnormalities and ossification
of the fetal skull. Some subtle parenchymal abnor-

in fetus with spina bifida in the lumbosacral region; f Chiarill
malformation:‘banana’sign (arrows) in fetus with spina bifida
(a,b courtesy Monique Haak, Amsterdam; e, f courtesy
Mireille Bekker, Amsterdam)

malities cannot be seen on ultrasound (Poutamo et
al. 1999). MRI may be a useful adjuvant when ultra-
sound examination is indeterminate. Fetal MRI is
hindered by fetal motion and long acquisition times,
but ultrafast MRI with scan times of less then 1s
greatly decreases motion artefacts. MRI has proved to
be especially useful in the evaluation of the fetal CNS
(Levine et al. 1999; Garel 2004; Chap. 1).

MRI is especially useful in cases in which fetal ven-
triculomegaly (Fig.3.13a) is associated with other
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Fig. 3.12 Normal and abnormal ultrasound scans:a 12-week-
old fetus with encephalocele (arrow); b second-trimester fetus
with ventriculomegaly (arrows); ¢ fetus with alobar form of
holoprosencephaly; d Dandy-Walker malformation (arrows;

CNS malformations and anomalies outside the CNS
(Wagenvoort et al. 2000). Agenesis of the corpus
callosum is also such an anomaly easily missed on
ultrasound examination, although it is often suspect-
ed by indirect signs, that can be visualized with MRI
(Levine et al. 1997; Fig. 3.14). In fetuses with arach-
noid or other cerebral cysts, MRI contributes to
defining the extent of the cyst and its relationship to
surrounding structures (Fig. 3.13b). With ultrasound
it may be difficult to distinguish between hydro-
cephalus and mild forms of holoprosencephaly. With
MRI (Fig. 3.13¢), all forms of holoprosencephaly can

e choroid plexus cyst (arrow); f colour Doppler of vein of Galen
malformation (b-d courtesy Melanie Engels, Amsterdam;
f courtesy Franca Gerards, Amsterdam)

be visualized (Hubbard et al. 1999). MRI evaluation of
the posterior cranial fossa is not hindered by the en-
gagement of the fetal head, especially not in the third
trimester. Other anomalies such as lissencephaly and
schizencephaly, and also more subtle parenchymal
migration disorders such as heterotopia and polymi-
crogyria have been visualized with MRI (Levine and
Barnes 1999; Garel 2004). Fetal intracranial haemor-
rhage can be detected with MRI (Fig. 3.13d). The sig-
nal intensity of the bleeding varies with its duration
(Zanders et al. 2003). Recently developed techniques
such as diffusion-weighted imaging, which makes it
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Fig. 3.13 Fetal MRI:a ventriculomegaly; b arachnoid cyst (between arrows); ¢ holoprosencephaly; d intracranial haemorrhage
(arrow)

Fig. 3.14 MRI of callosal agenesis in a fetus of 36 gestational weeks: a sagittal view showing a high third ventricle, colpocephaly
(dilatation of occipital horn) and radial patterning of medial cortex; b frontal section (courtesy Berit Verbist, Leiden)
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Fig.3.15 Invasive sampling tests:a chorion villus sampling, b amniocentesis; ¢ fetal blood sampling from the umbilical cord

possible to detect hypoxic brain regions, provide the
opportunity to assess fetuses at risk from intrauter-
ine growth restriction, pre-eclampsia of the mother
or the twin-to-twin transfusion syndrome. MRI is
also helpful in cases with spinal defects to delineate
the precise defect and therefore may play a role in
fetal surgery for such defects (Sutton et al. 2001).

3.3.2 Invasive Tests

Various invasive sampling techniques for prenatal
diagnosis are available (Fig.3.15): chorion villus
sampling, amniocentesis and fetal blood sampling.
Chorion villus sampling can be carried out during the
first trimester and presents the possibility of an early
termination of pregnancy. Biopsies of chorionic villi
may be obtained by a transcervical or a transabdom-
inal approach (Fig.3.15a). For safety chorion villus
sampling is usually carried out after 11 weeks of ges-
tation. It is used for detecting chromosomal abnor-
malities, DNA analysis, inborn errors of metabolism
and X-linked disorders. Karyotyping of aspirated/
biopsied chorionic villi can be performed both from
direct examination or from short-term culture of the
cytotrophoblast and/or long-term culture of fibrob-
lasts from the core of the villus. Complications of
chorion villus sampling are, apart from reliability,
maternal cell contamination and confined placental
mosaicism, increased miscarriage risk and fetal in-
jury, especially oromandibular/limb hypogenesis
syndrome and transverse limb reduction defects, the

latter when chorion villus sampling is carried out be-
fore 10 weeks of gestation (Boyd et al. 1990; Quintero
et al. 1992; Firth 1997; Keeling and Boyd 2001).

Amniocentesis has been performed for much
longer than chorion villus sampling and is the most
common invasive prenatal diagnostic procedure
(Fig.3.15b). A 15-20-ml aliquot of amniotic fluid is
taken transabdominally under ultrasound guidance,
usually between 14 and 16 weeks of gestation. Indica-
tions for amniocentesis are similar to those for chori-
on villus sampling, but amniocentesis provides also
the possibility to analyse AFP in the amniotic fluid as
an indicator for neural tube defects. The vast majori-
ty of amniocenteses are performed because of in-
creased risk of Down syndrome in women aged over
35 years or in younger women with a positive result
from biochemical (AFP) screening or those with a
suspicion of abnormality on ultrasound examina-
tion. The reliability of amniocentesis is very accurate.
A miscarriage risk of 0.5-1.4% has been found in
large studies but it may be higher (Nicolaides et al.
1999). Fetal damage is rare, but documented (Squier
et al. 2000; Squier 2002; Clinical Case 3.4). Fetal blood
sampling may be used at about 20 weeks of gestation
for chromosomal analysis when ultrasound or other
invasive tests have shown a fetal anomaly. It is carried
out transabdominally from the umbilical cord
(Fig.3.15¢) or a transplacental route into an umbili-
cal cord vessel at the placental insertion if the placen-
ta is anterior. Fetal blood sampling is not routinely
done but miscarriage risk in experienced hands is in
the order of 1.5%.
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I Clinical Case 3.4

Traumatic Amniocentesis

Although fetal injury after amniocentesis has been re-
ported, reports of brain injury are rare. Squier and co-
workers (Squier et al.2000; Squier 2002) described five
cases of brain injury following amniocentesis in
midterm pregnancy. One of these cases is presented
as the Case Report.

Case Report. The dramatic effects of a
traumatic amniocentesis at 16 weeks of gestation are
shown in Fig. 3.16.The baby had a scar on the left side
of the scalp, and developed hemiplegia and in-
tractable epilepsy. MRI showed atrophy of the left
cerebral hemisphere, a defect in the rostral part of the
corpus callosum and cortical thickening in the left
Sylvian fissure with underlying neuronal heterotopia.
Hemispherectomy was performed to relieve the
severe epilepsy.

