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Preface

Modern neuroimaging tools allow unprecedented opportunities for understanding
brain neuroanatomy and function in health and disease. Each available technique
carries with it a particular balance of strengths and limitations, such that converging
evidence based on multiple methods provides the most powerful approach for
advancing our knowledge in the fields of clinical and cognitive neuroscience. In
addition to offering fine-grained in-vivo neuroanatomical specification, neuroimaging
methods also provide the opportunity to non-invasively explore brain function. The
latter — widely employed in the study of cognition, and instrumental in the emergence
of the field of cognitive neuroscience — is being increasingly used for clinical purposes
(for example, to enhance pre-surgical lesion mapping, to avoid critical networks
serving sensory and cognitive functions, and to improve prognostic evaluation for
patients in minimally conscious states). Molecular imaging is providing a window on
the biological mechanisms associated with disease progression, but rapid
advancement in this area is contingent upon the specificity, sensitivity and delivery of
the probes and the speed and resolution of the imaging method. Clinical near-infrared
spectroscopy (NIRS) is a form of optical imaging increasingly employed to estimate
location and extent of cerebral activation via the monitoring of blood haemoglobin
levels. Its portability provides the possibility of bedside measurement, and its
relatively low cost and straightforward application lends itself well to clinical use.
Magnetic resonance spectroscopy (MRS), unlike conventional magnetic resonance
imaging (MRI), provides information on the brain’s chemical environment (rather than
neuroanatomical structure) and the data are most commonly presented as line spectra.
This capacity for determining brain metabolite concentrations provides the basis for
clinical investigation of, and differentiation between, neurological and neurosurgical
conditions. For example, MRS is particularly important for differentiating between high
and low grade gliomas, between Alzheimer’s disease and non-progressive neurological
conditions, and in the detection of changes associated with mild cognitive impairment
(often a precursor for dementia). Neurological conditions carry different prognoses and
require different forms of immediate treatment and longer term clinical management,
and MRS (particularly when combined with clinical information and MRI) can provide
critically important information for diagnostic and evaluation purposes.

The scope of this book is not to provide a comprehensive overview of methods and
their clinical applications but to provide a “snapshot” of current approaches using
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well established and newly emerging techniques. Richly illustrated overviews of
MRI/MRS features associated with congenital brain malformations (Chapter 1, Bano)
and inborn errors of metabolism (Chapter 2, Casimiro et al.) provide important
reference documents for diagnostic purposes. Chapters 3 (Govender, Wilmshurst &
Wieselthaler) and 4 (Guevara Campos & Gonzalez Guevara) focus on acquired
disorders in children. In children, disseminated encephalomyelitis is more common
than (and a major risk factor for) multiple sclerosis (MS). Following recovery, the
potential risk of a relapse occurring is a critical issue for long-term prognosis.
Govender et al. present an important overview of criteria employed to predict
recurrence and progression to MS, with particular attention given to radiological
findings. Guevara Campos and Gonzalez Guevara focus specifically on Landau
Kleffner syndrome (LKS; sometimes called infantile acquired aphasia), in which
language comprehension and expression impairments emerge after an initial period of
normal development. Diagnosis (and differentiation from autism and other forms of
learning disability) can be difficult and contingent upon encephalography (EEG)
recordings acquired during sleep. The authors reflect on the advantages of
magnetoencephalography (MEG) employed on its own, or in combination with EEG,
for differential diagnosis, evaluation and management.

In Chapter 5, Carrascosa Romero and de Cabo de la Vega consider the relevance of
genetics and brain imaging findings in the diagnosis of diseases which result from
abnormal development or neoplasia of cells derived from the neural crest
(neurocristopathies). Koga and Saito (Chapter 6) provide a beautifully illustrated
discussion of the use of neuroimaging tools to guide gamma knife radiosurgery.
Advances in neuroimaging methods and software have greatly improved precision of
radiosurgery for the treatment of structural abnormalities, thereby preserving the
function of surrounding tissue. Combined methods have led to further refinements
with, for example, high visuospatial resolution afforded by MRI combined with
metabolic information from the lesion site (measured with 18F-fluorodeoxyglucose
positron emission tomography; FDG-PET) to indicate location and malignancy of
gliomas, which in turn informs radiosurgical targeting. Kapsalaki et al. (Chapter 7)
consider MRS spectroscopic profiles for differentiation among ring enhancing lesions
including high grade gliomas, abscesses and post-radiation necrosis. The potential for
misdiagnosis of ring enhancing lesions is an important clinical concern and this
overview of spectroscopic signatures associated with various candidate pathologies is
a welcome contribution to the literature. In Chapter 8 Kapsalaki et al. turn to the
viability of functional MRI (fMRI) for maximising glioma extirpation and limiting the
likelihood or level of neurocognitive deficit. The chapter includes a careful
consideration of issues associated with fMRI design and analysis, its inherent
inferential limitations and a comprehensive review of its application during
presurgical planning.

The role of neuroimaging methods in managing epilepsy and identifying suspected
areas of abnormality are described by Bragatti (Chapter 9). He includes an overview of
the utility of structural, diffusion and functional MRI, MRS, EEG, MEG, PET, single
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photon emission computed tomography (SPECT) and combined approaches. Canas
and Soares (Chapter 10) discuss transient abnormal MRI findings associated with
seizure activity. This reversibility of neuroimaging features indicates that they are
specifically caused by the seizures but their localization significance is unclear. The
authors consider the role of MRI techniques for investigating and characterising these
abnormalities. Dura-Travé et al. (Chapter 11) present an epidemiological study of
epilepsy and epileptic syndromes in 457 children for whom MRI was performed at
diagnosis. A number of common MRI abnormalities were observed, particularly when
diagnosed in the first years of life, raising the possibility that imaging findings
previously considered incidental might be clinically significant with respect to
emergence and likely form of epileptic disorder. A role for the insula as part of a
distributed network involved in medial temporal lobe epilepsy has been implicated as
far back as the 1940s, but its deep position behind the operculum presents difficulties
for investigation with depth electrodes. Afif (Chapter 12) describes the advantages of
using an oblique (rather than orthogonal) robotic arm guided approach to explore the
insular cortex during invasive pre-surgical evaluation of patients with epilepsy.

Cerebral small vessel disease (cSVD) is widely prevalent in elderly people and a risk
factor for motor and cognitive impairment (particularly of executive function) and
possibly for parkinsonian disorders and dementia. Gunda, Varallyay and Bereczki
(Chapter 13) explore the utility of non-conventional MRI techniques (including
diffusion and perfusion weighted imaging (DWI/PWI) and diffusion tensor imaging
(DTTI)) for enhancing our understanding of c¢SVD. Intracranial atherosclerotic disease
(ICAD) is a major cause of ischemic stroke worldwide, but particularly associated with
Asian populations. Khan, Naqvi and Kamal (Chapter 14) describe neuroimaging tools
available for diagnosis and management of the disease, including diffusion weighted
images of infarct patterns and vessel imaging using conventional angiography as well
as other complementary approaches, such as transcranial Doppler ultrasound for
measuring blood velocity.

The advantages and limitations of conventional structural MRI for the diagnosis and
monitoring of MS are discussed by Andreadou (Chapter 15). There is often a disparity
between the level of structural abnormality seen on MRI and level of cognitive
difficulties expressed by the patient with MS. Clinical interview and
neuropsychological assessment are vitally impairment, not only from an initial
diagnostic perspective but also in terms of longer term planning and care. Mike,
Guttman and Illes (Chapter 16) consider cognitive impairment in MS and its
relationship to grey matter findings with MRI. Although significant correlations
between quantified measures of grey matter integrity and level of cognitive
impairment are observed, this relationship requires further exploration and refinement
if more targeted and appropriate long term management is to be realised.

Idiopathic intracranial hypertension (also known as pseudotumor cerebri) is a
neurological condition (disproportionately occurring in obese women of childbearing
age) associated with raised intracranial pressure which is not caused by intracranial

X
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mass or other disease. Rosenfeld and Kesler (Chapter 17) review presenting signs and
the role of neuroradiological evaluation in excluding tumors or vascular lesions that
might otherwise explain raised intracranial pressure.

Huang, Yen and Lu (Chapter 18) review the role of SPECT in the diagnosis of
idiopathic Parkinson’s disease and its differentiation from other conditions
characterised by parkinsonisms such as dementia with Lewy Bodies (DLB) and
vascular parkinsonism. Accurate diagnosis is clearly critical for treatment and
prognosis, and the authors provide a very useful overview of recent developments in
dopamine transporter imaging which have led to important advances in this area.
Fragile X-associated tremor/Ataxia syndrome (FXTAS), formally identified in 2001, is a
late-onset neurodegenerative condition occurring in carriers of a fragile X gene (FMR1)
premutation. Rodriguez-Revenga et al. (Chapter 19) consider the possible role of MRI
in the early diagnosis of patients for whom the underlying pathogenic process may
begin early in life. Papadaki and Boumpas (Chapter 20) present a comprehensive
review of the application of non-conventional neuroimaging techniques in
neuropsychiatric systemic lupus erythematosus (NPSLE). Wide variability in the
clustering of symptoms presents considerable challenges for diagnosis, and the
authors present strong arguments for more widespread use of techniques sensitive to
microstructural, haemodynamic and biochemical tissue characteristics. Bano (Chapter
21) reviews important clinical and imaging features associated with tuberculosis of the
central nervous system. Conventional MRI has an important role in ensuring accurate
clinical diagnosis but the diagnostic sensitivity of infra-tentorial lesions and initial
cerebral changes identified with this approach is questionable. MRS can be
particularly helpful in differentiating causes of ring enhancing lesions and
magnetization transfer imaging (MTI), diffusion and perfusion imaging can also aid in
diagnosis and management of the condition.

Molecular cloning has identified eight metabotropic glutamate receptor (mGluR)
subtypes, each with distinct patterns of expression. However, the characteristic roles of
these different mGluRs in physiological processes are not well understood.
Identification of subtype-specific compounds may potentially act as therapeutic agents
for the treatment of a wide range of conditions (including progressive brain disease,
epilepsy and cerebral ischemia) all of which are associated with abnormal mGLuR
activation. Zhang and Brownell (Chapter 22) present a superb overview of mGIuR
functions, radiotracer development and imaging findings to date, and raise important
clinical implications and recommendations for further research. Brust and Deuther-
Conrad (Chapter 23) provide an overview of the current status of molecular imaging
of the a7 nicotinic acetylcholine receptor, considered an important regulator of cellular
function with probable involvement in a range of neurodegenerative diseases,
schizophrenia, and other disorders. Ratai, Caruso and Eichler (Chapter 24) consider
the role of advanced magnetic resonance technologies for the imaging of
leukodystrophies which are (mostly inherited) genetic mutations that produce
progressive cognitive and physical impairment in children previously considered well.
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These disorders are caused by maturational white matter abnormalities and therefore
white matter tractography (using DTI) can offer advantages over conventional MRI in
the detectability of clinically relevant microstructural features. High field strength
structural MR scanning (up to 7 tesla for clinical and research use in humans) is now
available in some countries, and this greatly enhances the spatial resolution over that
offered by standard clinical facilities (typically 1.5 or 3 tesla). Similarly, better MRS
spectral resolution is achieved at higher field strengths due to improved signal-to-
noise and chemical-shift dispersion. The authors describe how developments in MR
technology have provided clear clinical and practical benefits but also acknowledge
their methodological drawbacks and limitations. Their overriding conclusions and
recommendations are common to all fields of research in clinical neuroscience covered
in this book: that it is only though the combined application of different neuroimaging
methods, in which both strengths and limitations of each mode of investigation are
taken into account, that rapid advances in knowledge of health and disease are likely
to be realised.

Peter Bright
Anglia Ruskin University in Cambridge
United Kingdom
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1. Introduction

More than 2000 different congenital malformations of the brain have been described in the
literature, and their incidence is reported to be about 1 percent of all live births.! Since the
congenital anomalies of the brain are commonly encountered in day to day practice, it is
very important for every radiologist to be familiar with the basic imaging findings of
common congenital anomalies to make a correct diagnosis necessary for optimum
management of these conditions. Magnetic resonance imaging (MRI) is very useful in
studying these malformations. The aim of this chapter is to provide an overview of all
important and routinely encountered congenital malformations of the brain.

2. Normal brain development

Congenital anomalies of the brain are extremely complex and are best studied by correlating
with embryological development. Basic events in normal brain development includes the
following four stages:!

Stage 1: Dorsal Induction: Formation and closure of the neural tube

- Occurs at 3-5 weeks

- Three phases: Neurulation, canalization, retrogressive differentiation

- Failure: Neural tube defects (Anencephaly, Cephalocele, Chiari malformations) and
Spinal dysraphic disorders.

Stage 2: Ventral Induction: Formation of the brain segments and face

- Occurs at 5-10 weeks of gestation

- Three vesicles (prosencephalon, mesencephalon, and rhombencephalon) form the
cerebral hemispheres/thalamus, midbrain, and cerebellum/brain stem respectively.

- Development of face

- Failure:  Holoprosencephalies, Dandy  Walker = malformation,  Cerebellar
hypoplasia/dysplasia (Chiari-IV), Joubert syndrome, Rhombencephalosynapsis,
Septooptic dysplasia, and facial anomalies.
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Stage 3: Migration and Histogenesis

- Occurs at 2-5 months of gestation

- Neuronal migration from germinal matrix to the cortex

- Cortical organization

- Failure of Migration: Heterotopias, Agyria-pachygyria, Polymicrogyria, Lissencephaly,
Schzencephaly, Corpus callosal agenesis, Lhermitte-Duclos disease.

- Failure of Histogenesis: Aqueductal stenosis, Arachnoid cyst, Megalencephaly,
Micoencephaly, Neurocutaneous syndrome (phakomatoses), Congenital vascular
malformation, and Congenital neoplasms.

Stage 4: Myelination

- Begins at 6 months of gestation; matures by 3 years.

- Progresses from caudal to cephalad, from dorsal to ventral, and from central to
peripheral

- Failure: Dysmyelinating diseases, Metabolic disorders.

3. Classification of congenital malformation of brain

A number of classification systems have been proposed, but with regards to our basic
purpose, simplified classification of brain malformations has been taken into account, which
is as follows: 1.2

a. Disorders of Organogenesis

Neural tube closure
Diverticulation and cleavage
Sulcation/cellular migration
Cerebellar hypoplasia/dysplasia

b. Disorders of Histogenesis

Neurocutaneous syndromes (Phakomatoses)
c. Disorders of Cytogenesis

- Congenital vascular malformations
- Congenital neoplasms of brain

d. Disorders of Myelination
- Leukodystrophies

4. Imaging features of congenital malformations of the brain

4.1 Disorders of organogenesis
4.1.1 The chiari malformations

Chiari I Malformationl2 (Figure 1)
- Termed as tonsillar ectopia
- Herniation of elongated peg like cerebellar tonsils into the upper cervical canal through

the foramen magna.
- Abnormal tonsillar descent below the opisthion-basion line

e Atleast 6mm in first decade
e  5mm in the 2nd /3rd decade
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4mm between 4th -8th decade, and
3mm by 9th decade

- Causes of abnormal tonsillar descent

Congenital asymptomatic tonsillar ectopia

Intracranial hypotension due to chronic CSF leak (sagging brain)

Long-standing compensated hydrocephalus

Craniovertebral anomalies (Basilar invagination, Platybasia, Atlantooccipital
assimilation)

- Associated anomalies

Syringohydromyelia(30-60%)

o .

Fig. 1. Chiari I Malformation. Sagittal TIW MR scan of brain shows peg like low lying tonsil in
upper posterior cervical canal (thin white arrow). The cerebellar tonsils lie more than 10mm
below the foramen magnum. Note mild enlargement of supratentorial ventricular system.

Chiari 11 Malformation2 (Figure 2)

- Complex anomaly involving skull, dura, brain, spine and the cord
- Skull and dural involvement

Luckenschadel (lacunar skull), concave clivus and petrous ridges

Small and shallow posterior fossa with low lying transverse sinuses and torcular
herophilli

Hypoplastic tentorium cerebelli with gaping (heart shaped) incisura

Hypoplastic, fenestrated falx cerebri with interdigitating gyri

Gaping foramen magnum

- Brain involvement

Cascading protrusion of vermian nodulus, fourth ventricle choroid plexus and the
medulla into the spinal canal with formation of cervicomedullary spur and kink
Upward herniation of cerebellar hemispheres and vermis through gaping incisura
(towering cerebellum) producing tectal deformity (beaked tectum)

Cerebellar hemispheres creep around to engulf the brain stem

Large massa intermedia

Hydrocephalus (90%) with serrated appearance of lateral ventricles
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Fig. 2. Chiari Il Malformation. Sagittal TIW MR images(a,b) of brain show a small posterior
fossa, low lying tetorium cerebelli (thick black arrow), cascade of inferiorly displaced vermis
and choroid plexus into upper posterior cervical canal (double thin black arrow), medullary
spur (thin white arrow), large massa intermedia(asterix). The cerebellar hemispheres extend
antero-medially(thin white arrow) to engulf the brain stem on axial T2W(c) image. Coronal
TIW image(d) reveals low lying torcular herophili(thick white arrow), gaping incisura and
towering cerebellum(thin black arrow). Also note bilateral hydrocephalus. Plain axial CT
scan(e,f) another patient shows cerebellar hemispheres engulfing the brain stem, wide
gaping incisura plugged with upward herniating dysmorphic cerebellum(thin black arrow),
gross gyral interdigitation and stenogyria (thick white arrow). Screening of whole spine in
another patient with ACM-II demonstrates associated lumber myelomeningocele (asterix)
on sagittal T2W image (g).
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- Spine and cord involvement
¢ Myelomeningocele (nearly 100%)
e  Syringohydromyelia (70-90%)
¢ Diastematomyelia
- Associated anomalies
e  Corpus callosal dysgenesis, heterotopias, polymicrogyria

Chiari III Malformationl23 (Figure 3)

- Features of Chiari II malformation with a low occipital or high cervical encephalocele
- The encephalocele may contain meninges, cerebellum, occipital lobe or brain stem.
Cisterns and dural sinuses may also be present

Fig. 3. Chiari IIl Malformation. Sagittal TIw MR scan shows features of ACM I, evidenced
as a large massa intermedia (asterix), tectal beaking (thin black arrow), inferior herniation of
the cerebellar tissue through the foramen magnum into the upper posterior cervical canal
(thin white arrow), and a low occipiltal meningoencephalocele (thick white arrow).