The case was kindly provided by Waney Squier (De-
partment of Neuropathology, The Radcliffe Infirmary,
Oxford, UK; with permission from the publisher).
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Fig.3.16 Traumatic amniocentesis: a sagittal MRl showing
a defect in the anterior part of the corpus callosum; b lateral
surface of the hemisphere; the arrow indicates a cortical
scar; ¢ horizontal MRI showing atrophy of the left cerebral
hemisphere; d coronal slices through the affected hemi-
sphere showing a cortical defect (arrow) and a thin corpus

callosum; e section of part of the hemisphere, stained to
show neurons, illustrating the cortical defect (arrow) and
several nodular heterotopia (small arrows) due to lack of nor-
mal migration (from Squier 2002, with permission; courtesy
Waney Squier, Oxford)
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3.3.3 Genetic Diagnosis

Karyotyping

Chromosome analysis can be performed on any tis-
sue with living nucleated cells which undergo divi-
sion. Circulating lymphocytes from peripheral blood
are most commonly used, but also skin, bone mar-
row, chorionic villi or amniocytes are often used. Af-
ter culturing and a technical preparation, different
staining methods can be used in order to identify the
individual chromosomes by their banding pattern
such as G (Giemsa) banding, which gives each chro-
mosome a characteristic and reproducable pattern of
light and dark bands. G banding is the most widely
used banding technique with up to 400-500 bands.
High-resolution banding provides greater sensitivity
with up to 800 bands, but is much more time consum-
ing. Usually 10-15 cells are microscopically analysed.
If mosaicism is suspected 30 or more cells are exam-
ined. The karyotype is the end result of the analysis
whereby each chromosome is pairwise represented
in descending order of size (Fig. 3.1a). Fluorescent in
situ hybridization (FISH) combines chromosome
analysis with a molecular technique that allows a
piece of single-stranded DNA (probe) with known
genomic localization to hybridize with its comple-
mentary target sequence. The probe is fixed to a fluo-
rescent label which gives a visible signal after hy-
bridization (Fig. 3.2). FISH technology is particularly
useful for the detection of submicroscopic deletions
such as 22ql11 deletion in VCFS and DiGeorge syn-
drome, 7ql1 deletion in Williams syndrome, 15q11
maternal deletion in Angelmann syndrome and
15q11 paternal deletion in Prader-Willi syndrome. In
these examples the clinical suspicion is highly rele-
vant: only when VCES is suspected, 22q11 FISH will
be performed. Newer techniques have been devel-
oped-and are being improved-to detect even smaller
deletions and/or duplications in a systematic way
(multiplex amplifiable probe hybridization, multi-
plex ligation-dependent probe amplification, mi-
croarray-based comparative genomic hybridization;
Sismani et al. 2001; Schouten et al. 2002; Vissers et al.
2003; Strachan and Read 2004).

Identifying the Genes

for Human Developmental Anomalies
The most commonly used way to initiate the identifi-
cation of genes involved in monogenic disorders is
linkage analysis; its aim is to map the locus where the
putative gene, mutated in the involved monogenic
disease, is located. Linkage analysis is based on the
fact that when two loci are sufficiently close together
on a chromosome, alleles at these loci are very likely
to stay together in meiosis, or in other words are very
unlikely to be separated by crossover or recombina-
tion in meiosis. It involves study of the segregation of

a monogenic disease in large families with a set of
polymorphic markers from each chromosome. In
families with an X-linked disorder only X-chromoso-
mal polymorphic markers will be used. Eventually a
marker can be identified which cosegregates with the
disease or in other words the marker locus and the
disease locus are linked. The likelihood of linkage can
be calculated and is expressed in a Lod score. Since
usually many markers are used, it is possible to con-
struct a linked haplotype: a set of alleles of linked
markers with on each side a recombined non-linked
marker, so defining the linkage interval or the linked
chromosomal region. The size of such a region is ex-
pressed in centimorgan: the smaller the region, the
better the chances to identify a gene.

Positional gene cloning uses two strategies. The
first is based on linkage studies: if the linkage interval
is very small, techniques are available to identify one
or more genes in the interval and to test these for the
presence of pathogenic mutations. In this way, for in-
stance, the cystic fibrosis gene was found. The second
is based on the identification of patients with a
monogenic disease and a chromosomal rearrange-
ment: the hypothesis is that the chromosomal re-
arrangement disrupts the gene involved in that
monogenic disease. Again techniques are available to
identify that gene. When subsequently in other pa-
tients with that monogenic disease mutations in the
so-identified gene are found the hypothesis becomes
true. The X-chromosomal gene for the Duchenne
muscular dystrophy was detected in this way. Candi-
date gene mapping is another method. From animal
models and the human genome project information
about genes and the gene content of a given linkage
interval can be retrieved. Very often information
about the function and/or the expression pattern of
the genes is available and this allows for the selection
of one or more candidate genes for a given disorder.
Finally, identifying pathogenic mutations in patients
confirms that this candidate gene is in fact the disease
gene. In this way p63 was found to be the gene in-
volved in the ectrodactyly-ectodermal dysplasia-
clefting (EEC) syndrome.

DNA Diagnosis
DNA diagnosis in monogenic diseases can be done in
two ways: the indirect and the direct way. In indirect
DNA diagnosis linkage analysis is performed. This
gives reliable results, though never 100% reliable,
provided the disease locus is known, the clinical diag-
nosis is correct, the disease is homogeneous, a suffi-
cient number of family members are available and re-
combination does not occur. Direct DNA diagnosis is
presently the more commonly used method and is
based on mutation analysis in the known disease
gene. This gives usually 100 % reliable results, though
not finding the mutation does not necessarily



exclude the disease owing to genetic heterogeneity
and/or technical shortcomings. For hundreds of
monogenic disorders DNA diagnosis is possible both
pre- and postnatally. Also carrier testing is reliably
possible for autosomal and X-linked recessive disor-
ders. Presymptomatic DNA diagnosis involves the ge-
netic testing of healthy individuals in families with an
usually late onset hereditary disease and in which the
pathogenic mutation is known. Examples are Hunt-
ington disease and hereditary breast/ovary cancer.
Obviously, adequate pre- and posttest genetic coun-
selling and where relevant psychosocial support are
required.

Preimplantation Genetic Diagnosis
Preimplantation genetic diagnosis (PGD) is the com-
bination of in vitro fertilization (IVF) and genetic
testing (Braude et al. 2002). After IVF early embryos
are allowed to develop into the eight-cell stage. Then
one to two cells are biopsied and examined while the
rest are set aside in the deep freezer. After the results
are known only the healthy embryos are implanted in
the uterus. This is still a fairly experimental method
with as its most serious drawback the relatively low
chance of an ongoing pregnancy. Examples in which
it is performed are cystic fibrosis, spinal muscular
atrophy, haemophilia and fragile X syndrome.

Inborn Errors of Metabolism
Affecting the CNS

34

Inborn errors of metabolism present a large group of
genetic metabolic disorders, the common feature of
which is a genetically determined interruption in one
or several related metabolic pathways (Fitzpatrick
2001; Scriver et al. 2001; Epstein et al. 2004). In gener-
al, metabolic diseases are recessive disorders without
clinical symptoms in heterozygous individuals. How-
ever, involved genes may also be located on the X
chromosome and on the mtDNA, leading to different
modes of inheritance. Many metabolic diseases are
caused by mutations in genes encoding proteins with
a single enzymatic function. Most conditions are in-
dividually rare, but collectively metabolic diseases
are rather common. The complexity and vulnerabili-
ty of the CNS is illustrated by the presence of neuro-
logical signs and symptoms in the majority of inborn
errors of metabolism. CNS malformations may occur
in almost all types of inborn errors of metabolism,
including disorders of oxidative phosphorylation,
aminoacidopathies, organic acidurias, fatty acid oxi-
dation disorders, lysosomal storage disorders, perox-
isomal disorders, congenital disorders of glycosyla-
tion and disorders of cholesterol biosynthesis. From
a clinical point of view, the following three categories
can be distinguished:

3.4 Inborn Errors of Metabolism Affecting the CNS

1) Inborn errors of metabolism that primarily are
located in other organs, whereby the CNS is sec-
ondarily involved. In such cases, the CNS is gen-
erally threatened by energy deficiency or intoxi-
cation. Examples are disorders of carbohydrate
metabolism and fatty acid oxidation that primar-
ily involve the liver but lead to acute energy crises
of the CNS owing to hypoglycemia or CNS intox-
ication (e.g. in galactosemia and PKU), respec-
tively. In propionic and methylmalonic acidurias
and urea cycle defects, the CNS is threatened by
energy defects as well as intoxication. Many dis-
orders in this category exhibit acute neurological
manifestations like coma and seizures.

2) Inborn errors of metabolism that mainly affect
the CNS. In this category, the involved metabolic
pathway is located in the CNS. For such disor-
ders, the term neurometabolic diseases is in-
creasingly used (Moser 1998). The pathophysio-
logical mechanisms of these disorders include
energy failure, substrate deficiency, intoxication,
or combinations of these. Pattern recognition via
MRI is very helpful in the classification of neu-
rometabolic diseases (Barkovich 2000). An im-
portant decision to be made is whether the disor-
der is primarily in the grey matter, primarily in
the white matter or a combination of both. Exam-
ples of neurometabolic disorders are:

a) Some lysosomal storage disorders (Tay-Sachs
disease and the neuronal ceroid lipofusci-
noses, classic examples of ‘grey matter’ disor-
ders; and metachromic leukodystrophy, a typ-
ical ‘white matter’ disorder)

b) Cerebral organic acid disorders such as
glutaric aciduria types1 and 2, and L-2-hy-
droxyglutaric aciduria and Dp-2-hydroxyglu-
taric aciduria

¢) Neurotransmitter synthesis disorders (e.g. tyro-
sine hydroxylase deficiency)

d) Neurotransmitter degradation defects (e.g. suc-
cinic semialdehyde dehydrogenase deficiency)

e) CNS disorders of energy production due to
defective substrate availability (e.g. glucose
transporter typel deficiency) or defective
substrate intoxication (e.g. mitochondrial
encephalopathies). Most neurometabolic dis-
orders show progressive neurological features
such as mental retardation, motor distur-
bances and epilepsy.
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Table 3.6 Some inborn errors of metabolism that mainly affect the CNS

Disorder

Group

Defective gene/
of disorders protein
Amino acids Non-ketotic hyper-

glycinemia

Organicacids  Pyruvate dehydrogenase
deficiency

Fumarase deficiency

Glutaric aciduria type 1
Glutaric aciduria type 2

CNS malformations References

Dysgenetic corpus callosum Dobyns (1989);
Hamosh and

Johnston (2001)

Brown et al. (1989);
Robinson (2001)
Remes et al. (1992);
Kerrigan et al.(2000)

Dysgenetic corpus callosum

Agenesis corpus callosum;
polymicrogyria; hydrocephalus
See Chap.9

Pachygyria; heterotopia;
hypoplastic corpus callosum;
dysplastic cerebellum

Goodman and
Frerman (2001)

Jinnah and
Friedmann (2001)

Neurobehavioural syndrome
with motor dysfunction

xanthine-guanine and self-injurious behaviour

Purines, Lesch-Nyhan syndrome  Purine salvage

pyrimidines enzyme hypo-
phosphoribosyl-
transferase

3) Inborn errors of metabolism that present as mul-
tisystem disorders with mild, moderate, or severe
CNS involvement. Many inborn errors of metab-
olism fall into this category. Striking examples of
multisystem disorders are:

a) Congenital disorders of N- and O-linked gly-
cosylation

b) Mitochondrial encephalomyopathies

c) Lysosomal storage disorders

d) Peroxisomal disorders

e) Cholesterol biosynthesis disorders

The clinical approach to metabolic diseases of the
CNS involves careful history-taking, MRI pattern
recognition, ophthalmological investigation (some
disorders are accompanied by highly typical forms of
cataract or retinopathy) and appropriate laboratory
analyses at the metabolite, enzyme or DNA level.

Inborn Errors of Metabolism
that Mainly Affect the CNS

3.4.1

Some of the inborn errors of metabolism that cause
isolated CNS malformations are summarized in
Table3.6. Pachygyria or microgyria appear to
be the most common malformations, followed by
agenesis of the corpus callosum, hydrocephalus and
(ponto)cerebellar hypoplasia. Pyruvate dehydroge-
nase deficiency is the best studied neurometabolic
disorder (Brown et al. 1989; Brown and Squier 1996;
Robinson 2001), with partial or total agenesis of
the corpus callosum as the dominant feature. Other
examples of disorders in the metabolism of organic
acids are fumarase deficiency (Remes et al. 1992;
Kerrigan et al. 2000) and glutaric aciduria typel
(Chap.9) and type 2 (Goodman and Frerman 2001).

The best known disorder of amino acid metabo-
lism is non-ketotic hyperglycinemia (Hamosh and
Johnston 2001), clinically characterized by a severe
neonatal epileptic encephalopathy. In many patients,
the corpus callosum is absent (Dobyns 1989). In
Lesch-Nyhan syndrome, hyperuricemia and a char-
acteristic neurobehavioural syndrome with motor
dysfunction and self-injurious behaviour is found
(Jinnah and Friedmann 2001). This syndrome and its
variants are due to inherited deficiency of the purine
salvage enzyme hypo-xanthine-guanine phosphori-
bosyltransferase (HPRT).

3.4.2 Multisystem Disorders
with CNS Involvement

Under this heading the following inborn errors of
metabolism will be briefly discussed: (1) congenital
disorders of glycosylation (the CDG syndromes); (2)
inherited disorders of cholesterol biosynthesis; and
(3) disorders of peroxisomal structure and function,
Zellweger’s cerebrohepatorenal syndrome in particu-
lar (Table 3.7).

Congenital Disorders of Glycosylation
Congenital disorders of glycosylation (the CDG syn-
dromes) are a rapidly growing family of genetic dis-
eases caused by defects in the synthesis of the glycan
moiety of glycoconjugates or in the attachment of
glycans to macromolecules (Jacken and Carchon
2001; Jaeken and Matthijs 2001; Jaeken et al. 2001;
Marquardt and Denecke 2003). In addition to many
other organs, the brain is affected in 10 of the 11
known congenital disorders of N-linked glyco-
sylation, mostly to a severe degree. Because a large
number of enzymes, transporters and other proteins



Table 3.7 Some multisystem disorders with CNS involvement

Group Disorder

of disorders

Defective gene/

protein

Smith-Lemli-
Opitz syndrome

Cholesterol

biosynthesis esterol reductase

Mevalonic aciduria
CHILD syndrome

Desmosterolosis

Congenital CDG-1a
disorders of

N-glycosylation

PMM2; phospho-
mannomutase

Congenital Walker-Warburg POMT; O-mannosyl-
disorders of syndrome transferase
O-glycosylation
defects

Fukuyama type Fukutin/Fukutin

of congenital

muscular dystrophy

Muscle-eye-brain ~ POMGNT1

disease
Peroxisomes

Zellweger syndrome

X-linked adreno-
leukodystrophy

ALD protein gene

Sterol-4-demethylase

Sterol-A24-reductase

(a glysosyltransferase)
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DHCR?7;7-dehydrochol-

MVK; mevalonate kinase

Inborn Errors of Metabolism Affecting the CNS

CNS malformations

Holoprosencephaly;
periventricular nodes;
dysplasia cerebellum and
corpus callosum

Cerebellar atrophy

Unilateral hypoplasia brain
stem and spinal cord

Variable phenotype,
ranging from macrocephaly
to microcephaly

Olivopontocerebellar
atrophy

Cobblestone lissencephaly;
encephalocele;
pontocerebellar hypoplasia

Cobblestone lissencephaly;
mental retardation; con-
genital muscular dystrophy

Pachygyria;
pontocerebellar hypoplasia

Polymicrogyria; pachygyria;
hypoplasia corpus callosum,
cerebellar dysplasia

References
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Haas et al.(2001)
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Happle et al. (1980)

FitzPatrick et al. (1998);
Haas et al.(2001);
Waterham et al.(2001)

Jaeken and Carchon
(2001); Chap.8

Barkovich et al.(2001);
Beltran-Valero de B et al.
(2002); Chap. 10

Kobayashi et al. (1998);
Toda et al.(2003)

Barkovich et al.(2001);
Yoshida et al. (2001);
Chap.10

Zellweger (1987);
Gould et al. (2001);
Wanders et al. (2001)

Moser et al. (2001)

are involved in glycosylation (both N-linked and
O-linked), it is expected that the great majority of
congenital disorders of glycosylation are yet to be
identified (Jaeken and Carchon 2001). An example of
an N-linked glycosylation disorder (CDG-1a), lead-
ing to pontocerebellar hypoplasia, is shown in Clini-
cal Case 3.5. O-linked glycosylation defects form the
underlying mechanism of certain lissencephalies
such as Walker-Warburg syndrome, Fukuyama con-
genital muscular dystrophy and muscle-eye-brain
disease (Barkovich et al. 2001; Chap. 10).