Chiari IV Malformation1.2

- Severe cerebellar hypoplasia or dysplasia, small brain stem and large posterior fossa
CSF space
- No hydrocephalus and other CNS anomalies

Cephaloceles!24 (Figure 4-10)

- Characterized by protrusion of intracranial contents through a congenital defect in the
dura and skull
- Usually located at or near the midline.
- Pathological classification of cephaloceles (based on the contents of the herniated sac)
¢  Meningocele (leptomeninges and CSF)
¢  Meningoencephalocele (leptomeninges, CSF and brain)
¢  Meningoencephalocystocele (leptomeninges, CSF, brain and ventricles)
e  Atretic cephalocele (small nodule of fibrous fatty tissue)
e Gliocele (CSF lined by glial tissue)
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- Anatomic classification of cephalocele (based on location)
e  Occipital - most common in America, Europe
e Parietal
e Temporal
e  Frontal or Frontoethmoidal (Sincipital) - most common in Asia
e Transsphenoidal - uncommon
e Nasal
- The herniated brain dysgenetic and non-functional
- Absence or erosion of the crista galli with enlargement of foramen cecum is a constant
feature of a nasal cephalocele.

Fig. 4. Occipital cephalocele. Sagittal TIW (a) image shows herniation of severely dysplastic
cerebellar tissue and the occipital lobe into a large CSF containing sac through an osseous
defect in the occipital bone(thin white arrow). Thin strand of dysplastic brain tissue or septa
can be seen traversing the CSF within the sac. Also note small posterior fossa, and deformed
brain stem. 2D Time-of- flight venogram (b) demonstrates no herniation of dural venous
sinuses in the cephalocele sac. This is important information for the surgeons.

Fig. 5. Parietal cephalocele. Sagittal TIW(a) image of brain shows a small parietal
cephalocele containing CSF and dysplastic brain tissue(thin white arrow). 2D TOF
venogram(b) shows non visualization of small segment of superior sagittal sinus in the
region of osseous defect consistent with sinus thrombosis(thin white arrow).
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- Differential diagnosis of a nasal cephalocele includes congenital nasal masses (e.g.
dermoid) where crista galli is present but split.

- Antenatal ultrasound and MRI are useful in evaluation of content of the sac. MR
venography is useful to assess major dural sinuses within the herniated sac, which may
be responsible for major bleeding during surgery. CT is useful in demonstrating bony
defect.

- Associated anomalies

e  Chiari II and III malformation (seen with occipital cephalocele)
e Corpus callosum agenesis, Dandy-Walker malformation (seen with parietal
cephalocele)

o ; ? i
Fig. 6. Temporal cephalocele. Coronal T2W (a), axial TIW (b) and FLAIR (c) image of brain
shows a left temporal meningoencephalocele (thin white arrow) containing dysplastic and

disorganized left temporal lobe and CSF. Ipsilateral lateral ventricle is dilated and the
temporal horn appears stretched towards the bony defect.

=

Fig. 7. Frontal cephalocele. Axial T2W(a) and sagittal TIW(b) image of brain demonstrates a
large frontal midline meinigoencephalocele (thin white arrow) containing dysplastic frontal
lobes, stretched frontal horns and the CSF. Left cerebral hemisphere drsraphism is present,
seen as a widely open CSF cleft(asterix) extending across the left external capsule region,
and communicating posteriorly with the dilated occipital horn and anteriorly with the
cephalocele. Ipsilateral basal ganglion show abnormal morphology. Subependymal
heterotopia of right occipital horn (thin black arrow) and a small, narrow left sided posterior
scizencephalic cleft (thick white arrow) is also noted.
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Fig. 8. Nasal cephalocele. Sagittal TIW (a), Coronal FLAIR (b), and axial T2W(c) images
reveal a large right sided nasal meningocele containing the CSF (asterix). There is a defect in
the skull base in the region of the cribriform plate and crista galli (thin arrow).

Fig. 9. Sphenoid encephalocele. Axial (a) and coronal (b) NCCT head shows a defect in right
lateral wall of sphenoid sinus(thin white arrow) with herniation of small portion of
inferomedial part of ipsilateral temporal lobe (black asterix and thin black arrow).
Associated sinusitis is seen involving the ipsilateral sphenoid sinus (white asterix).

Fig. 10. Atretic occipital cephalocele. Sagittal T2W(a), axial TIW(b) image shows a small
subcutaneous mass (thin white arrow) in high occipital region just external to a small defect
in the calvarium. Note that the brain is not entering the cephalocele; instead, a thin strand of
fibrous tissue is seen extending across the osseous defect, from the surface of the brain to the
subcutaneous mass. Small posterior fossa arachnoid cyst is also seen. 2D TOF venogram (c)
shows presence of median procencephalic vein within embryonic falcine sinus(thin white
arrow) and absence of sagittal sinus.
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Corpus Callosum Agenesis 12 (Figure 11,12,13)

- Corpus callosum, a midline commissure connects two cerebral hemispheres
- Develops in cephalocaudal direction, beginning with genu then followed by the body
and splenium. The rostrum is last to develop
- Two types: complete or partial
- Complete callosal agenesis
e Absence of entire corpus callosum, cingulate gyrus and sulcus
e High riding 3d ventricle with spoke like orientation of gyri around it
e  Widely separated, parallel and non-converging lateral ventricles.
e Probst bundles (longitudinal white matter tracts) indent superomedial lateral
ventricles
e  Colpocephaly (dilated occipital horns) common, frontal horns small and pointed
e  High incidence of dorsal interhemispheric cyst

Fig. 11. Corpus callosal agenesis (partial). Sagittal TIW(a) and axial T2W (b,c) image shows
presence of only the genu of the corpus callosum (thin white arrow), high riding third
ventricle(thin black arrow),widely separated and parallel lateral ventricles(double thin
white arrow).

. i
-y

Fig. 12. Corpus callosal agenesis(complete). Sagittal TIW(a) and coronal T2W (b) image
shows complete absence of the corpus callosum and cingulate sulcus (thin white arrow),
high riding third ventricle communicating with the interhemispheric fissure(thin black
arrow), and crescent shaped frontal horns indented medially by white matter tracts of
Probst’s bundles(thick white arrow). Widely separated and parallel lateral ventricles with
colpocephaly are also seen (double thin white arrow) on axial T2W image(c).
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Partial callosal agenesis

e  Splenium and rostrum absent or hypoplastic

e Genuand body present to various degrees

Associated anomalies

e Migration disorders (heterotopias, lissencephaly, schizencephaly)
Chiari II malformation

Dandy-Walker malformation

Holoprosencephaly

Corpus callosal lipoma

Fig. 13. Corpus callosal agenesis(partial) with dorsal interhemispheric cyst. Sagittal TIW(a)
and axial T2W(b) image shows presence of the genu and anterior part of body of the corpus
callosum while, the posterior body, splenium and rostrum is absent (thin white arrow). The
lateral ventricles are widely separated and a moderately large dorsal interhemispheric cyst
(asterix) is present which is seen communicating with the overlying subarachnoid space via
a narrow schizencephalic cleft (thin black arrow). Solitary nodular heterotopia can be seen
within the body of left lateral ventricle which is mildly dilated (thin white arrow).

4.2 Disorders of diverticulation and cleavage

Holoprosencephaly?25 (Figure 14,15,16)

Characterized by complete or partial failure of cleavage and differentiation of

developing cerebrum (prosencephalon) into hemispheres and lobes.

Cerebellum and brain stem relatively normal

Classified into three types on the basis of degree of severity

e  Alobar (most severe)

e Semilobar ( moderately severe)

e Lobar (mildest form)

Precise boundaries among these three groups does not exist, intermediate cases may be

identified

Alobar Holoprosencephaly

e Near complete lack of hemispheric cleavage

e  Cresent-shaped monoventricle

e  Absence of septum pellucidum, corpus callosum, falx cerebri, and interhemispheric
fissure

e Fused thalami and basal ganglia
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e Associated anomalies: Dorsal interhemispheric cyst, severe craniofacial anomaly
- Semilobar Holoprosencephaly

e DPartial brain diverticulation

e H-shaped holoventricle with rudimentary occipital and temporal horns.
Rudimentary third ventricle may be present.

e Septum pellucidum absent, callosal splenium may be formed, falx cerebri and
interhemispheric fissure partially developed posteriorly.

e Thalami and basal ganglia partially separated

e Associated anomalies: Dorsal interhemispheric cyst, variable craniofacial anomalies

Fig. 14. Alobar holoprosencephaly. TIW coronal(a) and axial(b) MRI brain shows a large
central monoventricule(white asterix), thin cortical mantle(thin white arrow) and fused deep
gray nuclei seen as a small central mass of gray matter(black asterix). The crescentric
monoventricle communicates with a large dorsal cyst (thick white arrow). (From Barcovich
A]J. Pediatric Neuroimaging ((4th edn). Philadelphia: Lippincott Williams & Wilkins).

Fig. 15. Semilobar holoprosencephaly. Axial T2W MRI brain shows H-shaped monoventricle
with rudimentary third ventricle (arrow). Basal ganglia and thalami are partially fused.
Note the presence of callosal splenium(thin black arrow) and a small dorsal
interhemispheric cyst(asterix). (From Barcovich AJ. Pediatric Neuroimaging ((4th edn).
Philadelphia: Lippincott Williams & Wilkins).
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Fig. 16. Lobar holoprosencephaly. Axial T2ZW MRI brain shows separated basal ganglia and
thalami, well formed third ventricle(small closed arrows) and splenium(large closed
arrows), rudimentary frontal horns(small open arrows) and partial midline fusion of the
frontal lobe cortex(thin large white arrow). The azygous anterior cerebral is also
present(curved black arrow). (From Barcovich AJ. Pediatric Neuroimaging ((4th edn).
Philadelphia: Lippincott Williams & Wilkins).

- Lobar Holoprosenceohaly

e Nearly complete brain cleavage

e Squared-off or boxlike configuration of frontal horns due to absence of septum
pellucidum

e Septum pellucidum absent, variable degree of anterior extension of corpus
callosum, well formed falx cerebri and interhemispheric fissure with some
anteroinferior fusion of hemispheres

e Thalami and basal ganglia well separated

e  Associated anomalies: Azygous anterior cerebral artery, mild or absent craniofacial
anomalies

Septooptic Dysplasia (de Morsier syndrome) 126

- Milder form of lobar holoprosencephaly

- Characterized by hypoplastic optic nerves and optic chiasma, and absent septum
pellucidum

- Associated hypoplasia of hypothalamic-pituitary axis seen in 2/3rd cases

- MR picture of small optic nerves and chiasma, widened anterior recess of 3rd ventricle
and suprasellar cistern, and squared frontal horns

- Associated anomalies: Scizencephaly (most common)

4.3 Disorders of sulcation/cellular migration
Lissencephaly (Agyria-Pachygyria) 12 (Figure 17,18)

- Refers to “smooth brain” with absent or poor sulcation.
- Can be complete (agyria) or incomplete (pachygyria). Intermediate features of agyria
and pachygyria may coexist



Congenital Malformation of the Brain 13

- Three types: Type L, II, and III
- Typel (classical) lissencephaly
e Typical figure eight configuration of brain with oblique and shallow sylvian
fissures.
e Thickened cortex with flat broad gyri and smooth gray-white matter interface.
e  Colpocephaly
e Associated with Miller-Dieker syndrome.

Fig. 17. Lissencephaly. Axial TIW image shows a complete smooth brain with thickened
cortex and shallow sylvian fissures(arrows) giving the brain characteristic figure of eight
appearance.
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Fig. 18. Lissencephaly with hemimegalencephaly. Axial (a) and coronal (b) TIW image of
brain shows right sided hemimegalencephaly and lissencephaly. Right frontal lobe is
particularly enlarged, has a disorganized, thickened, nearly agyric cortex with complete loss
of cortico-medullary differentiation (arrow). The anterior interhemispheric fissure is
displaced to the opposite side by the hypertrophied frontal lobe; ipsilateral frontal horn is
also enlarged.

- Type lI(Cobblestone) lissencephaly
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e Thickened cortex with polymicrogyric appearance. Concurrent hypomyelination of
underlying white matter present.
e Associated with Fukuyama congenital muscular dystrophy, Walker-Warburg
syndrome and muscle-eye-brain syndrome.
- Type llI(cerebrocerebellar) lissencephaly
e  Microcephaly with moderately thickened cortex and hypoplastic cerebellum and
brain stem

Nonlissencephalic Cortical Dysplasia 1.2 (Figure 19,20,21)

- Two types: Polymicrogyria and pachygyria

- Polymicrogyria
e characterized by diffusely thickened cortex with irregular, bumpy gyral pattern
e  MRI: thick cortex with flat surface, irregular gray-white matter junction

Fig. 19. Polymycrogyria. Axial TIW(a) and T2W(b) image shows shallow sylvian fissures
giving figure of eight appearance to the brain. The cortex is diffusely thickened and has
irregular bumpy gyral pattern (arrow) with relative paucity of underlying white matter. The
cortico-medullary junction is also irregular.

Fig. 20. Patchygyria with band heterotopia. Coronal T2W (a) and axial FLAIR (b) image
shows very few, shallow sulci and thickened gyri. Also note band heterotopia, seen as bands
of gray matter alternating with the white matter (arrow).
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- Pachygyria
e Focal areas of thickened and flattened cortex with blurred gray-white matter
junction

- Both types of cortical dysplasia show relative paucity and marked T2 prolongation of
underlying white matter

Fig. 21. Focal cortical dysplasia. Axial NCCT brain shows focal cortical dysplasia seen as
localized thickening and infolding of the cortex (arrow) in left fronto-parietal junction region
with paucity of underlying white matter and prominence of overlying sulcus.

Heterotopias 127 (Figure 22,23)

- Characterized by the presence of normal neurons at abnormal sites

- Result of arrested neuronal migration from periventricular germinal zone to the cortex
along the radial glial fibers

- Two types: Nodular type(common), band (laminar) type (uncommon)

- Nodular type:

e Multiple masses of gray matter which are of variable size

¢  Common location: subependymal or subcortical

e  Focal or diffuse

e Subependymal focal nodules indent the ventricular wall, whereas diffuse
heterotopias border the walls of the lateral ventricle and are X-linked.

e Heterotopias are isointense to normal gray matter in all pulse sequences and do not
enhance on administration of intravenous contrast. They are best appreciated on
medium tau inversion recovery sequences.

e The differential diagnosis is subependymal nodules (SENs) of tuberous sclerosis.
On MRI, SENs are not precisely isointense to gray matter, however, occasionally
show enhancement after contrast administration. They are often calcified.

e Large dysplastic and disorganized masses of ectopic gray matter may mimic
intracranial mass, and produce severe deformity of ipsilateral ventricle.

e  Subcortical heterotopias are less frequent.

- Band or laminar type

e Alayer of neurons interposed between the ventricle and cortex, seen as alternating

layer of gray and white matter band
- The cortex overlying the heterotopia is nearly always abnormal with pachygyria or
polymicrogyria.
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Fig. 22. Nodular heterotopia. Axial T2W(a) and TIW medium tau inversion recovery (b)
image shows subependymal nodular heterotopias(arrow). Also note colpocephaly, widely
separated and parallel lateral ventricles along with a small dorsal interhemispheric cyst in a
patient of partial callosal agenesis.

Fig. 23. Focal cortical dysplasia with mass heterotopia. Axial T2W (a) image demonstrates a
heterotopic mass of gray matter indenting the left lateral ventricle(arrow). On FLAIR
coronal(b) and T1W sagittal(c) image, the ipsilateral temporal lobe has a thickened, agyric
cortex and shows complete loss of gray-white matter differentiation.

Schizencephaly (split brain) 1.289 (Figure 24,25)

Characterized by presence of heterotopic gray matter lined cleft that extends from the

ventricular (ependyma) to the periphery (pial surface) of the brain, traversing through

the white matter.

Can be unilateral or bilateral

Two types: Closed lip (type I) or open lip (type II)

Closed lip (type I) schizencephaly

e  Walls of the cleft oppose each other and there is no intervening CSF

¢ Imaging shows an outpouching or nippling at the ependymal surface of the cleft

Open lip (type II) schizencephaly

e Walls of the cleft are widely separated and the cleft is occupied by CSF

e Severe form of open lip schizencephaly has an appearance which is called “basket
brain”.

e Closest differential is porencephalic cyst in which CSF space is lined by gliotic
white matter, in contrast to gray matter lined schizencephaly.
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- Associated anomalies: heterotopias, septo-optic dysplasia, absence of septum
pellucidum and callosal dysgenesis

J". ; 7‘ Rl
Fig. 24. Bilateral closed lip scizencephaly. Sagittal TIW(a) and axial TIW medium tau
inversion recovery(b) image shows bilateral gray matter lined tract with closely opposed

walls(thin black arrow), extending from the lateral ventricle to the cerebral convexity. Note
nippling in the lateral wall of bilateral lateral ventricles (thin white arrow).

Fig. 25. Unilateral open lip scizencephaly. Axial NCCT brain shows a wide open, gray
matter lined CSF cleft extending from left lateral ventricle to the cerebral cortex (arrow).

Hemimegalencephaly 12910 (Figure 18)

- Hamartomatous overgrowth of a part or all of one cerebral hemisphere

- MR shows enlargement of a part or whole of one cerebral hemisphere, ipsilateral
ventricle is frequently dilated and the frontal horn is stretched. The cortex is affected by
diffuse migration anomaly (polymicrogyria, pachygyria) and the underlying white
matter is gliotic and dysmyelinated

- Rarely, associated enlargement and dysplasia of ipsilateral cerebellar hemisphere and
brain stem may be present, a condition referred as total hemimegalencephaly

- Heterotopias may be present

- Associated anomalies: Epidermal nevus syndrome, Klippel-Trenaunay-Weber
syndrome, Neurofibromatosis type 1
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4.4 Disorders of cerebellar hypoplasia/dysplasia
Dandy-Walker Complex 1211 (Figure 26,27)

- Includes Dandy-Walker Malformation and Dandy-Walker Variant
- Dandy-Walker Malformation Characterized by
e Large posterior fossa with cystic dilatation of the fourth ventricle; that elevates the
tentorium, torcular Herophili and the transverse sinuses above the lamdoid suture
(lamdoid torcula inversion)

Fig. 26. Dandy-Walker Variant. Axial T2W (a) and sagittal TIW(b) image shows that inferior
half of the vermis is hypoplastic (arrow) and the fourth ventricle communicates with
enlarged cistern magna. Associated hydrocephalus is also present.

Fig. 27. Dandy-Walker Malformation. TIW axial(a) and sagittal (b) image of brain snows the
classic findings of a Dandy-Walker malformation. The posterior fossa is enlarged and filled
with a large cyst that is actually a huge fourth ventricle (asterix). The vermis is small,
hypogenetic and is everted over the posterior fossa cyst (thick white arrow). The cerebellar
hemispheres are hypoplastic (thin white arrow), and appear to be pushed laterally by the
cyst on axial image and located beneath the everted vermis on sagittal image. The tentorium
is elevated (double thin arrow). Note moderate hydrocephalus and small occipital
encephalocele communicating with the posterior fossa cyst.
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Partial or complete vermian agenesis associated with hypoplastic cerebellar
hemispheres. The hypoplastic superior vermis is everted above the cyst and the
cerebellar hemispheres which are displaced anterolaterally against the petrous
ridge appear “winged outward”.