Disorders of Cholesterol Biosynthesis
Defects of cholesterol biosynthesis (Fig.3.18) com-
prise a heterogeneous group of disorders, most of
which have only recently been described. More are
likely to follow in the near future (Haas et al. 2001;
Kelley and Herman 2001). In general, there are two
mechanisms by which aberrant cholesterol biosyn-
thesis may cause developmental disorders: (1) a rela-
tive deficiency of cholesterol; and (2) a relative excess
of the sterol precursor. Abnormal sterols are known

to alter membrane fluidity, which may alter both the
movement of embryonic cells and cell-cell interac-
tion. Altering the sterol content of membranes may
also lead to the aberrant functioning or mistargeting
of some proteins. Perturbations in cholesterol home-
ostasis may result from a defect in the normal Sonic
hedgehog signalling network and cholesterol biosyn-
thesis (Cohen and Shiota 2002; Chap. 9). Mevalonic
aciduria, caused by deficiency of mevalonate kinase,
an enzyme located proximally in the cholesterol
pathway, was the first reported disorder of choles-
terol (Hoffmann et al. 1986). The patient showed pro-
found psychomotor retardation, ataxia, a dysmorphic
appearance, cataract, hepatosplenomegaly and recur-
rent febrile attacks. Later, several patients with milder
forms were described (Hoffmann et al. 1993; Gibson
et al. 1997). The other recognized defects of choles-
terol biosynthesis, such as CHILD syndrome,
desmosterolosis and Smith-Lemli-Opitz syndrome,
are due to enzyme defects located distally in the cho-
lesterol pathway (Fig.3.18). Patients with these dis-
orders all show complex malformation syndromes
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I Clinical Case 3.5
Congenital Disorders
of Glycosylation

Congenital disorders of glycosylation (the CDG syn-
dromes) are genetic diseases caused by defects in the
synthesis of the glycoconjugates or in the attachment
of glycans to macromolecules (Jaeken and Matthijs
2001; Jaeken et al. 2001). Apart from the brain, many
other organs are usually severely involved in disorders
of N-linked glycosylation (Stramme et al. 1991). The
best known N-linked CDG syndrome, CDG-1a, leads to
pontocerebellar hypoplasia (see Case Report).The de-
fective gene and protein are PMM2 and the enzyme
phosphomannomutase, respectively.

Case Report. A 15-year-old boy, with psy-
chomotor retardation of unknown aetiology and se-
vere scoliosis, died after a severe bronchopneumonia.
At autopsy, an extensive necrotic bronchopneumonia
and signs of aspiration were found. The endocard
showed fibrosis and the liver was steatotic and mildly
fibrotic (Fig.3.17f). Cystically enlarged tubules were
present in the kidneys (Fig. 3.17g) and a calyceal vein
was occluded by thrombotic material. Brain examina-
tion showed no obvious malformations of the cere-
brum but extensive olivopontocerebellar atrophy
(Fig.3.17a—c). The cerebellar atrophy was present in
the vermis as well as in the hemispheres. A reduced

number of small folia were present. Microscopic ex-
amination of the brain stem revealed severe atrophy
of the inferior olives (Fig.3.17d). No accessory olives
and arcuate nuclei were present.In the cerebellar cor-
tex, small molecular and granular layers could be dis-
tinguished, but no Purkinje cells. Distinct dentate nu-
clei were found. The pontine nuclei were small. In the
cerebrum, some nodular heterotopia were found
along the lateral ventricles. These characteristic find-
ings at autopsy permitted the diagnosis of CDG
type 1a, a diagnosis that was confirmed by deficient
enzymatic phosphomannomutase activity in cultured
fibroblasts (0.06 mU/mg protein; normal range 1.27-
4.53).

This case was kindly provided by Gerard van Noort
(Laboratory for Pathology East-Netherlands, En-
schede, The Netherlands).
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Fig.3.17 CDG-1a case in a 15-year-old boy: a basal view of the brain; b, ¢ dorsal and ventral views of the brain stem and

cerebellum
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Fig.3.17 (Continued) d,e Luxol Fast Blue stained sections of the inferior olive in this case and a control, respectively;
f steatotic and mildly fibrotic liver; g cystically enlarged tubuli in the kidney (courtesy Gerard van Noort, Enschede)

involving different organ systems. CHILD syndrome,
an acronym for congenital hemidysplasia, ichthyosi-
form erythroderma and limb defects, is character-
ized by unilateral ichthyotic skin lesions with a sharp
demarcation at the midline of the trunk (Happle et al.
1980). Desmosterolosis shows a variable phenotype
ranging from macrocephaly to microcephaly with fa-
cial and limb malformations (FitzPatrick et al. 1998;
Haas et al. 2001; Waterham et al. 2001). Smith-Lem-
li-Opitz syndrome (SLOS) is an autosomal recessive-
ly inherited, multiple malformation syndrome, char-
acterized by retardation, syndactyly and hypogeni-
talism (Smith et al. 1964; Opitz et al. 1969; Cunniff
et al. 1997; Kelley and Hennekam 2000). The face of
SLOS patients is distinct and characterized by micro-
cephaly, bitemporal narrowing, hypertelorism, pto-
sis, a short nasal root, anteverted nares and microg-
nathia. Characteristic skeletal abnormalities include
postaxial polydactyly and syndactyly of the second
and third toes, and limb shortness. Hypogenitalism

ranges from cryptorchidism to apparent complete
sex reversal. Cardiac malformations are common
(Liu et al. 1997). Common CNS malformations in-
clude hypoplasia or aplasia of the corpus callosum,
hypoplasia of the frontal lobes, and cerebellar hy-
poplasia, especially of the vermis (Cherstvoy et al.
1975; Fierro et al. 1977; Marion et al. 1987). Congeni-
tal sensorineural hearing deficits may affect about
10% of patients (Ryan et al. 1998), and some form of
holoprosencephaly, from a small midline notch of the
upper lip to semilobar holoprosencephaly, occurs in
about 5% of patients (Kelley et al. 1996). Irons et al.
(1993) noted that patients with SLOS had a more than
a 100-fold increase in the plasma level of 7-dehydro-
cholesterol, the immediate precursor of cholesterol.
A few years later, Moebius et al. (1998) cloned the
human DHCR7 gene, localized it to chromosome
11q12-13, and subsequently mutations of DHCR7
causing SLOS were found (Fitzky et al. 1998; Moebius
et al. 1998; Wassif et al. 1998; Waterham et al. 1998).
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Disorders of Peroxisomal Structure

and Function
Peroxisomes are roughly spherical organelles bound
by a single lipid bilayer to the intracellular mem-
brane. Their enzymatic abilities include roles as oxi-
dases, in ether lipid synthesis, and in cholesterol and
dolichol biosynthesis. The disorders of peroxisome
biosynthesis have been divided into 11 complemen-
tation groups (Moser et al. 1995). Groups 1-10 are as-
sociated with the phenotypes of Zellweger syndrome
(Gould et al. 2001; Wanders et al. 2001; Clinical Case
3.6), neonatal adrenoleukodystrophy or infantile Ref-
sum disease, which are now thought to represent
variants with different severity of the same disorder
(Moser et al. 1995). Group 11 is associated with the
rare rhizomelic chondrodysplasia punctata pheno-

type.