Brain stem compressed against the clivus

The cistern magna, albeit present, is effaced

Hydrocephalus present in 80% of untreated cases

Associated anomalies: Corpus callosum agenesis (20-25%), heterotopias,
schizencephaly, cephaloceles

Closest differentials: Mega cisterna magna and posterior fossa arachnoid cyst where
vermis is well developed.
Dandy-Walker Variant characterized by

Inferior vermian hypoplasia with communication of fourth ventricle and cistern
magna through an enlarged vallecula giving characteristic “Key-hole deformity”.
The tentorial position and posterior fossa size are normal

Brain stem is usually normal and hydrocephalus is uncommon.

Mega Cistern Magna 12 (Figure 28)

Characterized by variable size dilatation of the cistern magna which, however, freely
communicates with both the fourth ventricle and the adjacent subarachnoid spaces
(can extend up to the straight sinus superiorly and C1-C2 level inferiorly). In severe
cases enlargement of posterior fossa and scalloping of the occipital squamae may be
present.

The fourth ventricle, vermis and cerebellar hemispheres are normal. No hydrocephalus.
Vermian hypoplasia may mimic mega cistern magna, hence, it is important to look at
the size of the vermis for vemian hypoplasia which can be symptomatic.

Fig. 28. Mega Cisterna Magna. Sagittal T1W(a) and axial T2W(b) image demonstrates an
intact vermis with enlarged posterior fossa CSF space(asterix) that extends superiorly above
the vermis and communicates with adjacent CSF space. Prominent scalloping of the occipital
squamae is also seen (arrow). No hydeocephalus present.
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Posterior Fossa Arachnoid Cyst 1212 (Figure 29)

- The posterior fossa arachnoid cyst is a CSF collection within the layers of arachnoid
membrane which does not communicates fully with the fourth ventricle or adjacent
subarachnoid spaces.

- The fourth ventricle, vermis and cerebellar hemispheres are normal but may be
displaced by the cyst.

- On imaging, cyst appears as a non-enhancing round to oval lesion attenuation and
signal intensity that closely parallels CSF.

- Differential diagnosis includes Dandy-Walker Malformation, Mega cisterna Magna.

- Note: In general the arachnoid cysts are more frequently supratentorial (75%),
particularly at the temporal poles. Other relative common location includes the
posterior fossa, the suprasellar and quadrigeminal cisterns.

Fig. 29. Posterior fossa arachnoid cyst. Sagittal TIW(a) and axial T2W(b) image shows a
classical posterior fossa arachnoid cyst(asterix). Note normally formed but displaced fourth
ventricle (arrow) and vermis.

Chiari IV Malformation1.2

- Severe cerebellar hypoplasia or dysplasia, small brain stem and large posterior fossa
CSF space
- No hydrocephalus and other CNS anomalies

Joubert’s Syndrome (Congenital Vermian Hypoplasia) 121314 (Figure 30)

- Characterized by inherited vermian dysgenesis, enlarged superior cerebellar peduncles
and a high riding fourth ventricle.

- On MR imaging, the vermis is completely or partially absent. Superior fourth ventricle
is bat-wing or umbrella shaped (on axial image) and has a convex roof (on sagittal
image). The superior cerebellar peduncles are elongated, thin, running parallel to each
other. Isthmus (area of pontomesencephalic junction) is narrow. Midbrain has the
typical “molar tooth” appearance.

- Hydrocephalus is absent

- All patients of Joubert’s syndrome should be screened for occipital encephalocele (30%),
callosal dysgenesis, cortical dysplasia, hypothalamic hamartoma, and ocular, hepatic &
renal diseases.
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Fig. 30. Joubert’s syndrome (Congenital vermian hypoplasia). Axial TIW image(a) at level of
mid brain shows characteristic “molar tooth” appearance of the midbrain secondary to the
narrow isthmus (thin white arrow) and elongated superior cerebellar peduncles (thick black
arrow). Note severe vermian hypoplasia(arrow head). On sagittal TIW(b) image the fourth
ventricle has a peculiar upward convex appearance(thin white arrow). Note narrow
isthmus(thick white arrow).

Rhombencephalosynapsis 1215 (Figure 31)

- Rare abnormality characterized by vermian agenesis or hypogenesis combined with
midline fusion of cerebellar hemispheres, peduncles and dentate nuclei.

- On MR imaging, the folia and sulci are continuous throughout the midline on axial
section and monolobated cerebellum lies in mid-sagittal plane on sagittal image. The
Posterior fossa is small.

- Associated anomalies: ventriculomegaly (common), callosal dysgenesis, absent septum
pellucidum, cephalocele and schizencephaly.

Fig. 31. Rhombenencephalosynapsis. T1W axial(a) and FLAIR coronal(b) MR image
demonstrates lack of normal vermis and midline fusion of the cerebellar hemispheres(thin
white arrow). Also note markedly enlarged cisterna magna(asterix) indenting the posterior
aspect of fused cerebellar hemispheres.
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Tectocerebellar Dysraphism 1

- Rare abnormality characterized by vermian hypo-aplasia, occipital cephalocele, and
marked deformation of quadrigeminal plate and the brain stem. Fusion of colliculi
forms a tectal beak which points towards the site of the cephalocele. The cerebellar
hemispheres usually engulf the brain stem.

- Associated anomalies: hydrocephalus and other supratentorial abnormalities.

Lhermitte-Duclos Disease 12 (Figure 32)

- Also known as dysplastic gangliocytoma of the cerebellum

- Uncommon cerebellar dysplasia characterized by gross thickening of the cerebellar
folias with or without mass effect.

- MR imaging demonstrates a pseudomass having laminated or folial pattern of
increased signal on T2-weighted scans. The lesion may or may not enhance after
administration of contrast. Mass effect and displacement of fourth ventricle may occur.
Calcification or hydrocephalus may be present.

Fig. 32. Lhermitte-Duclos syndrome. Axail T2W (a), coronal FLAIR(b), and sagittal TIW(c)
MR image demonstrates a large laminated-appearing T2ZW/FLAIR hyperintense and T1-
weighted hypointense mass involving the right cerebellar hemisphere. Note gross
thickening of the cerebellar folias (arrow). No perilesional edema present. However, mass
effect on the fourth ventricle with moderate hydrocephalus can be seen. Proton MR
spectroscopy (d) reveals normal metabolites peak.
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- Associated anomalies: Cowden syndrome (common), megalencephaly, heterotopias,
cortical dysplasia, multiple visceral hamartomas and neoplasms.

4.5 Disorders of histogenesis

“Neurocutaneous syndromes” or “Phakomatoses” constitute a group of congenital
malformations which are characterized by cutaneous lesions associated with CNS
anomalies. Some of the common neurocutaneous syndromes are described below.

Neurofibromatosis 11617 (Figure 33-42)
Neurofibromatosis type 1 (NF 1)

- Also known as Von Recklinghausen disease or peripheral neurofibromatosis
- Accounts for > 90% of all NF cases

- Incidence = 1:2000 to 3000 live births

- Diagnostic criteria: two or more of the following findings are present

e  Six or more café-au-lait spots(=5mm in pre-pubertal children and >15mm in post-
pubertal period)

¢ One plexiform neurofibroma or two or more neurofibromas of any type

e Two or more pigmented iris hamartomas(Lisch nodules)

e  Optic nerve glioma

¢ Axillary or inguinal freckling

e  Osseous lesions such as dysplasia of greater wing of sphenoid, pseudoarthrosis

o  First degree relative with NF-1

- CNSlesions present in 15-20% cases. These include

e  Optic nerve glioma (most common CNS lesion), may extend to involve the optic
chiasma, optic tract, optic radiation and the lateral geniculate bodies.

¢ Nonoptic gliomas may involve the brain stem, tectum, and periaqueductal region.

e Plexiform neurofibroma is a hallmark of NF-1. It is an unencapsulated
neurofibroma along the path of major cutaneous nerve of the scalp and neck, which
commonly involves the first (ophthalmic) division of trigeminal nerve. It is often
associated with dysplasia of sphenoid bone and bony orbit.

e Non-neoplastic hamartomatous lesions (80%) of basal ganglia and white matter.
Majority of lesions show no mass effect or contrast enhancement. These lesions
may increase in size or number in early childhood, diminishes with age and rarely
observed into adulthood.

e Other intracranial lesions include astrocytic proliferation of the retina, intracranial
aneurysms, vascular ectasia and a progressive cerebral arterial occlusion disease
akin to moya-moya pattern.

e Spinal lesions may include cord astrocytoma / hamartoma, dural ectasia and
lateral/ anterior intrathoracic meningoceles.

e  Skeletal dysplasias may include hypoplasia of sphenoid bone and bony orbit,
kyphoscoliosis, scalloping of posterior aspect of the vertebral bodies

Neurofibromatosis type 2 (NF 2)

- Also known as central neurofibromatosis
- Incidence = 1:50,000 live births
- Cutaneous manifestations rare
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- CNSlesions present in 100% cases. These include

e Bilateral acoustic schwannomas, hallmark of NF-2

e Schwannomas of other cranial nerves. Trigeminal nerve is next most frequently
involved nerve, albeit, any cranial nerve may be affected (with the exception of the
olfactory and optic nerves).

¢ Meningiomas, often multiple

e  Choroid plexus calcification

e Spinal lesions include cord ependymomas, meningiomas, or multilevel bulky
schwannomas of exiting roots

Fig. 33. Neurofibromatosis type 1: Opticochiasmatic-hypothalamic pilocytic astrocytomas.
Axial T2-weighted (a) and coronal FLAIR (b) MR image shows enlargement of bilateral
optic chiasma (thin black arrows) and ill-defined hyperintensity involving the
hypothalamus(thin white arrow) and adjacent brain. Coronal T1-weighted post contrast
image (c) demonstrates mild to moderate enhancement of the optic chiasma/hypothalamus
but marked enhancement of the lesions involving the adjacent brain parenchyma. Moderate
obstructive hydrocephalus is also present. FLAIR coronal images (d-f) of the same patient
shows further extension of the optic pathway glioma to involve bilateral medial temporal
lobes, basal ganglia region, mid brain and pons (thin white arrow). These lesions appear as
ill-defined areas of high signal intensity on Flair images. The enlarged optic chiasma (thin
black arrow) and obstructive hydrocephalus are also seen in these images.
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Fig. 34. Neurofibromatosis type 1: Optic nerve glioma with multiple meningiomas. Post
contrast T1-weighted axial(a), coronal(b) and sagittal(c) MR images of brain reveal markedly
enhancing right optic nerve glioma(thin white arrow) which extends posteriorly to involve
the optic chiasma. Associated multiple enhancing meninigiomas are also present (thin black
arrow).

Fig. 35. Neurofibromatosis type 1: Plexiform neurofibroma with sphenoid wing dysplasia.
T2W axial(a) and coronal(b) MRI brain shows right temporal and infratemporal plexiform
neurofibroma(thin white arrows). Lateral part of the right sphenoid wing is absent and the
dysplastic temporal lobe is seen protruding through the dehiscent sphenoid bone into the
orbit(thin black arrow). FLAIR axial image(c) of the same patient shows multiple
hyperintense nonneoplastic hamartomatous lesions involving bilateral basal ganglia and left
midbrain region(arrows).
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Fig. 36. Neurofibromatosis type 1: Plexiform neurofibroma with sphenoid wing dysplasia.
Contrast enhanced CT brain, coronal (parenchymal window)(a) and axial (bone window)(b)
view shows left sided plexiform neurofibroma of subcutaneous soft tissue(thin white arrow)
and sphenoid wing dysplasia(thin black arrow).

Fig. 37. Neurofibromatosis type 1: Vascular abnormalities. Axial T2ZW MR image of brain(a)
shows severe left sphenoid wing dysplasia and subcutaneous soft tissue plexiform
neurofibroma(thin white arrow). Associated left internal carotid artery aneurysm (thick
white arrow) is seen on T2-weighted axial image(a) and TOF angiogram(b).
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Fig. 38. Neurofibromatosis type 1: Peripheral Plexiform neurofibroma. Sagittal TIW post
contrast image of lower limb (a) of another patient shows diffuse plexiform neurofibroma of
left leg. Screening of brain revealed T2-hyperintense (b) focus in left basal ganglia region
showing minimal contrast enhancement(c) but no mass effect, consistent with non-
neoplastic hamartomatous lesion of brain. The patient had no neurological complains.

Fig. 39. Neurofibromatosis type 1: various spinal lesions. MRI of three different patients
showing various spinal lesions found in NF-1. Axial T2W (a) and sagittal TIW post contrast
(b) image of cervical spine demonstrates a large right paravertebral neurofibroma with
intraspinal extension causing widening of ipsilateral neural foramen(thin white arrow).
Sagittal T2ZW MRI of cervico-thoracic spine(c) shows multiple intradural extamedullary
neurofibromas (thin white arrows). Solitary intramedullary hyperintense lesion (thin black
arrow), which did not enhance after contrast administration (not shown) probably
represents the benign white matter lesion similar to that observed in the brain. T2W-sagittal
MRI spine (d) of another patient with NF-1 shows lumbar canal dural ectasia with posterior
vertebral scalloping (arrows).
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Fig. 40. Neurofibromatosis type 1: various spinal lesions. MRI of three different patients
showing various spinal lesions found in NF-1. Axial T2W (a) and sagittal TIW post contrast
(b) image of cervical spine demonstrates a large right paravertebral neurofibroma with
intraspinal extension causing widening of ipsilateral neural foramen(thin white arrow).
Sagittal T2ZW MRI of cervico-thoracic spine(c) shows multiple intradural extamedullary
neurofibromas (thin white arrows). Solitary intramedullary hyperintense lesion (thin black
arrow), which did not enhance after contrast administration (not shown) probably
represents the benign white matter lesion similar to that observed in the brain. T2W-sagittal
MRI spine (d) of another patient with NF-1 shows lumbar canal dural ectasia with posterior
vertebral scalloping (arrows).
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Fig. 41. Neurofibromatosis type 2: Axial TIW post contrast MR images(a-c) of brain
demonstrate bilateral acoustic schwannomas(thin white arrows). Right schwannoma
appears as a large homogenous enhancing right CP angle mass with intracnalicular
extension and the left one is seen as a small intracanalicular enhancing mass. Multiple
meningiomas(thin black arrows) are also present seen as enhancing extra-axial masses in
right medial temporal and bilateral frontal regions. Right optic nerve meningioma is also
seen completely filling the intraconal space. Non-contrast sagittal TIW(d) and coronal T2W
image(e) of whole spine of the same patient demonstrates low cervical region
meningioma(d) and multiple rounded lumbar region nerve root schwannomas(e), best
appreciated on MR myelogram(f).



30 Neuroimaging — Clinical Applications

Fig. 42. Neurofibromatosis type 2: Nonneoplastic choroid plexus lesions. Axial NCCT brain
of another patient with NF-2 shows extensive nonneoplastic bilateral choroid plexus
calcification(arrows).

Tuberous sclerosis!1618 (Figure 43,44)

- Also known as Bourneville disease or multiple hamartomatous syndrome
- Incidence=1:10,000 to 50,000 live births
- Classical triad of popular facial lesions (adenoma sebaceum), seizure disorder and
mental retardation
- CNSlesions include
e  Cortical tubers or hamartomas present in 95% cases of TS, are characteristic lesions
at pathologic examination. On MR imaging, these lesions may expand and distort
the affected gyri and show age-related signal changes. Enhancement following
contrast administration occurs in less than 5% cases. Calcification of theses lesions
increases with age.
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) demonstrates multiple hyperintense
cortical tubers(thin black arrows), bilateral hyperintense giant cell tumors at the foramen of
monro (thick white arrows) and multiple hypointense subependymal nodules(thin white
arrows). On corresponding axial TIW images (b) the cortical tubers appear hypointense to
gray matter; while the giant cell tumors and subependymal nodules appear isointense to the
gray matter. Corresponding axial TIW post contrast images(c) demonstrate non-
enhancement of the cortical tubers, mild enhancement of the subependymal nodules and
marked enhancement of giant cell tumors. On corresponding axial NCCT(d) the cortical
tubers are hypo to hyperdense in attenuation, while the giant cell tumors and
subependymal nodules appear calcified.
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e  Subependymal nodules or hamartomas (SENs) present in 95% cases of TS, are the
hallmark of tuberous sclerosis. They are most commonly located on the ventricular
surface of caudate nucleus, just behind the foramen of Monro followed by atria and
temporal horns of lateral ventricles, third and fourth ventricle. On MR imaging,
these nodules are usually hypointense to white matter on T2-weighted sequences
(because of calcification) and may show minimal contrast enhancement. Closest
differential includes nodular heterotopias which parallel cortex in signal on all MR
pulse sequences and do not enhance after administration of intravenous contrast.

e Subependymal giant cell astrocytoma (SGCAs) present in 15% cases of TS, are
located at or near the foramen Monro. On MR imaging, SGCAs show intense,
uniform contrast enhancement. These lesions are frequently calcified. Obstructive
hydrocephalus is common with SGCAs.

e Dysplastic/disorganized benign white matter lesions. MR imaging shows four
distinct patterns of these lesions: (i) straight or curvilinear bands that extends from
the ventricle through the white matter to the cortex, (ii) wedge-shaped lesions, (iii)
tumefactive or conglomerate foci, and (iv) cerebellar radial bands. Like cortical
tubers, these lesions also show age-related signal changes, and contrast
enhancement in about 15% cases.

e Other CNS lesions include retinal hamartomas (50%), intracranial aneurysms,
vascular ectasia and a progressive cerebral arterial occlusion disease akin to moya-
moya pattern.

Non-CNS lesions include hamartomatous growths in multiple organ system.

Fig. 44. Tuberous sclerosis. Axial T2W(a), TIW(b) and T1W post contrast image(c) of another
patient demonstrates multiple cortical tubers appearing hyperintense on T2WI, hypointense
on T1WI and showing no post contrast enhancement.

Sturge-Weber Syndrome 116 (Figure 45,46)

Also known as encephalotrigeminal angiomatosis

Characterized by facial port wine vascular nevus flammeus in the trigeminal nerve
distribution (Ist division most commonly involved), leptomeningeal venous
angiomatosis of ipsilateral brain, hemiparesis, homonymous hemianopia and seizure.
Pathologically, there is leptomeningeal venous angiomatosis with congenital absence of
cortical veins; therefore the blood is shunted towards the hypertrophied deep
medullary veins and thence to the choroid plexus. This results in venous stasis and
vascular congestion with hypoxia of the affected cortex. Slowly progressive atrophy
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and dystrophic calcification of brain underlying the angioma occurs. The angioma itself
does not calcify.

- Usually unilateral, rarely bilateral

- Occipital and posterior parietal lobe on the side of facial angioma is most commonly
involved.

- Tram-track or gyriform pattern of cortical calcification underlying the leptomeningeal
angioma is diagnostic of the syndrome. The calcification is unusual before two years of
age. Calcifications are best seen on plain CT, T2ZW and GRE image.

Fig. 45. Sturge-Weber syndrome. Unenhanced axial CT brain shows diffuse right cerebral
hemispheric atrophy with dystrophic clacification (gyriform) of occipito-parietal cortex(thin
white arrows). Associated enlargement of ipsilateral subarachnoid space, lateral ventricle
and the frontal sinus is also present. Bilateral choroid plexus are enlarged (thin black
arrows).

calcification (thick black arrow) of left parieto-occipital cortex. After administration of
contrast (b) there is marked enhancement of overlying leptomeningeal venous angiomas
(thick white arrow).
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- Severe cortical atrophy results in marked dilatation of ipsilateral ventricle, thickening of
calvarium and prominence of ipsilateral sinuses.

- The pial angiomas, cortical infarcts and enlarged ipsilateral choroid plexus show
intense post contrast enhancement. Abnormal medullary and subependymal veins are
demonstrated on CEMR and MR angiogram.

- Ocular lesions in the form of sclera and choroidal angiomas may be seen on MRI in one-
third cases.

- Associated anomalies: Klippel-Trenaunay syndrome

Von Hippel-Lindau syndrome16 (Figure 47)

- Is a multisystem disease characterized by presence of cysts, angiomas, and neoplasms
of the CNS and abdominal viscera.
- CNSlesions include
e Cerebellar (75%), retinal (50%) and spinal cord (25%) hemangioblatomas.
Supratentorial hemangioblatomas are extremely rare.
¢ On MR imaging, majority of hemangioblastomas have cystic appearance with
intensely enhancing mural nodule. Between 20-40% tumors are solid. Contrast
enhanced MRI has increased sensitivity for detection of small lesions. Flow voids in
the afferent and efferent vessels supplying the tumor can often be detected. The
angiographic appearance of the hemangioblastoma is highly characteristic,
showing tangles of tightly packed vessels that become opacified in the early arterial
phase.

Fig. 47. Von Hipple-Lindau syndrome: Cerebellar hemangioblastoma. Axial TIW (a) MRI
brain shows a right cerebellar hemispheric cyst with a mural nodule containing a
curvelinear flow voids (arrow). Corresponding post contrast image (b) shows enhancing
vessels within the mural nodule (arrow).

5. Summary

Congenital malformations of the brain are both complex and multiple. The neuroradiologic
diagnosis of such anomalies requires a basic understanding of normal brain development
and pathogenesis. The aetiologies associated with development anomalies may result from a
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variety of insults from genetic to environmental. Abnormalities associated with the neural
tube and the neural plate generally occur within the first 28 days of gestation. On the other
hand, abnormalities associated with cellular proliferation and migration in the CNS
generally occur after the 28th day of gestation. This chapter will cover malformations
associated with both of these periods.

Congenital anomalies of the brain are commonly encountered in day to day practice.
Nevertheless, diagnosing it correctly is of paramount importance. Imaging plays an
important role in reaching the correct diagnosis necessary for optimum management of
these unfortunate conditions. It is as important for every radiologist to be familiar with basic
imaging findings of common congenital anomalies, as it is for the paediatrician.
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1. Introduction

Inborn errors of metabolism (IEM) are a heterogeneous group of genetic disorders,
classically caused by enzyme deficiency. They are associated with different pathogenic
mechanisms from enzyme substract accumulation or product deficiency to formation of an
abnormal, toxic molecule. Occasionally, the deficient protein has non-enzymatic functions
such as membrane transport or others, making the boundaries of IEM difficult to establish.
IEM are individually rare (orphan diseases) but relatively numerous as a group, since more
than 500 different entities have been identified (Scriver et al., 2001). Overall, their incidence
is estimated to be 1:1,500 (Raghuveer et al., 2006).

The age of onset varies. Signs and symptoms of IEM present a considerable overlap among
the diverse IEM and many other diseases, not allowing the differential diagnosis on a
clinical basis. There is no correlation between genotype and phenotype, in general. Most
symptoms are apparent at or soon after birth, but clinical onset may occur prenatally or at
any age, including adulthood. Multisystem involvement is frequent, with the presence of
nervous system manifestations in most patients, either at disease onset or during the
evolution.

IEM are most probably underdiagnosed. In spite of all contributions from varied fields of
medical science, etiological diagnosis is not achieved in a significant percentage of suspected
patients. Despite being frequently difficult, diagnosis may be done selectively based on
clinical features or pre-symptomatically by neonatal screening and achieved by biochemical,
enzymatic and/or genetic studies. The diagnosis of IEM is challenging due to their rarity
and clinical heterogeneity. To address these diagnostic problems, several schemes based on
clinical, biochemical, neuroradiological, morphologic, enzymatic and genetic criteria have
been proposed.

Neuroimaging techniques are essential for assessing brain structures, namely white matter
and/or gray matter involvement (Barkovich, 2007). They are undoubtedly useful in
neurologically affected patients’ diagnosis and follow-up. Neuroradiological features of
many IEM overlap and are stage-dependent. Patients occasionally show distinctive patterns
of central nervous system involvement in magnetic resonance imaging (MRI). These
patterns may characterise some disorders, especially during the early stages, or they can
show guiding characteristics, or reveal non-specific changes. In later phases, the MRI
findings are similar for most IEM with neurological involvement, often presenting diffuse
loss of brain tissue and increased water in the remaining tissue. For this reason, it is
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important to submit the patient to a brain MRI early in the course of the disease, when some
key features are more evident (Barkovich, 2007).

Although the majority of patients present non-specific changes on MRI, a systematic pattern
recognition approach to involved brain structures is useful, as it narrows differential
diagnosis. It occasionally points to a diagnosis and allows the reduction of the biochemical
and genetic work-ups. According to brain MRI in early stages, IEM can be classified into
disorders primarily involving gray matter, diseases primarily involving white matter and
disorders involving both gray matter and white matter (Barkovich, 2006, 2007). The proton
magnetic resonance spectroscopy (MRS) may be more sensitive to detect early abnormalities
in the brain. However, only a few metabolic diseases present with specific MRS findings.
Other neuroimaging techniques, such as positron emission tomography (PET) and single
photon emission computed tomography (SPECT), could be useful in the diagnosis and
follow-up of IEM. Nonetheless, they are not widely available on a routine clinical basis.

This section will review the most relevant IEM, based on a practical pattern-recognition
approach to brain MRI and its correlation to clinical, biochemical and genetic features.

2. Disorders primarily involving gray matter

IEM primarily involving gray matter, known as poliodystrophies, can affect cortical or deep
gray matter in the early phases. This differentiation should be made in order to accurately
discriminate a range of diseases.

2.1 Disorders primarily involving cortical gray matter

During an acute phase, neuroimaging reveals sulcal effacement, cortical swelling and
restricted diffusion when the damage affects primarily the cortical gray matter (Barkovich,
2005). The imaging findings during a chronic phase are: sulcal volume increasing, cortical
thinning and cortical low attenuation on computed tomography (CT) scan, and T1 and T2
prolongation on MRI (Campistol, 1999). Nevertheless, in later phases, lesions can progress
and spread to other brain structures (including deep gray matter, white matter and the
cerebellum) (van der Knaap & Valk, 2005), showing non-specific patterns.

The primary involvement of cortical gray matter is commonly found in neuronal ceroid
lipofuscinoses, mucolipidosis type I and GMI1 gangliosidosis. Generally, findings on
imaging studies are non-specific in these disorders.

2.1.1 Neuronal ceroid lipofuscinoses

The neuronal ceroid lipofuscinoses (NCL) are inherited lysosomal storage diseases
characterized by the accumulation of autofluorescent ceroid lipopigments in the lysosomes
of neurons and other cell types. Together, they constitute the commonest group of
progressive neurodegenerative diseases in children, and are inherited in an autosomal
recessive mode. The adult form of NCL is rare and demonstrates either an autosomal
recessive or a dominant mode of inheritance (Haltia, 2003). The main features of these
diseases include visual failure, seizures, progressive physical and mental decline, and
premature death. Diagnosis, based on the age of clinical presentation, is made by enzymatic
or genetic studies. Ultra-structural analysis of white blood cells or skin can be used to
orientate biochemical and genetic tests in atypical cases (Williams et al., 2006).
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The major imagiological features in NCL are cerebral and cerebellar atrophy, cortical
thinning associated with mild hyperintensity of the cerebral white matter and hipointensity
of the thalami on T2-weighted images (T2-WI) (Incerti, 2000). Infantile and late infantile
variants show rapid progression of enlargement of ventricles and sulci of the brain. In the
juvenile and adult forms, however, cerebral atrophy is frequently slight in the course of the
disease, or may remain totally absent (Autti et al., 1996). Cerebellar atrophy is common and
may be the earliest finding in late-infantile and juvenile forms of NCL. In late infantile form,
the first finding is usually a rapid progression of cerebellar atrophy (Fig. 1.), whilst in
infantile and juvenile forms this progression is slower (Jarveld et al., 1997). T2-WI
hyperintensity in white matter, which is usually less intense than in leukodystrophies, tends
to spare the subcortical areas and initially involves the posterior periventricular region.
Later in the disease, corpus callosum may also become thinner (Incerti, 2000).

(@) (b)

Fig. 1. Late infantile NCL. (a) Midline sagittal T1-WI demonstrates cerebellar atrophy. Axial
T2-WI show mild thalamic hypointensity (b) and cortical thinning (c).

Diffusion-weighted imaging (DWI) can be very useful in detecting variances in
abnormalities of cerebral water diffusion in the late infantile form, showing increased
whole-brain apparent diffusion coefficient (ADC) values. It correlates with patient’s age,
disease severity and duration (Dyke et al., 2007). MRS can give additional hints to the
diagnosis of infantile and late infantile forms, and be helpful in the differential diagnosis. In
infantile NCL, MRS spectrum revealed progressive changes, with a complete loss of N-
acetylaspartate (NAA), as well as marked reduction of creatine and choline, and increase in
myo-inositol and lactate in gray matter and white matter. In late-infantile NCL, MRS
spectrum revealed reduction of NAA in gray matter and white matter and an increase of
myo-inositol, creatine and choline in white matter (Brockmann et al., 1996).

2.2 Disorders primarily involving deep gray matter

When the damage primarily affects the deep gray matter, neuroimaging reveals many
different patterns, with involvement of particular structures. Some of them are more specific
in a group of diseases, allowing for the narrowing in differential diagnosis. CT scan can be
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normal, or disclose calcifications or hypodensity areas in deep gray matter. MRI sensibility
is higher, although CT is best suited for calcification detection.

The list of IEM affecting deep gray matter is extensive. Globus pallidus hyperintensity in T2-
WI can be seen in succinic semialdehyde dehydrogenase deficiency, methylmalonic
acidemia, urea cycle disorders, guanidinoacetate methyltransferase deficiency, pyruvate
dehydrogenase deficiency and isovaleric acidemia (Barkovich, 2005, 2007). Additionally,
globus pallidus hypointensity, with or without central hyperintensity, is highly
characteristic of Hallervorden-Spatz disease. Striatum hyperintensity in T2-WI can be seen
in some mitochondrial respiratory chain disorders (MRCD) such as Leigh’s syndrome and
mitochondrial encephalopathy with lactic acidosis and stroke-like episodes - MELAS, the
glutaric acidurias, propionic acidemia and molybdenum co-factor deficiency (Barkovich,
2005, 2007). Many of these IEM can concomitantly involve the white matter so some will be
discussed later in this chapter.

2.2.1 Pantothenate kinase-associated neurodegeneration

Pantothenate kinase-associated neurodegeneration (PKAN), formerly known as
Hallervorden-Spatz disease is an autosomal recessive disorder characterized by
neurodegeneration with brain iron accumulation. Many patients have mutations in the
pantothenate kinase 2 gene (PANK2). Two distinct groups were identified. Classical PKAN
presents in early childhood, usually before age 6 years, has uniform presentation and is
characterized by rapid progression of extrapyramidal and pyramidal signs, intellectual
impairment, pigmentary retinal degeneration and abnormal eye movements. Atypical
PKAN, which is less common, has a wider clinical spectrum and slower progression.
PANK2 mutations are associated with all classic PKAN and one third of atypical disease
cases (Hayflick et al., 2003). PKAN is suggested by typical MRI features, and the diagnosis is
made by molecular genetic testing (Zhang et al., 2006).

(@) (b)
Fig. 2. Pantothenate kinase-associated neurodegeneration (PKAN). (a) and (b) Axial FLAIR
show hypointensity with a central region of hyperintensity in the globus pallidi.
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Some patients” CT scans show low or high density areas in the globus pallidus. Low-
density foci are a sign of tissue destruction, while the high-density foci reflect dystrophic
calcification (Barkovich, 2005). All patients with PANK2 mutations had the specific
pattern of T2-WI globus pallidus central hyperintensity (destruction and gliose) with
surrounding hypointensity (iron deposition), known as the eye-of-the-tiger sign (Fig. 2.).
This sign was not present in patients without mutations. Patients with PANK2 mutations
could be distinguished by the occurrence of isolated globus pallidus hyperintensity on
T2-WI before the hypointensity developed (Hayflick et al., 2006). Patients without
PANK2 mutations revealed globus pallidus T2-WI hypointensity, without central
hyperintensity. In the later stage of the disease, it can be seen evidence of iron deposition
in the substantia nigra pars reticulata, cerebral and cerebellar atrophy. These signs were
frequently and more severely seen in PANK2 mutation-negative patients (Hayflick et al.,
2006).

MRS can show markedly decreased NAA/creatine ratio in the globus pallidus and
substancia nigra, with increased myo-inositol/creatine ratio (Parashari et al., 2010).

2.2.2 Creatine deficiency syndromes

Creatine deficiency syndromes (CDS) are a newly described group of IEM affecting creatine
metabolism. Three disorders have been described: guanidinoacetato methyltransferase
(GAMT) deficiency, arginine:glycine amidinotransferase (AGAT) deficiency and creatine
transporter defect (SLC6A8). GAMT e AGAT deficiencies (creatine synthesis pathway) have
an autosomal recessive inheritance, whereas SLC6A8 defect is an X-linked disorder. All CDS
can cause developmental delay, intellectual disability, behavioural problems, movement
disorders, seizures, and severe disturbance of expressive language (Schulze, 2003). These
clinical manifestations can be partially reversed by oral creatine supplementation and
dietary manipulation, even in same patients with the creatine transporter defect (Chilosi et
al., 2008; Mercimek-Mahmutoglu et al., 2010). CDS are suggested by marked reduction or
complete absent of the creatine peak on MRS. Diagnosis relies on measurement of
guanidinoacetate, creatine, and creatinine in urine and plasma and molecular genetic testing
of the gene involved. If molecular test results are inconclusive, AGAT enzyme activity,
GAMT enzyme activity, or creatine uptake in fibroblasts can be evaluated (Mercimek-
Mahmutoglu & Stockler-Ipsiroglu, 2009).

MRI and mainly MRS are very important tools to suggest CDS diagnosis and follow therapy
response (Chilosi et al., 2008). In GAMT deficiency MRI can be normal or reveal T2-WI
hyperintensity on globus pallidus, mild myelination delay or white matter hyperintensity.
MRI is normal in AGAT deficiency (Barkovich, 2005); SLC6A8 defect MRI can show brain
atrophy (Péo-Argiielles et al., 2006).

MRS shows spectrum changes even without MRI signal abnormally. Markedly reduction
or absence of creatine peak, which is easily seen on long echo time (TE) spectrum, is the
classical sign shared by all three disorders, in gray matter and white matter. GAMT
deficiency reveals a broad guanidinoacetate peak at 3.78 ppm, on short TE sequences,
which can be reduced (but not normalized) with dietary restriction of arginine associated
to the supplementation of creatine and ornithine. In GAMT and AGAT deficient patients,
but not in most of those with SLC6AS8 deficiency, the creatine peak slowly increases under
treatment (Fig. 3.).
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@) (b)
Fig. 3. Creatine deficiency due to GAMT deficiency. (a) Multivoxel MRS spectrum (TE =144 ms)
of the basal ganglia, before therapy, shows a markedly reduced creatine peak, and normal
choline (Ch) and NAA peaks. (b) Multivoxel MRS spectrum (TE = 144 ms) of the basal
ganglia, after 6 months therapy, shows a creatine (Cr) peak increasing.

3. Disorders primarily involving white matter

When the damage affects primarily the white matter, there is hypodensity on CT scan, and
T1 and T2 prolongation on MRI. In later phases, the atrophy is the main feature. Knowledge
of normal brain myelination, its appearance on different MRI sequences and normal
variations, is crucial to accurately approach the range of disorders primarily involving white
matter. When the damage affects primarily the white matter, it is important to find out if the
white matter has never myelinated completely (hypomyelination), or if the myelin has been
developed and destroyed afterwards (demyelination) (Barkovich, 2007). Since many of these
IEM can also involve the gray matter, some will be discussed later in this chapter.

3.1 Hypomyelination diseases

The hypomyelination is observed in a small number of IEM, like Pelizaeus-Merzbacher
disease and Salla disease. MRS findings may be useful in their differentiation (Barkovich,
2005).

3.1.1 Pelizaeus-Merzbacher disease

Pelizaeus-Merzbacher disease (PMD) is a recessive X-linked neurological disorder caused by
a mutation in the proteolipidic protein 1 (PLP1) gene, which results in defective central
nervous system myelination. The connatal PMD phenotype presents during the neonatal
period or in the first weeks of life, with nystagmus, stridor, hypotonia, severe spasticity and
motor deficits, cognitive impairment, seizures and, later on, absence of speech. Death
usually occurs in the period from infancy to third decade. The classic PMD phenotype
presents in the first 5 years of life, with nystagmus, hypotonia, titubation, ataxia, slow motor
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development and extrapyramidal movements, like dystonia and athetosis. Death usually
occurs between the third and the seventh decades. PMD is suggested by typical neurologic
findings, X-linked inheritance pattern, and general changes on MRI. Molecular genetic
testing of PLP1 is also available.

@) (b)
Fig. 4. Pelizaeus-Merzbacher disease. (a) and (b) Axial T2-WI show abnormal high signal
intensity in cerebral white matter, representing hypomyelination.

As in most white matter diseases, CT scan changes are non-specific, revealing white matter
hypodensity and atrophy in later stages. MRI shows discordance of myelin maturation
caused by a lack of myelination. In the connatal form, a complete absence of myelin in the
brain is demonstrated (Fig. 4.) (van der Knaap & Valk, 1989). In classical forms in the early
stages, MRI shows a brain with normal appearance, but more immature than expected.
During infancy, myelin development of the brain progresses in an orderly and predictable
fashion. Absence of these predictable patterns should raise the consideration for PMD. In
late and severe cases, MRI reveals diffusely T2 hyperintensity and generalized volume
reduction in the white matter with thinned corpus callosum and cortical sulci enlargement
(Plecko et al., 2003).

MRS is very useful for evaluating both axonal integrity and myelination. However, reports
may vary, which might be related to different clinical phenotypes, genotypes, or stages of
disease progression (Pizzini et al, 2003). The pattern of metabolite abnormalities in
individuals with PLP1 duplication appears to be distinctive, showing increased levels of
NAA, creatine, glutamine and myo-inositol, which helps the differentiation of PMD from
other leukodystrophies (Hanefeld et al., 2005).