3.5 Myelination Disorders
Myelination is the final phase in the development of
the cerebral white matter. In the CNS, myelin is pro-
duced by oligodendrocytes. Flat processes, extending
outwards from the oligodendrocyte cell body, are be-
ing wrapped around axons in a spiral fashion and so
form myelin. As a rule myelination in the CNS occurs
along a caudal to rostral gradient (Chap. 1). Most of
the myelination of the forebrain takes place after
birth. MRI assessment of myelination patterns in
children can be performed to score functional matu-
rity of the brain (van der Knaap and Valk 1990, 1995;
Sie et al. 1997). Primary absence of central myelina-
tion has not been described so far. Even patients with
a null mutation of the major CNS myelin protein,
the proteolipid proteinl, as found in Pelizaeus-
Merzbacher disease, do show light microscopical
presence of myelin even at adult age (Koeppen and
Robitaille 2002). Pelizaeus-Merzbacher disease is the
prototype of a central hypomyelinating disorder
(Fig. 3.20), and is due to mutations of the proteolipid
protein (PLP) gene on chromosome Xq22 (Inoue et
al. 1996; Koeppen and Robitaille 2002; Chap. 2).
Several inherited metabolic diseases have their
principal target in the cerebral white matter and are
generally called leukodystrophies. They include dis-
eases such as globoid cell leukodystrophy (Krabbe
disease), metachromic leukodystrophy and adreno-
leukodystrophy (Ruggieri 1997; Aicardi 1998). Early
in the disease course, their clinical picture is general-
ly dominated by bilateral and slowly progressive mo-
tor manifestations such as spasticity and ataxia. Cog-
nitive and behavioural deterioration and epileptic
phenomena usually appear at a later time and remain
overshadowed by motor disturbances for a long time.
Congenital white matter hypoplasia has also been re-
ported without evidence of demyelination, dysmyeli-

3.5 Myelination Disorders

nation or degeneration of cortical neurons (Chattha
and Richardson 1977; Lyon et al. 1990), and may pos-
sibly be due to a primary defect of axonal develop-
ment. Recently, the so-called vanishing white matter
disease, originally descibed as occurring only in chil-
dren older than 1year of age and in adults (van der
Knaap et al. 1997), has been found to start prenatally
(van der Knaap et al. 2003). Autopsy of one of the nine
patients originally described confirmed MRI find-
ings (van der Knaap et al. 1997) of extensive cystic de-
generation of the cerebral white matter with reactive
changes and a preserved cortex. Moreover, typical in-
volvement of the pontine tegmental white matter was
observed. This autosomal recessive disorder is due to
mutations in one of the five subunits of the transla-
tion initiation factor eIF2B, located on chromosome
3927 (Leegwater et al. 1999,2001; van der Knaap et al.
2002; Clinical Case3.7). The neurological signs of
vanishing white matter disease include cerebellar
ataxia, spasticity, inconstant optic atrophy and a
usually relatively mild mental decline. The disease
is chronically progressive, with in most patients
episodes of rapid deterioration following febrile in-
fections and minor head trauma. Death occurs after a
variable period of a few months to a few decades. MRI
findings are diagnostic, showing a diffuse abnormal-
ity of the cerebral white matter (van der Knaap 1997,
2002).

3.6  Vascular Disorders

The developing brain is vulnerable to various vascu-
lar disturbances during pregnancy. The resulting
brain lesions are not only dependent on the severity
of the particular disturbance but correlate also with
the developmental state of the brain. The cause of is-
chemia or hypoxia may be maternal, placental, fetal
or a combination of these factors. Early in gestation,
general hypoxia may lead to very severe brain
malformations such as porencephaly and hydran-
encephaly. Porencephaly was originally defined as a
smooth-walled cyst with communication between
the ventricle and the subarachnoid space due to
circumscribed hemispheric necrosis that occurs in
utero or before the adult features of the hemisphere
are manifest (Friede 1989; Norman et al. 1995; Clini-
cal Case3.8). This term is often used more widely,
particularly by neuroradiologists, who include uni-
lateral enlargement of the lateral ventricles. Hydra-
nencephaly means the destruction of the cerebral
hemispheres, usually the bilateral territories of sup-
ply of the internal carotid arteries, combined with
hydrocephalus due to aqueduct stenosis (Fig. 3.23).
In both types of brain injury a varying part of the basal
ganglia and the thalamus are also involved (Norman
et al. 1995). When the fetus survives such serious
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I Clinical Case 3.6

Zellweger Syndrome

Zellweger syndrome is an early lethal multisystem
disorder with deficient peroxisomes, and is character-
ized by cerebrohepatorenal malformations due to
defective B-oxidation of very long chain fatty acids
(Moser et al. 1984). Definitive diagnosis is made by
demonstration of increased levels of very long chain
fatty acids in plasma or cultivated fibroblasts (Gould
et al. 2001; Wanders et al. 2001). Clinical features
include dysmorphic facies, deafness, congenital
cataract, hepatomegaly, gastrointestinal bleeding,
hypotonia and seizures (see Case Report).

Case Report. The girl was the first child of
nonconsanguineous parents, born at 40.5 weeks of
gestation. Her weight was 2,500 g (P5), and her head
circumference was 33 cm (P3). There were dysmor-
phic signs: a broad nasal bridge, low-set ears, a high
forehead, a small chin, Simian crease, joint contrac-
tures of the lower limbs and bilateral congenital
cataract. The baby was hypotonic. There was he-
patomegaly. X-ray examination of the knees showed
stippled patellar calcifications. Abdominal ultrasound
examination showed renal cortical cysts. There was
severe epilepsy and poor psychomotor development.
The clinical diagnosis of Zellweger syndrome was
confirmed by the demonstration of deficiency of per-

Fig.3.19 Zellweger syn-
drome, showing bilateral
polymicrogyria in frontal
sections of the brain:

a overview of three slices;
note hypoplastic corpus
callosum and periventricular
cavity on the left side;

b, ¢ Luxol Fast Blue stained
sections of the insular region
(courtesy Martin Lammens,
Nijmegen)




oxisomal enzymes such as palmitoylcoenzyme A oxi-
dase and glycolate oxidase, by the presence of phy-
tanic acid (1.211g/ml), by the increase of very long
chain fatty acids and by electron microscopic exami-
nation of the liver which revealed absence of peroxi-
somes. The child died at 9 months of age. The neu-
ropathological findings are shown in Fig.3.19. Brain
weight was 9409 (range 820+49 g). The cerebrum
showed bilateral polymicrogyria, especially pro-
nounced in the insular region of the temporal lobe,
whereas the middle and lower temporal gyri were
normal. The corpus callosum was hypoplastic. A
periventricular cavity was found on the left side. On
microscopy, there was hypomyelination and wide-
spread gliosis of the white matter.The polymicrogyric
cortex showed some vertical lamination, with vertical-
ly oriented strands of neurons present in the underly-
ing white matter. A few glioneuronal ectopia were
present in the insular leptomeninges.The plump infe-
rior olives showed an abnormal gyration pattern with

3.5 Myelination Disorders

very sparse undulations. Material for further molecu-
lar biological examination was not available.

This case was kindly provided by Mark D’hooghe
(General Hospital St.Jan, Bruges, Belgium).
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Fig.3.20 MRI (T2-weighted) of
a a normal 2-year-old child and
b a child with Pelizaeus-Merz-
bacher disease (courtesy Henk
O.M.Thijssen, Nijmegen)

lesions, additionally polymicrogyria and other mal-
formations may be seen, the extent of the lesion again
is dependent on the developmental state of the fetus.