3.2 Demyelination diseases

MR imaging has become the primary imaging modality in demyelinating diseases, playing
an essential role in the identification, localization, and characterization of these pathologies.
Demyelination processes can primarily involve subcortical white matter or periventricular
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white matter. This differentiation should be made to ensure an effective imagiological
approach and facilitate differential diagnosis.

3.2.1 Disorders primarily involving subcortical cerebral white matter

Early subcortical white matter demyelination can be seen in megalencephalic
leukoencephalopathy with subcortical cysts, Alexander disease, some organic acidurias,
Kearns-Sayre syndrome, galactosemia and diverse MRCD.

3.2.1.1 Megalencephalic leukoencephalopathy with subcortical cysts

Megalencephalic leukoencephalopathy with subcortical cysts (MLC), also known as van der
Knaap disease, is an autosomal recessive disorder caused by mutations in the MLC1 gene.
This gene encodes a protein mainly expressed in astrocytic endfeet at the blood-brain and
cerebrospinal fluid-brain barriers (Boor et al., 2007). MLC is characterized by development
of macrocephaly through the first year of life, generally up to the 98th percentile. Head
circumference stabilizes afterwards. Initially, the psychomotor development is relatively
normal or only mildly delayed. Later on, motor development delay, cerebellar ataxia,
dysarthria, spasticity, and sometimes extrapyramidal signs ensue. Seizures, usually
responsive to medication, are also observed in some children. MLC diagnosis can be made
by recognition of typical neurologic signs and symptoms, and its distinguished brain MRI
features. Molecular genetic testing of MLC1 is available (van der Knaap & Scheper, 2008).
The MRI is characterized by diffusely abnormal and mildly swollen cerebral white matter,
showing enlargement of the gyri, and subcortical cysts in posterior frontal and temporal
lobes (Barkovich, 2005). Central white matter is better preserved, especially the corpus
callosum, internal capsule and brainstem. The presence of cerebellar white matter T2
hyperintensity is mild. Follow-up MRI reveals cerebral atrophy, and subcortical cyst growth
can be present in some cases (van der Knaap et al, 1995).

Abnormal white matter shows increased diffusivity on DWI (Gelal, 2002). MRS reveals
reduced NAA in T2 hyperintensity areas (Morita et al., 2006).

Tc-99m-ethyl cysteinate dimer SPECT reveals hypoperfusion in the abnormal cerebral white
matter seen on MRI (Kiriyama et al., 2007).

3.2.1.2 Alexander disease

Alexander disease, or fibrinoid leukodystrophy, is caused by a gene mutation encoding glial
fibrillary acidic protein (GFAP), leading to profound cellular dysfunction (Cecil & Kos,
2006). The pathological hallmark is the accumulation of ubiquitinated intracytoplasmic
inclusions in astrocytes, called Rosenthal fibers. The infantile form, the most frequent, is
present in the first 2 years of life, typically with macrocephaly and frontal bossing,
psychomotor retardation, seizures, pyramidal signs and ataxia. Patients survive weeks to
several years. Diagnosis is based on MRI features. Molecular genetic testing, for GFAP gene,
is available (Gorospe, 2010).

CT scan shows low attenuation in frontal white matter with posterior progression to involve
parietal region, internal capsules, and sometimes caudate heads. Frequently the tips of
frontal horns show contrast-enhancement. There are 5 criteria on MRI to diagnose
Alexander disease, according to van der Knaap: (1) extensive cerebral white matter changes
with frontal predominance; (2) a periventricular rim with high signal on T1-WI and low
signal on T2-WIL; (3) signal abnormalities with swelling or volume loss in the basal ganglia
and thalami; (4) brainstem signal abnormalities; and (5) contrast enhancement of one or
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more of the following structures: ventricular lining, periventricular rim tissue, white
matter of the frontal lobes, optic chiasm, fornix, basal ganglia, thalamus, dentate nucleus,
or brainstem structures. The association of 4 or more criteria is relatively specific for
Alexander disease. The imagiological pattern of enhancement provides specific
information that can lead to correct diagnosis. Subcortical white matter is affected early in
the course of the disease. The frontal changes correspond to prolonged T1 and T2
relaxation times, and tend to involve the parietal white matter and the internal and
external capsules (van der Knaap et al.,, 2001). The progression of disease can lead to
cavitations in the white matter (Vargas, 2009).

DWI reveals increased diffusion in the affected regions (Barkovich, 2005). MRS shows
elevated myo-inositol and decreased NAA in the lesions (Cecil & Kos, 2006).

3.2.2 Disorders primarily involving periventricular cerebral white matter

Early periventricular white matter lesions can be seen in Krabbe disease, GM2
gangliosidoses, metachromatic leukodystrophy, X-linked adrenoleukodystrophy, vanishing
white matter disease, phenylketonuria, maple syrup urine disease, Lowe syndrome,
Sjogren-Larsson syndrome and mucolipidosis type IV.

3.2.2.1 Metachromatic leukodystrophy

Metachromatic leukodystrophy (MLD) is a lysosomal storage disease caused by decreased
activity of arylsulfatase A, resulting in failure of myelin breakdown and reutilization in the
central and peripheral nervous systems. There are three clinical forms: late infantile MLD (50-
60% of the cases), juvenile MLD (20-30%), and adult MLD (15-20%) (Fluharty, 2008). The late
infantile MLD presents before age 2 years with weakness, hypotonia, delayed psychomotor
development, impairment of speech, spasticity, seizures and compromised vision and hearing.
Death usually occurs before age 5. MLD is suspected by neurodegeneration and evidence

(@)

Fig. 5. Metachromatic leukodystrophy. Axial (a) and coronal (b) T2-WI show abnormal
hyperintensity in the periventricular white matter, predominantly around the posterior
body and trigones of the lateral ventricles, sparing subcortical U fibers.
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of leukodystrophy on MRI. Diagnosis is suggested by increased urinary excretion of
sulfatides and/or decreased arylsulfatase A activity, and is confirmed by genetic testing.
Metachromatic lipids deposits can be seen in the nervous system tissue (Fluharty, 2008).

CT scan shows confluent attenuation of periventricular white matter density. MRI reveals
progressive symmetrical prolongation of T1 and T2 relaxation times in periventricular white
matter. The cerebral white matter located around the posterior body and trigones of lateral
ventricles is involved earlier in late infantile MLD (Fig. 5.), whereas frontal white matter is
involved in cases of late onset. Subcortical U fibers are spared early but not in the later
stages of the disease course. No enhancement has been reported. Later signs include
cerebral atrophy. Higher resolution images reveal leopard skin pattern or tigroid pattern in
the centrum semiovale that correspond to areas combining demyelination and normal
regions. The progression of disease leads to involvement of the internal capsule, corpus
callosum and corticospinal tracts.

DWI reveals restricted diffusion in affected areas (Sener, 2002). MRS shows decreased levels
of NAA and increased levels of myo-inositol and choline (Cecil & Kos, 2006).

3.2.2.2 Krabbe disease

Krabbe disease, or globoid cell leukodystrophy, is an autosomal recessive
neurodegenerative disorder, caused by a deficiency of the lysosomal enzyme
galactocerebrosidase, a key enzyme in metabolic pathways of myelin turnover and
breakdown. Its deficiency results in galactosylsphingosine accumulation, a central and
peripheral nervous system neurotoxin. The most frequent (85-90%) form of Krabbe disease
has an infantile onset (Wenger, 2008). It presents with irritability between 3 and 6 months
after birth and progresses with motor deterioration, feeding problems and atypical seizures.
Eventually, the child develops decerebrate posture (Cecil & Kos, 2006) and dies before age 2
years. Diagnosis is made by measuring the activity of galactocerebrosidade in leukocytes or
in cultured skin fibroblasts and can be confirmed by genetic studies. A molecular genetic
test is available for carrier detection.

CT features during the initial stage of the disease may show symmetric high-attenuation in
the thalami, caudate nuclei, corona radiate, posterior limbs of the internal capsule,
brainstem and cerebellar dentate nuclei. Early in the course of the disease, MRI shows T1
and T2 prolongation in the cerebellar nuclei, posterior limbs of the internal capsules and
cerebellar white matter. The subcortical U fibers are spared until late in Krabbe disease (Fig.
6.). Symmetric enlargement of the optic nerves may be seen (Cecil & Kos, 2006).
Enhancement in junction between deep white matter and subcortical U fibers is rare (Vargas
et al., 2009), but may be a common feature for cranial nerves and the cauda equina (Given et
al., 2001). Thalami can be normal in the early stages, or reveal decreased T1 and T2
relaxation times due to calcium deposition (Cecil & Kos, 2006). Later in the disease course,
hyperintensity predominantly involves the parietal lobes, with extension to the callosal
splenium, and severe, progressive atrophy.

DWI reveals restriction diffusion in the early phases of the disease, mainly in the subcortical
white matter, caudate head, and anterior limb of internal capsule; in later stages it shows
increased diffusion in the white matter (Engelbrecht et al., 2002). Elevated choline and myo-
inositol, and reduced NAA have been found in the white matter MRS of infantile onset.
Lactate elevation has also been reported (Zarifi et al., 2001). On the other hand, in an adult
onset case, white matter spectrum changes were much less marked, and revealed only a
mild elevation of creatine (Farina et al, 2000).
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Fig. 6. Krabbe disease. Axial T2-WI show high signal intensity in the cerebellar white matter
(a), cerebellar dentate nuclei (b), and periventricular white matter with sparing of the
subcortical white matter (c).

3.2.2.3 X-linked adrenoleukodystrophy

X-linked adrenoleukodystrophy (ALD) is a peroxisomal disorder affecting the central
nervous system, adrenal cortex, and testicles. It is caused by mutations in the ALD gene that
encodes for a peroxisomal membrane protein. It is associated to accumulation of very long
chain of fatty acids in different tissues and in plasma. Several different forms of ALD have
been reported. The childhood cerebral form, the most common, with a clinical onset
between ages 4 and 8 years, manifests with behavioural and school performance problems,
progressive impairment of cognition, vision, hearing and motor function. Within 2 years, it
leads to total disability, and to death within 5 to 8 years (Cecil & Kos, 2006). The
adrenomyeloneuropathy (AMN) generally manifests in the late twenties and progresses
over decades with paraparesis and sphincter and sexual dysfunction. Clinical manifestations
associated to MRI features may lead to diagnosis. High concentration of very long chain
fatty acids in plasma and/or cultured skin fibroblasts reinforces it. Molecular genetic testing
is clinically available.

Three distinct zones have been described in white matter lesions, with direct influence in
imagiologic features. An inner zone (Zone A) of astrogliosis and scarring; an intermediate
zone (Zone B) of active inflammation and demyelination, with axons spared; and an outer
zone (Zone C) of ongoing demyelination in absence of inflammation. A Zone D has been
referred, which is peripheral to Zone C and characterized by impending demyelination
(Eichler et al., 2002). In early stages, ALD CT scan and MRI have a typical appearance.
Symmetric white matter changes occur predominantly in the peritrigonal regions and across
the corpus callosum splenium with relative preservation of the subcortical U fibers. Spread
progression occurs outwardly and cephalad as a confluent lesion, until most of the white
matter is involved. CT shows symmetric low attenuation in a butterfly distribution, across
the corpus callosum splenium, surrounded by an enhancing zone peripherally, due to
inflammation. In the earliest stage, the lesion may be restricted to the splenium (Barkovich,
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2005). On MRI the Zone A reveals T1 and T2 prolongation; the Zone B appears isointense on
T1-WI and isointense or slightly hypointense on T2-WI, showing enhancement if
paramagnetic contrast is administered; and the Zone C reveals minimally hypointense on
T1-WI and hyperintense on T2-WI, without enhancement (Melhem et al., 2000). Symmetric
abnormal T2 hyperintensity along the corticopontine and corticospinal tracts, and auditory
pathways are common (Fig. 7.). Cases of predominantly frontal lobe involvement may occur
with lesion of corpus callosum genu, anterior limbs and genu of the internal capsules,
sporadically with lesion of cerebellar white matter. Atypical cases with unilateral
involvement have also been reported, as well as calcifications in parieto-occipital region
(Barkovich, 2005). MRI in AMN, compared to ALD, shows more frequently an involvement
of cerebellar white matter and brainstem corticospinal tract and less commonly, cerebral
lesion (Barkovich, 2005).

(b)

Fig. 7. X-linked adrenoleukodistrophy. (a) Axial T2-WI shows hyperintensity in the occipital
white matter and corpus callosum splenium. (b) Axial T1-WI postcontrast shows
enhancement leading edge of inflammation. (c) Axial T2-WI shows hyperintensity in the
corticospinal tracts within the pons.

DWI shows an increased apparent diffusion coefficient (ADC) in Zone A (Schneider et al.,
2003). MRS reveals abnormal spectrum within regions of abnormal imaging, as well as
normal appearing white matter. Spectrum profile in normal appearing white matter
discloses elevated choline levels. Raised choline and myo-inositol levels reflect the onset of
demyelination. An increase in choline, myo-inositol and glutamine levels suggests active
demyelination and glial proliferation. Decreased NAA and glutamine levels reflect neuronal
loss and injury. High lactate peak is consistent with inflammation (Cecil & Kos, 2006).
Detection of MRS abnormalities in asymptomatic patients or in those with stable MRI can
predict disease progression.

3.2.2.4 Vanishing white matter disease

Vanishing White Matter (VWM), or childhood ataxia with central nervous system
hypomyelination, is an autosomal recessive disease caused by mutation in one of the five
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genes involved in eukaryotic translation initiation 2B. It may result in impairment of the
ability of cells to regulate protein synthesis in response to stress (Pronk et al., 2006). Its
phenotype varies widely from antenatal onset with early death, to adult onset with
slowly progressive disease. In late onset cases, motor and mental development is
normally or mildly delayed at first. Chronic progressive or subacute neurological
deterioration, with cerebellar ataxia, spasticity, and variable optic atrophy frequently
occurs between the ages of 2 and 6 years. Epilepsy is not a major sign of the disease, and,
unlike motor abilities, mental capacities are relatively preserved. Episodes of rapid
deterioration can occur after minor trauma or infection, ending in unexpected coma.
Death happens a few years after onset (van der Knaap et al., 1998). Diagnosis is based on
clinical manifestations, MRI features, and mutation identification in one of the five
mentioned genes (Schiffmann et al., 2010).

CT scan reveals symmetric and diffuse white matter low density in the cerebral
hemispheres. MRI is typical, showing symmetric and diffuse white matter anomalies.
Subcortical involvement occurs during early stages of disease, with swelling and
enlargement of gyri. On the later stages, white matter reveals signal intensity which is close
to, or similar to cerebrospinal fluid in every sequence (Fig. 8.). On FLAIR and T1-WI there is
a radiating, stripe-like pattern, on sagittal and coronal images; and a dot-like pattern in the
centrum semiovale, on the axial images, which corresponds to remain tissue strands.
Overtime, cystic lesions develop. Cerebellar atrophy may be seen, mainly involving the
vermis. Dorsal pons hyperintensity is seen at the beginning; in later stages, involvement of
the ventral pons also occurs (van der Knaap et al., 2006).

Fig. 8. Vanishing white matter disease. (a) Sagittal T1-WI shows abnormal cerebral white
matter hypointensity. T2-WI shows hyperintensity involving central tegmental tract in the
dorsal pons (b) and cerebral white matter (c).

MRS in the white matter shows marked decrease in NAA, creatine and choline peaks, or
even virtual absence of all parenchymal metabolites, with presence of lactate and glucose.
Gray matter spectrum is nearly normal, with a small increase in lactate and glucose, and a
decrease in NAA peaks (van der Knaap et al., 1998).
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4. Disorders involving both gray and white matter

When the damage affects the gray matter and white matter, it is important to recognize if
the lesions involve deep gray matter, or if, in addition to the white matter, the cortical gray
matter is the only one to be affected (Barkovich, 2005, 2007).

4.1 Disorders involving white matter and cortical gray matter
This group of IEM includes peroxisomal disorders such as Zellweger syndrome, Alpers
disease, Menkes disease, mucopolysaccharidoses and mucolipidoses (Barkovich, 2005).

4.2 Disorders involving white matter and deep gray matter

The list of IEM with white matter and deep gray matter involvement is wide, but the
identification of the nuclei that is early affected can help narrowing the differential
diagnosis. The involvement of thalami is present in GM1 and GM2 gangliosidoses, Krabbe
disease, and Wilson’s disease. The lesion of globi pallidi is present in Canavan disease,
methylmalonic acidemia, MSUD, Kearns-Sayre syndrome, L-2-hydroxyglutaric aciduria,
and urea cycle disorders (Barkovich, 2005). When the involvement is seen in striata, the
differential diagnosis should include glutaric aciduria type I, propionic acidemia,
ethylmalonic acidemia, Wilson’s disease, MELAS and Leigh syndrome.

4.2.1 Canavan disease

Canavan disease, or spongiform leukodystrophy, is an autosomal recessive disorder,
characterized by deficiency of N-acetylaspartylase resulting in abnormal accumulation of N-
acetylaspartic acid. Three clinical forms - neonatal, infantile, and late onset - are recognized
(Traeger & Rapin, 1998). Most commonly, Canavan disease presents within the first 6
months of life with hypotonia, lack of head control, macrocephaly, irritability and
development delay. Later on, spasticity, optic atrophy and seizures ensue (Cecil & Kos,
2006). Death occurs within the teens. Suspicion of diagnosis is based on clinical
manifestation and MRI features. Diagnosis is confirmed by demonstration of high
concentration of N-acetylaspartic acid in the urine. Molecular genetic testing is clinically
available (Matalon & Bhatia, 2009).

CT scan shows diffuse hypodensity in the cerebral and cerebellar white matter (Barkovich,
2005). MRI shows symmetric areas of diffuse confluent white matter areas of T1 and T2
prolongation. The subcortical U fibers are preferentially affected in the beginning of the
disease. Globi pallidi are frequently involved, as well as thalami. In some cases internal and
external capsules (Cheon et al, 2002), cerebellar white matter and brain stem can also be
affected (Matalon & Bhatia, 2009). In the later stages, there is a diffuse atrophy of white
matter.

MRS in white matter shows marked elevation of the NAA peak, which is classically
assumed to be exclusive for Canavan disease, although it can also be seen some times in
Salla disease and PMD (Varho et al, 1999).

4.2.2 Maple syrup urine disease

Maple syrup urine disease (MSUD), an autosomal recessive disorder, is caused by
deficiency of the branched-chain alpha-ketoacid dehydrogenase (BCKAD) complex, leading
to accumulation of the branched-chain amino acids (BCAAs), allo-isoleucine and branched-
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chain ketoacids (BCKAs) in tissues and plasma (Strauss et al.,, 2009). MSUD manifests as
heterogeneous clinical and molecular phenotypes. Several clinical forms have been
described with manifestations from early acute neonatal to chronic intermittent forms
diagnosed in adolescents. Classic MSUD causes maple syrup odor in urine and cerumen,
soon after birth. At age 2-3 days newborns present with irritability, poor feeding and
ketonuria. At age 4-5 days lethargy, apneia, opisthotonus and stereotyped movements
occur; followed by coma and central respiratory failure at age 7-10 days. High protein
ingestion or any cause of enhanced catabolism like infection, injury or surgery, can lead to
acute leucine intoxication with cerebral oedema and neurological impairment (Morton et al.,
2002). In less severe cases, patients reveal normal or moderately retarded
neurodevelopment, later presenting with metabolic crises similar to classic MSUD.
Suspicion of diagnosis, based on clinical manifestations (and eventually MRI features in late
onset cases), can be confirmed by elevation of BCAAs, allo-isoleucine and BCKAs in tissues
and plasma. Molecular genetic testing is also clinically available (Strauss et al., 2009). In
Portugal, extended newborn screening detects MSUD, frequently in a pre-symptomatic
stage.

Cranial ultrasonography can be useful in symptomatic neonates, showing symmetric
hyperechogenicity of periventricular white matter, basal ganglia (mainly globi pallidi) and
thalami (Fariello et al., 1996).

(@) (b)

Fig. 9. Maple syrup urine disease. Axial T2-WI show hyperintensity in the brainstem and
cerebellar white matter (a), globus pallidi and thalami (b).

Acute classic MSUD form shows signs of diffuse oedema, characterized by hypodensity on
CT scan, and T1 and T2 prolongation on MRI. Severe localized oedema (MSUD oedema) is
seen in myelinated areas at birth, namely deep cerebellar white matter, posterior brain stem,
cerebral peduncles, thalami, posterior limb of internal capsule, posterior centrum semiovale,
and globi pallidi (Fig. 9.) (Brismar et al., 1990). Forms with later onset reveal lack of
myelination superimposed upon lesions located at the same regions affected by MSUD
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oedema in acute classic form. Brain sequel depends on the time it takes to reverse metabolic
decompensation (Barkovich, 2005).

DWI is very important, as the oedema may be hard to identify in T2-WI due to
nonmyelinated brain hyperintensity. Regions with acute MSUD oedema show restricted
diffusion with decreased ADC value. Diffusion-tensor imaging (DTI) reveals decreased
anisotropy in the same areas (Parmar et al., 2004). In acute phase, MRS with long TE reveals
elevated levels of lactate and presence of an abnormal BCAAs and BCKAs peak at 0.9 ppm.
These changes can reverse completely after metabolic correction (Jan et al., 2003).

4.2.3 L-2-hydroxyglutaric aciduria

L-2-hydroxyglutaric aciduria is an autosomal recessive disease caused by mutations in L-2-
hydroxyglutarate dehydrogenase gene, with accumulation of L-2-hydroxyglutac acid in
urine, cerebrospinal fluid and plasma. It is characterized by slowly progressive neurological
dysfunction with cerebellar ataxia, psychomotor retardation, seizures, macrocephaly, and
extrapyramidal and pyramidal signs (Steenweg et al., 2010). It presents in childhood,
frequently after a period of normal psychomotor development. Diagnosis is suggested by
typical MRI features and by measurement of L-2-hydroxyglutaric acid in urine,
cerebrospinal fluid or serum. Molecular genetic testing is clinically available (Seashore,
2009).

@) (b) ©
Fig. 10. L-2-hydroxyglutaric aciduria. Axial T2-WI show hyperintensity of the subcortical
WM and globus pallidi (a), dentate nuclei (b), putamina and caudate nuclei (c).

CT scan shows symmetrical hypodensity in subcortical white matter, globi pallidi, and
frequently dentate nuclei (Topgu et al.,, 1996). MRI reveals hyperintensity in the same
locations listed above, with a preferential involvement of the frontal over the occipital white
matter. The periventricular white matter is spared, as well as internal capsule, corpus
callosum, cerebellar white matter, and brainstem. Sometimes involvement of putamina and
caudate nuclei are seen (Fig. 10.). Globi pallidi, and sometimes cerebellar vermis and
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hemisphere, reveal atrophy. Swelling of the cerebral white matter with broadening of gyri,
rarefaction of the subcortical white matter and atrophy of cerebral white matter were also
reported (Steenweg et al., 2009).

DWI shows increased diffusion in the white matter lesions. MRS is usually normal, but it
can reveal a slight decrease of NAA peak, in short TE (Aydin et al, 2003).

4.2.4 Glutaric aciduria type |

Glutaric aciduria type I is an autosomal recessive disorder resulting from a deficiency in
glutaryl-CoA dehydrogenase with accumulation of glutaric, 3-hydroxyglutaric and
glutaconic acids and secondary carnitine deficiency. Typically the disorder presents with an
acute encephalopathy between 6 and 18 months of age, in a previously healthy or mildly
motor retarded, macrocephalic child. In some cases, a slowly progressive course with
mental retardation, hypotonia, dystonia, choreoathetosis, spastic quadriplegia and
macrocephaly is seen (Hoffmann & Zschocke, 1999). Diagnosis is suggested by classical MRI
features that are highly typical, and made by measurement of glutaric, 3-hydroxyglutaric
and glutaconic acids in urine. Molecular genetic testing is clinically available (Seashore,
2009). In Portugal, broad neonatal screening detects glutaric aciduria type I in a pre-
symptomatic phase.

CT scan shows diffuse white matter hypodensity and/or cerebral atrophy, most prominent
in the frontal and temporal regions (Yager et al., 1988). MRI reveals symmetric widening of
the Sylvian fissure, frontotemporal volume loss, and delayed myelination. Putamen T2
hyperintensity is predominantly seen, either alone or in combination with the caudate
nucleus. Globus pallidus is less affected. Later in the course of disease, periventricular white
matter T2 hyperintensity, basal ganglia and cerebral atrophy are seen. Sometimes
imagiological studies reveal acute or chronic subdural haematomas (Fig. 11.), implying
differential diagnosis with nonaccidental trauma (Neumaier-Probst et al., 2004).

Fig. 11. Glutaric aciduria type I. Axial T2-WI show putamina and globi pallidi
hyperintensity (a), expansion of pericerebral fluid spaces anterior to the temporal lobes (b),
periventricular white matter hyperintensity, cerebral atrophy and left frontoparietal
subdural hematoma (c).
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DWI shows restricted diffusion in acute basal ganglia lesions. MRS shows decreased
NAA /creatine ratio at the basal ganglia in encephalopathic patients (Pérez-Duefias at al.,
2009).

Fluoro-2-deoxyglucose PET reveals decreased glucose uptake in the cerebral cortex, basal
ganglia and thalami (Al-Essa et al., 1998).

4.2.5 Mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes
(MELAS)

MELAS is a multisystem mitochondrial disorder, with early normal psychomotor
development and onset typically between the ages 2 and 10 years. It is characterised by
neurological manifestations including seizures, encephalopathy, recurrent headaches and
stroke-like episodes (hemiparesis and hemianopsia). Diagnosis is based on an association of
clinical findings, MRI features and molecular genetic testing. Mitochondrial DNA mutation
A3243G is found in 80% of MELAS patients. Sometimes, pathogenic mutations may be
undetectable in mtDNA from leukocytes, and it is necessary to resort to other tissues, such
as skeletal muscle, which is the most reliable for diagnosis (DiMauro & Hirano, 2010).
Stroke-like lesions are often transient, affecting mainly the gray matter and are not restricted
to specific vascular territories, unlike embolic and thrombotic infarction (Barkovick, 2005).
They are usually fluctuating. Acute ischemic episodes show swelling and hypodensity on
CT scan, and T1 and T2 prolongation on MRI, commonly involving the temporo-parieto-
occipital lobes and basal ganglia (Fig. 12.).

With regard to DWI findings, reports are discordant. Some early reports demonstrate an
increased diffusion in stroke-like lesions. However the number of reports revealing a
decreased diffusion in these areas has increased. Thus, the absence of vasogenic oedema
should not weaken the possibility of MELAS in favour of ischemic stroke. MRS shows a
decrease in NAA and an increase in lactate in stroke-like lesions (Fig. 12.) (Tzoulis &
Bindoff, 2009). An increase in lactate is also seen in embolic and thrombotic infarction, so
this finding is not specific of MELAS.

(@) (b)

Fig. 12. MELAS. (a) Axial FLAIR shows hyperintensity in left temporal lobe. (b) Axial DWI
(b=1000) shows restriction diffusion of the lesion. (c) Single voxel proton MRS (TE = 135 ms)
of the lesion shows a lactate doublet (Lac). (This case is a courtesy of Dr. Fernando Matias)
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SPECT shows hyperperfusion in the acute stage of stroke-like episodes, and hypoperfusion
in the chronic stage (Tzoulis & Bindoff, 2009). PET and xenon reveal increased blood flow
and decreased glucose uptake and oxygen extraction fraction in the lesion areas (Barkovich,
2005).

4.2.6 Leigh syndrome

Leigh syndrome, or subacute necrotizing encephalomyelopathy, is caused, in the majority of
the cases, by a dysfunction of the mitochondrial respiratory chain (particularly complexes I,
II, IV or V), the coenzyme Q, or the pyruvate dehydrogenase complex (Finsterer, 2008). Most
children are normal at birth and manifested usually by the end of the first year of life. The
onset is commonly insidious, and the course may be intermittently progressive for some
years. Clinical presentation can be highly variable, and includes psychomotor retardation,
feeding difficulties, recurrent episodes of vomiting, failure thrive, signs of brainstem,
cerebellar and basal ganglia dysfunction, and lactic acidosis (Medina et al., 1990). Diagnosis
is suggested by clinical criteria and MRI features. Molecular genetic testing allows for a
specific etiological diagnosis.

Neuroradiological findings in Leigh syndrome are symmetrical hypodensities on CT, and T1
and T2 prolongation on MR, in the basal ganglia and thalami. Lesions can involve the
substantia nigra, periaqueductal gray matter within the midbrain, inferior colliculus,
inferior olivary nuclei, inferior cerebellar peduncles, medulla, solitary tract in the medulla,
central tegmental tract and reticular formation in the dorsal pons (Barkovich 2005). Less
commonly, the red nuclei and cerebellar dentate nuclei are involved. Basal ganglia are often
affected before the brainstem, but in some patients, brainstem lesions appear without basal
ganglia alterations (Fig. 13.). Sometimes, MRI reveals delayed myelination. In most patients,

(a) (b) ©

Fig. 13. Leigh syndrome. Axial T2-WI show hyperintensity in the striata (a), dorsal midbrain
and cerebral peduncles (b). (c) Multivoxel proton MRS (TE = 144 ms) of the basal ganglia
shows a decreased of NAA peak and a lactate doublet (Lac).
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cerebral white matter is generally involved in the later stages of disease (Arii & Tanabe,
2000). In some cases, a marked global atrophy can be seen, over time. Some MRI patterns
may suggest an implicated mutation. In SURF-1 mutation, associated to complex IV
deficiency, basal ganglia are less involved, and the brainstem, subthalamic nuclei, cerebellar
nuclei and cerebellar peduncles are commonly involved. ATPase 6 mutation, which is
associated to maternally inherited Leigh syndrome (MILS), shows anterior putamina, globi
pallidi and dorsal mesencephalon and pons lesions. In the absence of hypoxia, ischemia or
infection, symmetric involvement of deep gray matter is very suspicious of a mitochondrial
defect (Saneto et al., 2008).

DWI shows reduced diffusion in acute lesions and increased diffusion in chronic ones. MRS
reveals increase in lactate and a small decrease of NAA in lesions, and alongside the
imagiological features of conventional MR it supports the diagnosis of Leigh syndrome
(Barkovich, 2005).

5. Conclusion

MRI plays an essential role in the diagnosis of IEM. It shows high sensitivity in the detection
of some of these disorders and evaluation of their severity. Despite of the nonspecificity of
many features, a systematic pattern recognition approach to brain structures involved is
useful, as it narrows differential diagnosis. MRS can help in this process and may disclose
anomalies, even if there are no lesions detectable with conventional MRI. Further
investigation and accurate characterization of neuroradiological features are needed in order
to gather a wider range of specific patterns. These would allow more patients to be
adequately classified.
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1. Introduction

Acquired Demyelinating disorders of the central nervous system in children span a wide
spectrum. These conditions may be mono-phasic and self limiting or multi-phasic. Children
may present with mono-focal (optic neuritis) or multi-focal (Acquired demyelinating
encephalomyelitis) clinical findings.

These demyelinating disorders also share many common clinical, radiological and
laboratory features. Early classification of whether the disease is either mono- or multi-
phasic has diagnostic and therapeutic implications. Identification of patients who present
with a first demyelinating event and are at risk for evolution to multiple sclerosis, allows
disease modifying therapeutic agents to be initiated early and thus preserve brain function.
The aetiology of acquired demyelinating conditions is multi-factorial namely - genetic, post-
infectious, post-immunization and possibly due to a T-cell mediated auto-immune response
to myelin basic protein triggered by an infection or immunization.

This chapter will cover the aetiologies, consensus definitions, clinical presentation, neuro-
imaging, evolution and therapeutic advances in acquired demyelinating disorders in
children. The pivotal role of neuro-imaging in unraveling the pathology, aetiology and
diagnosis of these disorders is also highlighted.

Clinical and neuro-imaging features of other acquired white matter lesions (via infections,
toxins, nutritional deficiencies, and osmotic myelinolysis) disease are also discussed.

2. Definitions

The International Paediatric Multiple Sclerosis Study group in 2007 proposed consensus
definitions for the demyelinating disorders in children (Krupp et al., 2007). This group was
convened to define an operational classification system for the demyelinating disorders.
Consensus definitions aid in standardization of diagnosis, investigation, management and
further research of these conditions.

3. Imaging techniques for white matter disorders

Magnetic Resonance Imaging (MRI) is the diagnostic modality of choice for evaluating
white matter disorders. Sophisticated applications of magnetic resonance technology, such
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Definition
Acquired Demyelinating A first clinical event with a presumed inflammatory or
Encephalomyelitis (ADEM) demyelinating cause, with acute or sub-acute onset that
affects multifocal areas of the CNS and must include
encephalopathy
Recurrent ADEM New event of ADEM with a recurrence of the initial

symptoms and signs, 3 or more months after the first
ADEM event, without involvement of new clinical
areas by history, examination, or neuro-imaging
Multi-phasic Demyelinating ADEM followed by a new clinical event also meeting
Encephalomyelitis (MDEM) criteria for ADEM, but involving new anatomic areas
of the CNS as confirmed by history, neurologic
examination, and neuro-imaging. The event must
develop within 3 months of the initial event.
Neuromyelitis Optica (NMO) Must have optic neuritis and acute myelitis as major
criteria and a spinal MRI lesion extending over three or
more segments or be NMO positive on antibody testing

Acute Transverse Myelitis A focal inflammatory disorder of the spinal cord
(ATM) resulting in motor, sensory and autonomic dysfunction
Schilder’s Disease A sub-acute demyelinating disorder characterized by
bilateral large and vaguely symmetrical lesions
Paediatric Multiple Sclerosis A clinical syndrome of multiple clinical demyelinating
(MS) events involving

more than one area of the central nervous system with
dissemination in time and space on imaging*
Clinically Isolated Syndromes A first acute clinical episode of
(CIS) CNS symptoms (without encephalopathy) with a
presumed inflammatory demyelinating cause; for
which there is no prior history of a demyelinating
event

*Important caveats in the definition of Paediatric MS put forward by the study group include:

1.  The combination of an abnormal CSF (presence of Oligoclonal bands or an elevated IgG index) and
two lesions on the MRI, of which one must be in the brain, can also meet dissemination in space
criteria.

2. The MRI can meet the dissemination in space criteria if it shows 3 of the following 4 criteria (1)
nine or more white matter lesions or one gadolinium enhancing lesion, 2) three or more
periventricular lesions, 3) one juxta-cortical lesion, 4) an infra-tentorial lesion.

3. MRI can be used to satisfy criteria for dissemination in time following the initial clinical event,
even in the absence of a new clinical event if new T2 or gadolinium enhancing lesions develop
within 3 months of the initial clinical event.

4. A second non-ADEM event in a patient is insufficient to make the diagnosis of paediatric MS if the
first event meets the criteria for ADEM. MS can only be diagnosed if there is further evidence of
dissemination in time on the MRI (new T2 lesions > 3months since the second event) or a new
clinical event (> 3months since the second event).

Table 1. Definitions of Acquired Demyelinating Disorders (Adapted from Krupp et al 2007)
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as magnetization transfer imaging, magnetic resonance spectroscopy, and diffusion tensor
imaging, provide quantitative information about the extent of damage that occurs in the
white matter.

1H magnetic resonance spectroscopy (MRS) is a valuable technique to non-invasively
acquire in-vivo information about biochemical processes in patients with neurologic
disorders. MRS measures N-acetyl-aspartate (NAA), total creatine, choline-containing
compounds, and lactate. NAA has been considered a marker of neuronal integrity,
whereas the levels of choline and lactate are indicative of cell membrane turnover and
anaerobic glycolysis (Bizzi et al., 2001). NAA is located almost exclusively in neurons and
neuronal processes and thus provides information about neuronal integrity (De Stefano et
al., 1995).

MRS studies on patients with white matter disorders have shown reduction in NAA in areas
that appear normal on conventional MRI studies suggesting that a significant amount of
axonal damage is present in these patients (Arnold et al., 1990; van Der Knaap ef al., 1992).
Abnormalities in NAA on MRS have also shown a correlation with long term functional
outcomes. The author suggests that the extent of axonal damage rather than demyelination
may be more reliable in monitoring disease evolution in primary white matter disorders (De
Stefano et al., 2000).

Diffusion-weighted MR imaging (DWI) provides further information that may not be
apparent on conventional MR images. Engelbrecht et al showed that diffusion restriction
precedes brain myelination and is further increased during myelination (Engelbrecht et
al., 2002).

4. Acquired Demyelinating Encephalomyelitis (ADEM)

ADEM initially described by Lucas (1790) is characterized by acute onset of diffuse
neurological signs with multi-focal white matter involvement. In 1931 a series of case
studies was reported in The Lancet. McAlpine described 3 sets of patients with ADEM:
-post-vaccination, post-infectious, and those with spontaneous occurring disease. The
International Paediatric MS study group further defined ADEM (see Table 1).