An important cause of intrauterine ischemic cere-
bral damage may be seen in monochorionic twins
in which, owing to placental shunting (Arts and
Lohman 1971; Eberle et al. 1993; Benirschke and
Kaufman 1995), twin-to-twin transfusion leads to
shortage of blood in one fetus and surplus of blood in
the other (Clinical Case 3.9). There are several reports
of polymicrogyria in monozygotic twins (Norman
1980; Barth and van der Harten 1985; Larroche et al.
1994). In their cases, Barth and van der Harten (1985)

dated the appearance of polymicrogyria in mono-
zygotic twins to the 13th to 16th weeks of gestation.

Bordarier and Robain (1995) described a case of

dizygotic twins in which both parts showed cerebral
damage.

Periventricular haemorrhage, most often synony-
mous to germinal matrix haemorrhage, represents an
important midterm pathology (Fig. 3.25a). Although
classically seen in very low birthweight infants with
less than 24 weeks of gestation or in sick premature
neonates owing to disturbed autoregulation of cere-
bral blood flow, it may also occur during intrauterine
life (de Vries et al. 1998a) and may be associated with
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B Clinical Case 3.7
Vanishing White Matter Disease

In two MRI-defined white matter disorders, megalo-
cephalic leukoencephalopathy with subcortical cysts
and vanishing white matter, the gene defects have
been identified (Leegwater et al.2001; van der Knaap
et al. 2002, 2003). Vanishing white matter disease
(VWMD) usually has its onset in late infancy or early
childhood, but onsets in early infancy, have also been
described. The youngest case reported so far is pre-
sented as the Case Report. Mutations in each of the
five subunits of the translation initiation factor elF2B
can cause VWMD.

Case Report. The second child, a girl, of a
consanguineous Turkish family was born at 38 gesta-
tional weeks after a prenatal history of severe and pro-
gressive intrauterine growth retardation since the
26th gestational week. At birth, there was micro-
cephaly and the infant had a drop hand. The neuro-
logical status of the baby deteriorated progressively
with loss of most neurological functions. She died at
3 months of age. MRI showed severe hypomyelina-
tion. Autopsy confirmed the diagnosis vanishing
white matter disease. The first child in this family, a
boy, had a comparable clinical history and died at
4 months of age.In both infants,a homozygous muta-
tion in the delta subunit of elF2B4 was found. At au-
topsy, the microcephalic brain showed a normal gyral
pattern and a hypoplastic cerebellum.The white mat-

ter of the cerebral hemispheres had a grey colour, it
was diffusely very weak and focally cystic (Fig.3.21).
The central white matter of the cerebellum was less
affected. On microscopic examination, there was se-
vere diffuse degeneration of the myelin in the cen-
trum semiovale and to a lesser degree in the cerebral
hemispheres, the pyramidal tracts and the cerebellar
hemispheres. Mild degeneration was found in the
basal ganglia and the brain stem. In the severely af-
fected parts of the brain, complete absence of myelin
with relatively little myelin debris was observed.

This case was kindly provided by Caroline Van den
Broecke and Rudy Van Coster (University Hospital,
Gent, Belgium).
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Fig.3.21 Frontal sections
through the frontal and tem-
poral lobes (a) and the occi-
pital lobe (b) in a fetal case
of vanishing white matter
disease (courtesy Caroline
Van den Broecke, Gent)
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I Clinical Case 3.8

Porencephaly

Porencephaly is a severe brain malformation, usually
occurring early in gestation owing to general hypoxia
(see Case Report).

Case Report. The second child of healthy
parents with a normal first child presented with a
severe encephalopathy. MRI made in the third week
after birth showed extensive defects in both cerebral

hemispheres, particularly of the frontoparietal lobes,
dilatated lateral ventricles and severe cerebellar hypo-
plasia (Fig.3.22a-d). No cerebral aqueduct could be
identified. The boy died at the age of 3 months. At
autopsy, brain weight was 280 g. Both hemispheres
showed large defects, especially in the insular region,
with polymicrogyria around the borders of the de-
fects (Fig. 3.22e). Aqueduct stenosis, a small, artificial-
ly torn corpus callosum, extremely reduced cerebellar
hemispheres and absent pyramids (Fig.6.35€) were
found.

Fig.3.22 Porencephaly in a 3-month-old male infant: a—c, sagittal MRI; d coronal MRI; e lateral view of the brain (courtesy
Michél Willemsen and Pieter Wesseling, Nijmegen)
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Fig. 3.23 Hydranencephaly due to intracranial haemorrhage
in a term baby who survived 4 days: a basal view of brain;
b coronal section of the cerebrum; c section through the cere-

amniotic sac inflammation (Hansen and Snyder
1998). Other risk factors are clotting disorders. The
periventricular haemorrhage may extend into the
ventricle and ultimately give rise to hydrocephalus by
blocking the narrow ventricular and arachnoidal
pathways for CSF (Jackson and Blumhagen 1983; Hill
and Rozdilsky 1984; Weindling 2002). It may also ex-
tend into the brain parenchyma and even give rise to
infarction of the adjacent white matter. The latter will
usually be haemorrhagic by obstruction of the drain-
ing veins (de Vries et al. 2001; Volpe 2001b). This is re-
ferred to as periventricular venous infarction (PVI).
It provokes intraparenchymatous echodensity (IPE).
In 10-15% of all preterm infants with a germinal
matrix-intraventricular haemorrhage, a unilateral
IPE occurs which leads to contralateral hemiplegia in
two thirds of these patients (de Vries et al. 1998b).
Recently, Takanashi et al. (2003) described five chil-
dren born at term with congenital hemiplegia whose
magnetic resonance images were compatible with
PVI. This suggests that a clinically silent PVI in utero
can lead to congenital hemiplegia at term. In contrast
to periventricular leukomalacia (PVL), congenital
hemiplegia is usually unilateral.

During the last trimester of pregnancy (26-36
weeks of gestation), the developing white matter is
especially vulnerable to hypoxic-ischemic injuries.

bral cortex (from the Department of Neuropathology, Medi-
zinische Hochschule Hannover; courtesy Akira Hori)

The resulting lesions are known as periventricular
white matter disease. The term periventricular leuko-
malacia is used for the state in which the periventric-
ular white matter is destroyed and resorbed during
the perinatal period in premature infants. The is-
chemia may be aggravated by the specific anatomical
and physiological circumstances of the premature in-
fant. Studies on the anatomy of the vascular supply to
the white matter suggested that the deep white mat-
ter represented a watershed territory in this period
(De Reuck et al. 1972). In a detailed anatomic study,
Kuban and Gilles (1985) failed to demonstrate such a
watershed zone (Nelson et al. 1991; Rorke 1992).
Blood-flow studies showed that arterial flow to the
white matter is low at this developmental period
(Borch and Greisen 1998; Weindling 2002), and that
blood vessel density in the white matter is lower be-
tween 28 and 36 weeks than in earlier or later periods
of development (Miyawaki et al. 1998; Weindling
2002). More recently, the importance of intrauterine
infection, resulting in elevation of proinflammatory
cytokines, such as interleukin-6, interleukin-1$ and
tumour necrosis factor-a, has been emphasized
(Kadhim et al. 2001). Another important factor, con-
tributing to the vulnerability of the prenatal white
matter, may be the intrinsic vulnerability of the
developing oligodendroglial cells. Oligodendroglia



3.6 Vascular Disorders

I Clinical Case 3.9

Twin-to-Twin Transfusion

Twin-to-twin transfusion may lead to serious defects
in the brain of one of the twins (see Case Report).
Owing to abnormal blood shunting between the pla-
centae in monochorionic biamniotic twins, perfusion
failure may occur.This may result in cerebral damage,
the extent of which is dependent on the state of de-
velopment of the fetus. Polymicrogyria is commonly
one of the characteristic malformations (Barth and
van der Harten 1985; Larroche et al. 1994).

Case Report. This was the second preg-
nancy of nonsanguineous parents with one healthy
child of 1 year old. Of the monozygotic twins, the fe-
male patient was severely affected, the second twin
was completely normal. During pregnancy, dispropor-
tionate growth was noted and fetal movements were
almost absent. At 27 weeks of gestation, polyhydram-
nios was recognized on ultrasound examination, and
2,000 ml of amniotic fluid was removed through am-
nion punctures in two sessions. The patient was born
at 29 weeks of gestation and died a few minutes after
birth owing to lung hypoplasia. The second of the
twins was briefly admitted to the neonatal intensive
care unit, but did well and showed no congenital mal-
formations. The placenta was monochorionic and bi-
amniotic. There was only one umbilical artery in the
first twin and a velamentous insertion of its umbilical
cord.

The weight of the girl was 7309 (less than P3).
There was hyperextension of the neck and multiple
joint contractures were evident. The elbows were
fixed in flexion, whereas the hips were fixed in exten-
sion. There was clinodactyly and camptodactyly, the
knees were extended with genua recurvata. On the
left side a pes equinovarus was present, and on the
right side a pes calcaneovarus. There was severe scol-
iosis. The lungs were very hypoplastic (5.6 g). General
autopsy further revealed a small stomach, multiple re-
nal cortical cysts and hepatomegaly. Brain weight was
120 g (normal range 174+38 g). On the lateral surface
of the brain bilateral polymicrogyria was noted
(Fig. 3.24). Microscopic examination showed that the
polymicrogyric cortex was severely disrupted. No
layering of neurons whatsoever could be observed.
Ectopic groups of neuroglial cells were found in the
meninges. The brain stem was quite normal. There
was no dysplasia of either the inferior olives or the
dentate nuclei.

Fig.3.24 Lateral view (a), frontal section (b) and detail of
polymicrogyric cortex (c) in a case of twin-to-twin transfu-
sion (courtesy Martin Lammens, Nijmegen).
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have glutamate receptors and may be damaged by ex-
cess glutamate release when neural tissue is damaged
by ischemia (Kinney and Back 1998; McDonald et al.
1998; Volpe 2001 a, b). Three patterns of white matter
damage, PVL, telencephalic leukoencephalopathy,
and multicystic leukoencephalopathy, represent a
spectrum of severity of damage (Volpe 2001a,b;
Squier 2002). Macroscopically, PVL is characterized
by small areas of necrosis in the deep white matter
(Fig. 3.25b). The lesions appear yellow owing to calci-
um deposition and may become cavitated and cystic.
Microscopically, in PVL widespread glial prolifera-
tion and capillary reactive changes are found. There
is often axonal damage adjacent to areas of infarc-
tion. The term telencephalic leukoencephalopathy is
used to describe diffuse reactive changes throughout
the white matter of the cerebral hemispheres without
focal infarction or cyst formation. In multicystic
leukoencephalopathy, the white matter contains
many large cysts which may almost completely re-
place it (Clinical Case 3.10).

In neonates, haemorrhages are frequently found in
the brain. The most frequent is subventricular haem-
orrhage, but if isolated it most often has no conse-
quences (Volpe 2001a). An extensive isolated sub-
arachnoidal bleeding in a neonate should raise suspi-
cion for additional factors such as clotting disorders,
of which neonatal alloimmune thrombocytopenia
(NAIT) is the most frequent at this age (Clinical
Case 3.11). This form of neonatal thrombocytopenia
affects 1 per 1,000-2,000 deliveries (Miiller-Eckhardt
et al. 1989) with a mortality up to 14% (Smith 2001).
Infants may present with porencephaly or postdeliv-
ery intracranial haemorrhage. The cause of NAIT is
incompatibility of the human platelet antigen-1
(HPA1) system in 80% of European women, with a
negative mother carrying a positive fetus expressing
the antigen inherited from the father. Alloantibody to
HPA-5b represents a relatively common cause of
NAIT in Europe but results in less severe disease, and
only rarely in intracranial haemorrhage and death
(Herrero et al. 2003). HPA-4a induced NAIT is often
severe but occurs almost exclusively among Asian
populations (Glade-Bender et al. 2001). HPA-3a in-
compatibility represents less than 1% of documented
cases of NAIT but is similar in severity to disease
caused by incompatibility of HPA-1a (Glade-Bender
et al. 2001). Unlike Rhesus-incompatibility pregnan-
cies, the first pregnancy is often affected. Isolated
plexus haemorrhages most often are of no conse-
quence.

Vascular malformations such as an aneurysm of
the vein of Galen are rare and other arteriovenous
malformations only rarely provoke intrauterine
problems. Besides rare haemorrhages, malformation
of the vein of Galen may also lead to important cere-
bral damage and ultimately brain atrophy due to is-

Fig. 3.25 Periventricular leukomalacia (a) and periventricular
haemorrhage (b). See text for explanation

chemic complications (Norman and Becker 1974).
They are most likely due to steal phenomena, leading
to hypoperfusion in some adjacent or even remote
parts of the brain (Grossman et al. 1984; Raybaud et
al. 1989).

Focal arterial infarctions due to obstruction of a
single cerebral artery are a rare phenomenon early in
life. Estimates from brain imaging suggest an inci-
dence of 0.2-0.35 per 1,000 neonates (Govaert et al.
2000). Perinatal ischemic stroke, defined as a cere-
brovascular event around the time of birth with
pathological or radiological evidence of focal arterial
infarction, is largely a disorder of term or near-term
infants (de Vries et al.1997; Govaert et al. 2000; Nelson
and Lynch 2004). The middle cerebral artery is most
often involved. The left hemisphere is more frequent-
ly affected than the right, probably owing to haemo-
dynamic differences from a patent ductus arteriosus
(Trauner et al. 1993). Perinatal-stroke risk factors in-
clude cardiac, blood, homocystein and lipid disor-
ders, infections, maternal and placental diseases, and
iatrogenic interventions such as catheterization and
extracorporeal membrane oxygenation (Nelson and
Lynch 2004). Although rare, perinatal stroke can also
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I Clinical Case 3.10
Multicystic Leukoencephalopathy

Multicystic leukoencephalopathy is the most severe
form of white matter damage (Volpe 2001; Squier
2002),in which the white matter is largely replaced by
cysts (see Case Report). The lesions of the grey matter
in this case are typical for an episode of complete as-
phyxia in a full-term neonate. They consist of severe
necrosis of the deep brain nuclei, the neocortex and
the hippocampus. The reason for the perinatal as-
phyxia was not entirely clear, but was probably pla-
cental in origin.

Case Report. After an uneventful preg-
nancy, birth at full term at home presented unexpect-
ed difficulties. Deteriorating heart tones resulted in
the transport of the mother to the hospital. Owing to
traffic problems, transport took more than 1 h, after
which a boy was born with low Apgar scores. Epileptic
fits were present from the first day but no sponta-
neous movements were noted. MRI after 1 month
showed severe leukomalacia. The infant died after
1 week of fluid refusal at 6 weeks of age. At autopsy,
brain weight was 300 g.There was complete neuronal
loss of the deep nuclei (Fig. 3.26 a), including the basal