4.1 Pathogenesis

The aetiology of ADEM is not completely understood. The pathogenesis is thought to be
auto-immune mediated. The seasonal distribution and high rate of antecedent infections
(Dale et al., 2000; Murthy et al., 2002; Govender et al., 2010) reported in ADEM suggest a
link to an infectious aetiology. Infectious diseases are common in childhood however the
rate of preceding infection reported in these series exceed the rate of childhood infectious
diseases described (30-50%). The auto-immune reaction is thought to be on the basis of
molecular mimicry. The offending infection serves as an antigenic trigger and shares
epitopes with various autoantigens of myelin such as myelin basic protein, proteolipid
protein, and myelin oligodendrocyte protein (Alvord et al., 1987). This theory shares
many similarities with experimental allergic encephalitis. A second theory is that the
antigenic trigger activates T cells which cross the blood-brain barrier and react against
similar myelin epitopes. ADEM was associated with the class II alleles HLA-DRB1*01 and
HLA-DRB*03 in a Russian study (Idrissova et al., 2003). Pathological studies of children
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with ADEM showed that peripheral and cerebrospinal lymphocytes have increased
reactivity to myelin basic protein (Lisak and Zweiman, 1977). Viral infections described in
the context of ADEM include Herpes Simplex Virus-1, Cytomegalovirus (CMV), HIV
(Human Immunodeficiency virus), Measles, Mumps, Rubella, Ebsteinne Barre Virus
(EBV) and Varicella Zoster Virus (VZV). ADEM occurs after one of every 1000 cases of
measles, with a fatality rate of 20% (Tselis and Lisak, 1998). Bacterial antigens implicated
include Mycoplasma, Campylobacter, Streptococci and Borrelia Burgdofferi. Dale et al.
described a subgroup of ADEM associated with Group A 3 hemolytic streptococcus,
abnormal basal ganglia imaging and elevated antibasal ganglia antibodies (Dale et al.,
2001). Some studies fail to identify the agent responsible for the pre-demyelinating
infection (Murthy et al, 2002). The authors postulate that the inciting agents are
uncommon or unusual organisms that can not be identified by routine laboratory testing.
Vaccines, specifically the influenza, rabies and smallpox vaccines have also been reported
to precipitate ADEM (Saito et al., 1998). Post-vaccination ADEM is thought to be the result
of immune mediated mechanisms rather than the cyto-pathic effects of the virus. ADEM is
reported after the administration of drugs such as sulfonamides and streptomycin, further
supporting an immunological basis of the pathogenesis.

4.2 Epidemiology

There are few epidemiological studies of ADEM in children. Prevalence studies are also
complicated by the use of inconsistent case-definitions of ADEM. The estimated incidence in
California is 0.4/100,000 population per year (Leake et al, 2004) and in Canada is
0.2/100,000 per year (Banwell et al., 2009). The mean age of presentation of ADEM in
children ranges from 5-8 years (Hynson ef al., 2001; Tenembaum et al., 2007). There is no
specific ethnic distribution (Leake et al., 2004). Some studies indicate a slight male
predominance (Murthy et al., 2002; Tenembaum et al., 2007). Prevalence in resource poor
countries would be expected to be higher because of the significant frequency of childhood
infections. However it is probably under-estimated because of limited access to health care
facilities and MRI facilities.

4.3 Clinical presentation

ADEM has a wide clinical spectrum of presentation. The hallmark of the disease is an
acute presentation of multifocal neurological signs with encephalopathy consistent with
diffuse brain involvement usually following a viral infection or immunization.
However, events may range from sub-clinical episodes diagnosed by MRI showing
mult-ifocal white matter lesions, to a more fulminant presentation with seizures and
encephalopathy. Seizures are reported to be more common in children compared to
adults with ADEM (Tenembaum et al., 2007). Fever and meningism are also common in
ADEM prompting treatment for meningo-encephalitis in the initial management (Dale
et al., 2000). Multi-focal neurological signs are pathognomic for ADEM and include
hemiparesis, paraparesis, cranial nerve involvement and ataxia. Atypical presentations
include concomitant peripheral nervous system involvement (Kinoshita et al., 1996),
presentation as an isolated acute psychotic episode (Moscovich et al., 1995) or with
an extra-pyramidal syndrome (dystonia and behaviour disturbances) (Dale et al.,
2001).
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4.4 Laboratory investigations

In the absence of specific biological markers diagnosis is based on a combination of
historical features, clinical and MRI characteristics. Other investigations are usually done
to exclude other differential diagnosis (e.g. meningitis, metabolic encephalopathies). In
resource poor settings where the burden of disease is predominantly infectious illnesses
and because of the overlap of symptoms, infectious aetiologies must be excluded first.
Peripheral blood leucocytosis is documented in ADEM (Jacobs et al., 1994). CSF studies in
ADEM are usually abnormal (in > 67% of cases), typically showing a moderate pleocytosis
with an elevated protein content (Miller et al., 1956; Govender et al., 2010). CSF
Oligoclonal bands synthesis may occur in ADEM; however this tends to disappear when
the patient recovers.

Electrophysiological studies have limited value in ADEM. Slow-wave abnormalities on
electro-encephalogram are compatible with an encephalopathic state (Dale ef al., 2000). The
spindle coma pattern has been described in a child with post measles ADEM (Bortone et al.,
1996). Visual evoked potentials though are useful in detecting asymptomatic optic tract
lesions (Dale et al., 2000).

4.5 Neuro-imaging

MRI is the investigation of choice. Since CT is often non-diagnostic for white matter lesions
in patients with ADEM, this study is often normal or shows non-specific hypo-densities in
the white matter.

Lesions are most easily recognized on T2 weighted (T2WI) and FLAIR MRI sequences. T2WI
are more sensitive than T1 weighted images (TIWI) in detecting lesions (Sheldon ef al.,
1985). TIWI shows hypo-intense lesions. The lesions of ADEM are multi-focal and often do
not correlate with clinical signs. Lesions tend to involve the cerebellum, the cerebral cortex
and brainstem (Figure 1 a-g). They usually involve the sub-cortical, central and
periventricular white matter. Lesions are typically hyper-intense, patchy, asymmetric and
ill-defined. Diffusion-weighted imaging (DWI) and apparent diffusion co-efficient (ADC)
maps may be helpful to prognosticate outcome. Low ADC values and restricted diffusion on
DWI may suggest a worse outcome as this may indicate permanent tissue damage
(Barkovich., 2007). A case study of ADEM with MRS reported reduced NAA and an
elevation of choline and lactate (Gabis et al., 2004). These authors suggest a place for H MRS
studies in longitudinal follow-up studies of ADEM to assess the response to
immunomodulating therapies. Deep grey matter lesions in the thalami and basal ganglia
have also been described (Baum et al., 1994; Govender et al., 2010) (Figure 2a-e). Lesions in
the corpus callosum are uncommon and considered atypical for ADEM (Figure 3). Contrast
enhancement of lesions post gadolinium administration indicates activity of the lesions
(Figure 4). This correlates with the pathological finding of inflammation and demyelination
in experimental allergic encephalitis. Non-enhancing and partially enhancing lesions in the
presence of enhancing lesions have been described in ADEM and are thought to be because
of lesions of differing ages and the evolution of the disease over several weeks (Schwaz et
al., 2001;, Govender et al., 2010).

Concomitant spinal cord lesions have been described in ADEM (Hynson et al., 2001;, Murthy
et al., 2002;, Govender et al., 2010) (Figure 5a,b). Spinal cord lesions in ADEM typically have
ill-defined margins, extend over multiple vertebral segments, are thoracic in location and
result in mild cord expansion (Singh et al., 2002).
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Fig. 1. A - Flair axial MRI demonstrating bilateral asymmetrical cortex and sub-cortical
white matter high signal intensities consistent with ADEM. B- T2 axial MRI demonstrating
right ill-defined peritrigonal white matter high signal intensity lesion consistent with
ADEM. C- Flair axial MRI demonstrating bilateral, fairly symmetrical high signal intensities
in the posterior white matter consistent with ADEM. D - Flair axial MRI demonstrating
bilateral asymmetrical high signal intensity lesions in the sub-cortical and deep white matter
consistent with ADEM. E- Flair axial MRI demonstrating bilateral asymmetrical high signal
intensity lesions in the cortex and sub-cortical and deep white matter consistent with
ADEM. F - Flair axial MRI demonstrating hyper-intense lesions in the brachium ponti
consistent with ADEM. G - T2 axial MRI of the brain demonstrating large hyper-intense
pontine lesion with surrounding oedema
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E

Fig. 2. A- Flair axial MRI of the brain demonstrating bilateral symmetrical hyper-intense
thalamic lesions. B- T2 coronal MRI of the brain demonstrating bilateral symmetrical
rounded hyper-intense thalamic lesions as well as a large hyper-intense pontine lesion. C-
Flair axial MRI demonstrating bilateral high signal intensity lesions in the basal ganglia and
deep white matter on the left consistent with ADEM. D- Flair axial MRI demonstrating
asymmetrical basal ganglia and white matter high signal intensities consistent with ADEM.
E- DWI of 2D shows no evidence of restricted diffusion.

Fig. 3. T2 sagittal midline brain MRI demonstrating a well-defined rounded lesion in the
splenium of the corpus callosum, which is unusual for ADEM.
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Fig. 4. T1 with contrast axial MRI demonstrating multiple hypo-intense white matter lesions
of varying sizes, some with ring enhancement. This patient was diagnosed with ADEM.

Fig. 5. A- T2 sagittal MRI of the cord showing diffuse abnormal high signal intensity
throughout the cord with cord expansion in the cervical region. There was no associated
enhancement. This together with the brain lesions seen in 5B is consistent with ADEM. B-
Flair axial MRI demonstrating bilateral high signal intensity lesions in the basal ganglia and
deep white matter on the left consistent with ADEM.
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4.6 Treatment

There are no standard treatment protocols as there are insufficient large scale studies to form
consensus for optimal management. Supportive care (e.g. respiratory support for patients with
brainstem involvement, anti-epileptics for seizure control) in the acute phase is vital.

Therapies recommended are mainly immunomodulating agents targeting the immune-
based mechanism of the disease. Corticosteroids are considered the mainstay of treatment
based on the rapid improvement in symptoms following therapy (Straub et al., 1997;,
Tenembaum ef al., 2007). However widely varying doses, formulations, duration of therapy
and tapering have been reported with corticosteroid use (Hynson ef al., 2001; Murthy et al.,
2002; Tenembaum et al., 2007, Govender et al., 2010). A single study reported worse
outcomes in patients who received corticosteroids (Boe et al., 1965). Methylprednisone,
dexamethasone and ACTH are used. Most reports in paediatric patients have used IV
methylprednisolone (10 to 30 mg/kg/day) or dexamethasone (1 mg/kg) for 3 to 5 days
(Dale et al., 2000; Hyson et al 2001; Tenembaum et al 2002; Govender et al., 2010) followed by
a taper for 4 to 6 weeks with full recovery reported in 50 to 80% of patients. In resource poor
countries high dose corticosteroids must be used with caution and only commenced once
commonly occurring infections like tuberculosis and cytomegalovirus (CMV) are excluded.
Outcomes on efficacy of corticosteroid treatment are mainly compared to historical controls.
Worse outcomes are linked to shorter duration of treatment (Tenembaum et al., 2007). Other
treatment modalities suggested include intravenous immunoglobulin, plasmapheresis and
glatiramer acetate (Abramsky et al., 1977; Stricker et al., 1992; Finsterer et al., 1998). There is
some evidence to suggest that patients may respond to a combination of
methylprednisolone and immunoglobulin if they fail to respond to either separately
(Straussberg et al., 2001).

4.7 Prognosis

ADEM is by definition a monophasic illness (variants are discussed in Section 4.8). Mortality
during the post-measles ADEM period in the 1950's was reported as 10-30% (Johnson et al.,
1985). At follow-up, approximately 60-80% of children have no neurologic deficits (Menge et
al., 2007). This study also reports a mortality rate of 5%. The extent and site of lesions on the
initial MRI do not predict the clinical outcome. Motor deficits persist in 8-30% (Dale et al.,
2000; Tenembaum et al., 2007) of patients and include paraparesis, hemiparesis and ataxia.
Neuro-cognitive deficits are also documented post ADEM (Hahn et al., 2003; Jacobs ef al.,
2004). These include deficits in short term memory, verbal processing skills and complex
attention. Patient with early onset ADEM (<5year of age) were also more likely to have
cognitive deficits and behaviour problems (Kumar et al., 1998). Follow-up MRI's showed
complete or partial resolution of abnormalities in the majority of cases (Kesslering et al.,
1990; Dale et al., 2000; Tenembaum et al 2007; Govender et al., 2010). However, residual
gliosis and demyelination persist in some patients (Kesselring et al., 1990). Clinical as well as
imaging follow-up (at least 3 months later) (Figure 6) is important to monitor for evolution
to MS. Risk factors for relapse are discussed in greater detail in Section 10.

4.8 Variants of ADEM

Definitions for Recurrent and Multi-phasic ADEM are described in Table 1.

Acute Hemorrhagic Leukoencephalitis is a rare, hyper-acute form of ADEM with a mortality
rate of about 70% (Davies et al., 2006). Pathological studies show a necrotizing vasculitis
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with haemorrhage, oedema and a neutrophilic infiltration (Stone and Hawkins, 2007).
Seventy percent of survivors have neurological deficits (Stone and Hawkins, 2007).

Fig. 6. A- T2 axial MRI demonstrating asymmetrical basal ganglia and white matter high
signal intensities consistent with ADEM. B- T2 axial MRI in same patient at 3 months follow-
up showing resolution of lesions.

5. Transverse myelitis

5.1 Epidemiology

Acute Transverse myelitis (ATM) is a focal inflammatory disorder of the spinal cord
resulting in motor, sensory and autonomic dysfunction with evidence of inflammation on
CSF or MRI studies. The initial definition was proposed by the Transverse Myelitis
Consortium Working Group in 2002 and refined by the more recent consensus definitions
for paediatric demyelinating disease (Krupp ef al., 2007). The incidence is reported as 1- 8
per million people per year (Berman et al., 1981). There are no gender or ethnic differences in
the prevalence of ATM (Berman et al., 1981). ATM is often difficult to distinguish clinically
from ischaemic cord lesions, fibro-cartilagenous emboli or traumatic spinal cord lesions.
ATM is also an important differential diagnosis for acute flaccid paralysis in childhood.

5.2 Pathogenesis

The aetiology of ATM is thought to be immune-mediated. In 30-60% of patients ATM is
para-infectious (Jeffrey et al., 1993; Kalra et al., 2009). Molecular mimicry and super-antigen
mediated mechanisms have been postulated (Kaplin et al., 2005). Positive anti-GM1
antibodies following Campylobacter and CMV infections have been implicated in the aetio-
pathogenesis. Neuromyelitis optica—immunoglobulin G is an aquaporin-4-specific water
channel antibody, which has been associated with neuromyelitis optica and longitudinally
extensive transverse myelitis in adults (Lennon et al., 2004). This is discussed further in
Section 6.
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5.3 Clinical presentation

Clinical presentation is that of acute or sub-acute onset of bilateral spinal cord dysfunction
(that may be asymmetrical) with associated sphincter dysfunction and pain. A sensory level
may not be easily elicitable in the paediatric population. The clinical features depend on the
location of the lesion. High cervical cord lesions can present with respiratory failure. The
thoracic segment is the commonest site of cord involvement in ATM (Kneubusch et al., 1998).

5.4 Investigations

Initial evaluation of a patient with an evolving myelopathy must include a gadolinium
enhanced MRI of the spine to exclude a compressive myelopathy. If there is no evidence of a
compressive lesion a lumbar puncture should be performed. CSF pleocytosis and an
elevated protein (IgG index) on the CSF support a diagnosis of ATM. Brain MRI and eye
examination with visual evoked potentials are recommended to exclude demyelination in
other parts of the neuro-axis.

Other investigations recommended include para-infectious markers- EBV, VZV, CMV, Herpes
Simplex virus serology and stool for campylobacter cultures. If there are signs of a systemic
inflammatory disorder, auto-immune screens and serum angiotensin converting enzyme
levels should be performed to exclude other causes of an acute myelopathy (e.g. vasculitides).

Fig. 7. A- T2 sagittal MRI of the cord showing diffuse abnormal increased signal intensity
consistent with transverse myelitis. B- T1 sagittal MRI of the cord showing no abnormal
signal intensity. There was no contrast enhancement. C- T2 sagittal MRI of the distal cord
showing diffuse abnormal increased signal intensity consistent with transverse myelitis. D-
T2 axial MRI of the cord showing abnormal increased signal intensity consistent with
transverse myelitis. E- T2 sagittal MRI of the cord showing diffuse abnormal increased
signal intensity and cord swelling consistent with transverse myelitis.
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5.5 Neuro-imaging

MRI of the spinal cord usually shows nonspecific localized hyper-intense signal on T2WI
sequences with, in some cases, segmental cord enlargement and/or focal enhancement
(Figure 7 a-e). Acute partial transverse myelitis described in adults is characterized by MRI
lesions that are asymmetrically placed and spanning fewer than 2 vertebral segments in
length; these patients have been found to have a greater risk of progression to multiple
sclerosis (Ford et al., 1992). Longitudinally extensive myelitis (spanning > 3 vertebral
segments) is shown to have a lower risk of progression to MS in adults (Pittock et al, 2006).
Lesions of ATM in children are typically longitudinal, demonstrate rim enhancement and
are centrally located.

5.6 Treatment

Previous case series did not demonstrate any benefit from the use of low dose
corticosteroids (Dunn et al., 1986; Adams et al., 1990). Recent reports demonstrate the benefit
of high dose corticosteroids (10-30mg/kg per day for 3-5 days) on recovery (Defrense et al.,
2001; Sebire et al., 1997). Compared to historical controls patients treated with steroids
walked independently sooner. If there is no clinical response to steroids within 5-7 days
plasma exchange was used as adjunctive therapy in isolated case reports. Supportive
measures include respiratory support and early management of a neuropathic bladder.

5.7 Prognosis

Various studies have looked at prognostic indicators for ATM. Jain et al. (1983) described
backache at onset, acute course (within hours), spinal shock and a cervical sensory level as
poor prognostic features. Other studies did not demonstrate this (Govender et al., 2010).
Early recovery (within one week of presentation), age less than 10 years at presentation and
lumbosacral spinal level on clinical assessment were significant predictors of a good
outcome (De Goede et al., 2010). The extent of lesions on MRI has not shown consistent
correlation with outcome (Pradhan et al., 1997; Adronikou et al., 2003). Berman et al’s series
(1987) described more than one-third of the patients with ATM making a good recovery; in
one-third of patients recovery was only fair; 14 patients failed to improve and 3 demised.

In the series by Dunne et al (1986) that assessed the risk of progression to multiple sclerosis
in children with ATM, definite evidence of multiple sclerosis did not develop in any of the
patients. In the series by Pidcock et al of the 47 children with acute transverse myelitis, 2
experienced recurrent transverse myelitis, 1 was diagnosed with neuromyelitis optica, and 1
developed multiple sclerosis on follow-up (Pidcock et al., 2007).