Fig.3.26 Multicystic leukoencephalopathy:a frontal section through the frontal and temporal lobes; b intima fibrosis and
media calcification of meningeal arteries (courtesy Martin Lammens, Nijmegen)

ganglia and the thalamus, with severe gliosis and par-
tial pseudocystic necrosis of these nuclei. Large parts
of the neocortex were also severely necrotic with
sparing of the occipital lobes. The top of each sulcus
affected was always better preserved than its base.
Ultimately, this necrosis would result in ulegyria. On
both sides, the hippocampus and the subiculum were
almost completely necrotic. In the cerebellum partial
loss of Purkinje cells and of some cells in the dentate
nuclei was found.The supratentorial white matter was
almost completely necrotic except for part of the
occipital white matter, leading to porencephaly. The
white matter of the cerebellum and the brain stem
was partly gliotic, but better preserved than the
supratentorial parts. The meningeal arteries showed
distinct intima fibrosis and calcification of the inner
part of the media (Fig. 3.26 b).
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occur in term infants with neonatal encephalopathy,
owing to underlying infections or endocrine disor-
ders of the mother (Ramaswamy et al. 2004).
Generalized ischemic or perfusion failure may
lead to selective necrosis of particular groups of neu-
rons. The selective vulnerability of neuronal groups

is dependent on regional vascular and metabolic fac-
tors (Volpe 2001b). The so-called watershed infarct,
in which neuronal injury is more prominent in bor-
der zones between vascular territories, is the most
prominent example of regional vascular factors. This
may explain the parasagittal cerebral injury at the
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I Clinical Case 3.11
Neonatal Alloimmune
Thrombocytopenia

Extensive isolated subarachnoidal bleeding in a
neonate is often due to neonatal alloimmune throm-
bocytopenia. A case of fetomaternal alloimmune
thrombocytopenia due to HPA-5b incompatibility
came to autopsy (see Case Report).

Case Report. During the first pregnancy
of a mother with Sjégren syndrome, intrauterine
growth retardation of the fetus was observed at
31 weeks of gestation. Caesarean section was carried
out because of a deteriorating cardiotocogram,and a
boy of 1,180g and 39-cm length was born. Apgar
scores were 8 and 9,and no meconium-staining of the
amniotic fluid was found. The placenta showed no

abnormalities. A few hours later, the boy was trans-
ferred to a university hospital because of acute respi-
ratory failure. His clinical condition rapidly deteriorat-
ed. Ultrasound examination showed a massive in-
tracranial haemorrhage.The boy died 22 h after birth.
At autopsy, brain weight was 222 g. Recent massive
subarachnoidal haemorrhages were found at the
base of both temporal lobes (Fig. 3.27b) and at the su-
perior surface of the cerebellum. Microscopic haem-
orrhages were seen in the cerebral white matter, but
no large intracerebral bleedings. No other abnormali-
ties were found. In the blood of the mother im-
munoglobulin G antibodies against thrombocytes
were found. The father appeared to be heterozygous
for HPA-5a/HPA-5b. Fetomaternal alloimmune throm-
bocytopenia due to HPA-5b was demonstrated in the
fetus and, most probably, caused the unusually large
subarachnoidal bleeding.

Fig. 3.27 Dorsal (a) and
ventral (b) views of the brain
in a case of neonatal alloim-
mune thrombocytopenia
(courtesy Martin Lammens,
Nijmegen). Note the massive
subarachnoidal haemor-
rhages at the base of both
temporal lobes

border zone between the anterior and middle cere-
bral artery territories, characterized by a lesion of the
cerebral cortex and subcortical white matter on the
parasagittal superomedial aspects of the cerebral
convexities (Friede 1989; Volpe 2001b). The depths of
the sulci are more vulnerable than the tops owing to
the fact that they form a relatively avascular area be-
tween penetrating meningeal arteries in the near-
term infant brain. This leads to ulegyria. Differences
in regional distribution of glutamate receptors of the
N-methyl-p-aspatate type, in metabolic rate or in
NADPH-diaphorase activity are examples of region-
al metabolic factors which play a role in the selective

vulnerability of groups of neurons in the brain stem,
the striatum and the hippocampus (Chaps. 7,9, 10).

Classifications
of CNS Malformations

3.7

Traditional schemes of classifying CNS malforma-
tions are based on descriptive morphogenesis of the
brain and spinal cord. Usually, neural tube defects are
discussed separately. Abnormalities of the cerebral
hemispheres are grossly subdivided into the prosen-
cephalies and neuronal migration disorders. Other
malformations are mostly discussed regionally, such
as those of the spinal cord, the brain stem and the
cerebellum. Since we discussed the development of
the CNS regionally, in this book we have also followed
a more or less regional approach for developmental
disorders of the CNS. Recently, Sarnat (Sarnat 2000;
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Table 3.8 Molecular classification of malformations of early CNS development (after Sarnat 2000)

Proposed molecular Further subdivision Selected specific disorders

genetic classification

Genetic mutations expressed
in the primitive streak or node

Disorders of ventralizing
gradient in the neural tube

Disorders of dorsalizing
gradient of the neural tube

Disorders of the rostrocaudal
gradient and/or segmentation

A.

A.

A.

Upregulation
of organizer genes

. Downregulation

of organizer genes

Overexpression
of ventralizing genes

. Underexpression

of ventralizing genes

. Overexpression

of dorsalizing genes

. Underexpression

of dorsalizing genes

Increased homeobox
domains and/or
ectopic expression

. Decreased homeobox

domains and/or
neuromere deletion

1. Duplication of neural tube

1. Agenesis of neural tube, partial or complete

1. Duplication of spinal central canal

2. Duplication of ventral horns of spinal cord

3. Diplomyelia (Clinical Case 6.1)

4. Duplication of neural tube

5.Ventralizing induction of somite (segmental amyoplasia)

1.Fusion of ventral horns of spinal cord

2.Sacral (thoracolumbosacral) agenesis (Chap. 3)
3. Arhinencephaly (Chap.9)
4.Holoprosencephaly (Chap.9)

1.Duplication of dorsal horns of spinal cord
2.Duplication of dorsal brain stem structures

1.Fusion of dorsal horns of spinal cord

2. Fusion of midbrain colliculi
3.Rhombencephalosynapsis (Clinical Case 8.1)
4.Septo-optic dysplasia (Clinical Case 9.7)?

1.Chiari [l malformation

1.Agenesis of mesencephalon and metencephalon
(Clinical Case 7.1)

2.Global cerebellar aplasia or hypoplasia

3. Agenesis of basal telencephalic nuclei (Chap. 9)

4.Agenesis of corpus callosum (some cases)

V. Aberrations in cell lineages A. Non-neoplastic 1. Striated muscle in CNS
by genetic mutation 2. Dysplastic gangliocytoma of cerebellum
(Lhermitte-Duclos; Chap.8)
3.Tuberous sclerosis (Chap. 10)
B. Neoplastic 1.Myomedulloblastoma
2.Dysembryoplastic neuroepithelial tumours
VI. Disorders of secretory A. Mediating neuro- 1.Initial course of neuroblast migration
molecules and genes that blast migration (Filamin-1: X-linked periventricular nodular heterotopia)
mediate neuronal migration 2.Middle course of neuroblast migration
(Chap.10) (subcortical laminar heterotopia or band heterotopia;
Miller-Dieker syndrome; Fukuyama muscular dystrophy)
3.Late course of neuroblast migration, differentiation
of cortical plate (Reelin and Disabled-related NMDs)
B. Mediating glioblast
migration
VII. Disorders of secretory A. Netrin downregulation ROBO3-deficiency (Chap.6)

molecules and genes that
attract and repel axonal
growth cones

. Downregulation

of keratan sulfate

and other glycosamino-

glycans

the axes that are established during gastrulation
(Chaps. 1, 2), vertical (dorsoventral or ventrodorsal),
rostrocaudal and mediolateral; (2) overexpression in
one of these gradients may result in duplication or
hypoplasia of structures, or ectopic expression; (3)

Sarnat and Flores-Sarnat 2004) proposed a molecular
genetic classification of CNS malformations. His ap-
proach is summarized in Table 3.8. The premises of
this classification are as follows: (1) genetic ex-
pression in the neural tube follows gradients along
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underexpression in a gradient generally results in hy-
poplasia, non-cleavage in the midline of paired struc-
tures or segmental deletion of neuromeres. Some ex-
amples are shown in clinical cases in other chapters
of this book.
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