6. Neuromyelitis Optica (NMO)

The association between myelitis and optic problems was first described in 1870 by Thomas
Clifford Allbutt (Murray, 2005). In 1894 Eugene Devic described 16 patients with visual
impairment who developed paraparesis, sensory deficits and sphincter dysfunction within
weeks. They recognized that these symptoms were the result of inflammation of the optic
nerve and spinal cord. NMO is a recurrent demyelinating disorder affecting the optic nerves
and the spinal cord. Modifications to the definition of NMO in 2005 incorporated the
inclusion of patients with brain lesions, and included the NMO-IgG antibody as a
confirmatory test.
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The Mayo Clinic proposed a revised set of criteria in 2006. The new guidelines for diagnosis

requires both absolute criteria and two of the three supportive criteria to be present to make

a diagnosis of NMO (Wingerchuck et al., 2006).

Absolute criteria:

1. Optic neuritis

2. Acute myelitis

Supportive criteria:

1. Brain MRI not meeting criteria for MS at disease onset

2. Spinal cord MRI showing contiguous T2-weighted signal abnormality extending over 3
or more vertebral segments, indicating a relatively large lesion in the spinal cord

3. NMO-IgG seropositive status.

The association of NMO with the serum autoantibody marker NMO-IgG was reported in

2004 (Lennon et al., 2004). NMO-IgG is 73% sensitive and 91% specific for distinguishing

NMO from classical MS. The new diagnostic criteria allows for the diagnosis of NMO in

patients who are NMO-IgG antibody negative. NMO antibodies play a key role in the

pathogenesis. These antibodies are directed against the aquaporin-4- receptors located in the

cell membrane of astrocytes (Pearce, 2005). Aquaporin-4 is the most abundant channel

facilitating water transport across membranes in the brain. NMO-IgG is also detected more

commonly in patients with NMO symptoms who have clinical or serological evidence for

SLE than in those who do not (McAdam et al., 2002).

6.1 Clinical characteristics

Clinical characteristics include painful visual loss, weakness, sphincter dysfunction and
sensory deficits. Loss of red color vision, a relative afferent pupillary defect and visual field
defects are other features of optic neuritis in children. Other complications such as ataxia
and respiratory failure result from extension of cervical cord lesions into the brainstem.

6.2 Investigations

Diagnostic evaluation includes an MRI of the brain. During acute optic neuritis attacks, an
orbital MRI may identify optic nerve gadolinium-enhancement. MRI of the brain is usually
normal. However, brain lesions located in the hypothalamus, brainstem, and periventricular
areas have been described in children who have typical features of NMO (Pittock ef al.,
2005). These are considered to be the aquaporin-4 rich areas of the brain.

Patients with signs of myelitis should have a spinal MRI with contrast. The lesions are
typically longitudinally extensive, centrally based in the cord and extend over three or more
vertebral segments. All patients should have a serological test for the NMO-IgG antibody. A
negative test however does not exclude the diagnosis. CSF pleocytosis also supports the
diagnosis. In patients with longitudinal myelitis and no visual symptoms, visual evoked
potentials can sometimes detect asymptomatic visual pathway dysfunction.

6.3 Treatment

The recommended treatment for acute attacks of myelitis or optic neuritis is high dose
methylprednisone. Prophylactic long-term immunosuppression is recommended for
established NMO and patients who have a single attack of myelitis and are NMO-IgG
positive (Wingerchuck et al., 2005). There are no efficacious preventative therapies
demonstrated by controlled trials in NMO. Intravenous immunoglobulin is an alternative
for patients who do not respond to corticosteroids.
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Characteristics of NMO that help to distinguish it from classical MS include:

¢ Prominent CSF pleocytosis (more than 50 WBC) with a polymorphonuclear cell
predominance (Mandler et al., 1993; O Riordan et al., 1996)

e Lower frequency of CSF oligoclonal banding (15-30% in NMO compared to 85% in MS)

¢ Bilateral symmetrical optic neuritis

e At disease onset, the brain MRI scan is normal or reveals nonspecific white matter
lesions

e  MRI of the spinal cord showing longitudinally extensive, central lesions (MS lesions are
more peripherally located in the cord and extend over one to two segments in length)

7. Schilder’s disease/myelinoclastic diffuse sclerosis

This disorder was initially described by Schilder in 1912 and later clarified by Poser (1992).

There are further reported cases of solitary, large plaque like lesions, which were

histologically confirmed to be foci of demyelination (Kumar et al., 1998; Gutling and Landis,

1998). The aetiology is unclear; however an association with tuberculosis was described in 3

South African children (Pretorius et al., 1998). Schilder’s Disease occurs predominantly in

children (peak age 5-14 years) (Afifi et al., 1994).

The Poser criteria (1992) for diagnosis are:

e  one or two roughly symmetrical large plaques (greater than 2 cm diameter)

e pathological analysis is consistent with sub-acute or chronic myelinoclastic diffuse
sclerosis

¢ adrenoleukodystrophy and peripheral nervous system involvement must be excluded.

7.1 Clinical presentation
The clinical presentation is non-specific and includes neuroregression, seizures, ataxia or
signs of raised intra-cranial pressure.

7.2 Neuro-imaging

The lesions of Schilder’s Disease are typically large and plaque-like and have also been
termed tumefactive demyelination. MRI is the most accurate modality of delineating the
lesions that are often confused with brain neoplasms or abscesses. Making the distinction
between demyelination and infection/malignancies early is important to prevent
unnecessary surgical procedures and toxic therapies like radiation and chemotherapy
(McAdam et al., 2002). MRI studies demonstrate 1 or 2 large confluent lesions in the deep
white matter, usually the centrum semiovale (Figure 8 a-f). Lesions are at least 2 cm in
size in 2 of 3 dimensions. No additional lesions should be observed on imaging of the
brain or spinal cord- this would suggest MS or ADEM. On T1WI, tumefactive
demyelination lesions reveal a hypo-intense central area with a thick surrounding band of
moderately increased intensity. Lesions are centrally hyper-intense on T2WIL
Enhancement, when present, is incomplete. The lesions are characterized by enhancement
limited to one side of the lesion; usually the rim facing the lateral ventricles (McAdam et
al., 2007). Demyelination can be distinguished from other ring enhancing lesions (brain
abscesses, tumors, parasitic infections) by the presence of other demyelinating plaques
elsewhere in the central nervous system.
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Fig. 8. A & B - T2 axial MRI demonstrating multiple well-defined hyper-intense white
matter foci surrounded by more ill-defined areas of increased white matter signal intensity
consistent with Schilder’s Disease. C- Flair axial MRI demonstrating multiple hyper-intense
lesions of varying sizes within the white matter with some areas of suppression within the
plaques consistent with Schilder’s Disease. D- Flair parasagittal MRI demonstrating large
flame- shaped white matter plaque with some areas of suppression within the lesions
consistent with Schilder’s Disease. E & F- T1 with contrast axial MRI demonstrating multiple
non- enhancing hypo-intense lesions of varying shapes and sizes within the white matter.

Other supportive diagnostic tests include an elevated CSF protein and an elevation of CSF
IgG in 50-60% of patients with Schilder’s Disease. Many patients with a large ring enhancing
lesion will have a brain biopsy mainly to exclude other disorders.

7.3 Treatment
The treatment of choice is high dose intravenous corticosteroids. A rapid clinical and
radiological response to high dose corticosteroids favors the diagnosis of demyelination.
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8. Multiple Sclerosis (MS)

MS is defined in Table 1 (Krupp et al., 2007). MS in children is likely an under-recognized
phenomenon that poses a unique set of challenges in terms of diagnosis and management. Early
accurate diagnosis of MS is vital to facilitate early institution of disease modifying agents.

8.1 Epidemiology

Childhood onset MS is an uncommon entity however, an estimated 2- 5% of patients with
MS have onset of symptoms of MS before 16 years of age (Duquette ef al., 1987; Boiko et al.,
2002). The youngest reported patient with MS presented at 10 months of age. This was an
indigenous African child who died at 6 years of age after 11 episodes of relapsing
neurological symptoms (Shaw and Alvord, 1987). Similar to adult studies, a female
preponderance is reported for MS in adolescence (Duquette et al., 1987, Govender et al.,
2010). However there is no gender predilection in children presenting with MS under 6
years of age (Banwell et al., 2007).

A crude period prevalence for patients of European ancestry was 25.63 per 100 000 and for
patients of indigenous African descent was 0.22 per 100 000 (Bhigjee et al., 2007). Adult
studies have described a more severe clinical and radiological phenotype in patients of
African indigenous ancestry compared to patients of European ancestry (Kaufmann et al.,
2003; Bhigjee et al,, 2007). A retrospective single centre analysis showed a significantly
higher relapse-rate in African-American children, compared with whites, suggesting a more
aggressive disease course in the former group (Boster et al., 2009).

8.2 Pathogenesis

Genetic and environmental factors are implicated in the aetiology of MS. Twin studies show a
20-30% higher risk of disease in monozygotic twins compared to dizygotic twins. Allelic
variation in the MHC class II region exerts the single strongest effect on genetic risk
(Ramgopalan SV et al., 2009). The HLA DRI1B is the gene marker associated with higher risk of
MS (Ness et al., 2007). Alleles of IL2RA, IL7RA (Hafler et al., 2007), the ecotropic viral
integration site 5 (EVI5) (Hoppenbrouwers et al., 2008) and kinesin family member 1B (KIF1B)
genes (Aulchenko et al., 2008) have recently been shown to increase susceptibility to MS.
Epidemiological studies implicate environmental factors such as geographical variations
(Kurtzke and Hyllested, 1979), season of birth (Sadovnick et al., 2007) and migration patterns
(Pugliatti et al., 2006) in the aetiology of MS. Emerging evidence supports sunlight or
vitamin D as an important environmental factor in aetiology (Ramgopalan SV et al., 2009).
Children exposed to parental smoking also have a higher risk of MS (Mikaeloff et al., 2007).

8.3 Sub-types of MS

The National MS Society in the US in 1996 categorized MS into four internationally
recognized forms (Lublin and Reingold, 1996).

Relapsing-remitting: refers to MS that has exacerbations/relapses followed by symptom-free
periods of remission. This is the commonest form of MS in children (Ruggierri et al., 2004).
Primary Progressive: It is characterized by gradual clinical decline from the time of disease
onset with no distinct periods of remission or relapses. There maybe plateau periods during
the disease but no periods of being symptom free. This entity, though rare in children, is
reported (Duquette et al., 1987; Govender et al., 2010).

Secondary Progressive: This type begins with a relapsing remitting course which may last
several years before the onset of the secondary progressive stage. Secondary progressive
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multiple sclerosis is a second-stage, chronic, progressive form of the disease where there are
no periods of remission, only breaks in attack duration with no recovery from symptoms.
Relapsing progressive: have a steady neurologic decline but also suffer clear superimposed
attacks. This is the least common of all subtypes.

An acute/ Malignant MS (Marburg variant) form presenting with a fulminant, rapidly fatal
disease has also been described.

8.4 Clinical presentation

Children present with a wide variety of clinical symptomatology including motor, sensory,
visual, cerebellar and brainstem dysfunction (Shaw and Alvord., 1987; Sindern et al., 1992;
Ghezzi et al., 1997; Dale et al., 2000; Boiko et al., 2002; Pohl et al., 2006; Govender et al., 2010).
Motor manifestations are described as the most common clinical presentation (Duquette et al.,
1987; Sindern et al., 1992; Pohl et al., 2006). Polysymptomatic presentation is reported to be more
frequent in childhood onset MS compared to adults (Ghezzi et al., 1997; Dale et al., 2000; Boiko et
al., 2002). However monosymptomatic presentation is also reported in children (Duquette et al.,
1987). Encephalopathy and seizures also occur in MS (Gusev et al., 2002). Eye involvement is
described in up to 50 % of children with MS (Pohl et al., 2006). Optic neuritis in MS is more likely
to be unilateral (Dale et al., 2000). Optic tract involvement may be asymptomatic and diagnosed
only by abnormal visual evoked potentials (Pohl et al., 2006). Fatigue in children is more
frequent compared to adults with MS (Gusev et al., 2002). Cognitive decline is reported in 30-
66% of children with MS (Banwell and Anderson 2005; Banwell et al., 2007a).

8.5 Laboratory evaluation

Diagnostic evaluation is to exclude other conditions affecting predominantly the white
matter and to look for supportive evidence for MS. The workup should also include CSF
studies (including cell count, total protein, IgG index, evidence of oligoclonal bands, and
cytology) (Hahn et al., 2007). CSF Oligoclonal bands are reported in 72-84% of children with
MS (Sindern et al., 1992; Dale et al., 2000). Oligoclonal bands may be absent initially and only
develop during the course of the illness. Leucocytosis in the peripheral blood, though
described in MS (Dale et al., 2000; Govender et al., 2010), is uncommon and non-specific.
Neuro-physiological testing such as visual and auditory evoked potentials are also of
diagnostic importance in detecting sub-clinical evidence of demyelination.

8.6 Imaging

Lesions of MS are typically multiple, discrete, plaque-like and involve predominantly the
white matter (Mikaeloff et al., 2004). Commonly involved areas in MS include the corpus
callosum, periventricular and sub-cortical white matter (Fig 9a-g). Lesions of MS are
typically iso- or hypo-intense on TIWI, and hyper-intense on T2W1 and FLAIR sequences.
Enhancement of active lesions post-gadolinium may be solid, ring-like or arc-like (Fig 10a-c).
Children tend to have fewer lesions and less enhancement (Banwell et al., 2007b). However,
some children lack typical MRI findings of MS and have either large tumefactive lesions
with peri-lesional oedema (Hahn et al., 2004) or deep grey matter involvement. Basal
ganglia affectation in MS, though described, is uncommon (Figure 11 a,b). Younger children
with MS may also have more diffuse, bilateral ill defined lesions (Mikaeloff et al., 2004). The
International Pediatric MS Study Group strongly recommended additional imaging of the
entire spinal cord to identify other sites of demyelination (Figure 12 a,b). The cervical spinal
cord is the commonest region involved in MS.
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Fig. 9. A- T2 parasagittal MRI of the brain demonstrating flame-shaped hyper-intense lesion
perpendicular to lateral ventricle consistent with MS. B- Flair axial MRI demonstrating
multiple asymmetrical hyper-intense plaque-like lesions in the centrum-semiovale. Features
are consistent with MS. C -Flair axial MRI of brain demonstrating 2 periventricular hyper-
intense white matter lesions consistent with MS. D- Flair axial at level of lateral ventricles
demonstrating asymmetrical hyper-intense white matter lesions consistent with
demyelination and MS. E- Flair axial of brain demonstrating hyper-intense right parietal
white matter plaque-like lesion and left subtle white matter hyperintensity consistent with
MS. F- Flair axial of brainstem demonstrating pontine and brachium pontis high signal
intensity lesions consistent with demyelination. G-Flair axial MRI demonstrating rounded
hyper-intense lesion in left brachium pontis consistent with demyelination.
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B
Fig. 10. A- T1 with contrast parasagittal MRI of brain demonstrating rim-enhancing plaque-
like lesion typical of active demyelination in a patient with MS. B- T1 with contrast axial
MRI demonstrating ring enhancement of left brachium pontis lesion consistent with active
demyelination in a patient with MS. C- T1 with contrast axial MRI demonstrating ill-defined
irregular marginal enhancement of the plaque-like lesions consistent with active
demyelination in a patient with MS.

Fig. 11. A- Flair axial MRI of brain demonstrating 2 lesions in the right basal ganglia. This is
unusual for MS. B- Flair axial MRI demonstrating multiple hyper-intense lesions in the
periventricular white matter as well as left basal ganglia(atypical) consistent with MS.

MRS reveals a reduction in NAA and an elevation in choline, lipids and lactate in active
lesions (Smith AB, 2009). Volumetric MRI studies reveal progressive loss of tissue in white
matter tracts early in the course of the disease (Miller et al., 2002). A single study of
Magnetization transfer imaging and Diffusion tensor imaging in children with MS
suggested that there was no evidence of white matter degeneration in normal appearing
white matter areas (Tintore et al., 2000).
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A

Fig. 12. A- T2 sagittal MRI of cervical spine in a patient with MS demonstrating an ill-defined
expansile hyper-intense lesion in the proximal cord consistent with demyelination. B- T1
with contrast sagittal MRI of cervical spine in a patient with MS demonstrating ill-defined
contrast enhancement of the lesion in 12A consistent with active demyelination.

8.7 Treatment

MS is a chronic condition with significant impact on all aspects of the family’s life.
Management should be trans-disciplinary involving psychologists, physiotherapists,
occupational therapists and school teachers.

8.7.1 Management of relapses

The mainstay of managing relapses is high dose corticosteroids. High dose IV
corticosteroids (10-30mg/kg/day) for 3-5 days, is usually used with an optional oral
tapering dose. High dose oral steroids were found to be efficacious in adults (Morrow et al.,
2004). Plasmapharesis and IVIG are alternatives to be considered if steroids are not effective
(Hahn et al., 1996; Duzova and Bakkaloglu, 2008).

8.7.2 Disease modifying therapy

These therapies are known to alter the disease course and outcomes. They reduce the
frequency and severity of relapses (Mikaeloff et al., 2001; Kornek et al., 2003; Tenembaum
and Segura, 2006;). Patients on therapy are shown to have better outcomes compared to
untreated patients (Mikaeloff et al., 2008). First line agents include Interferon beta 1a, 1b and
Glatimer acetate. Case reports of second line therapies used include Natalizumab,
Cyclophosphamide and Mitoxantrone.
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Study No. of patients Treatment Outcomes

Ghezzi et al, 2007 52 Interferon beta 1a Reduction in
relapse rate
Reduction in *EDSS
score

Tenembaum and 24 Interferon beta 1a Reduction in

Segura, 2006 relapse rate

Kornek et al 2003 7 Glatimer Acetate Reduction in

relapse-2/7
Stable EDSS- 3/7

Huppke et al, 2008 3 Natalizumab Induction of
remission in all

Makhani et al, 2009 | 17 Cyclophosphamide Reduction in
relapse rate
Stabilization of
EDSS

* EDSS: Extended Disability Status Scale

Table 2. Studies of specific treatment interventions in MS

8.8 Prognosis

Most children with MS follow a relapsing, remitting course with increasing neuro-
disability (Boiko et al., 2002). A slower rate of progression of disease compared to adults
suggests more plasticity and potential for recovery in the developing CNS (Simone et al.,
2002). Children tend to have more relapses in the first 2 years of the disease (Simone et al.,
2002; Mikaeloff et al., 2006). Patients with childhood-onset MS also take longer to reach the
stage of severe disability but reach irreversible neurological disability at a younger age
compared to patients with adult onset disease (Renoux et al., 2007). More severe disease
was noted in girls; when the time between the first and second attacks was <1 year; for
childhood-onset multiple sclerosis fulfilling MRI diagnostic criteria at onset; for an
absence of severe mental state changes at onset; and for a progressive course (Mikaeloff et
al., 2006).

9. Clinically isolated syndromes

These episodes may be mono-focal (the clinical features can be attributed to a single CNS
site) or multi-focal if the clinical features can not be explained by a single lesion. These
include isolated optic neuritis, transverse myelitis, brainstem (Fig 13 a-d) or cortical lesions.
Typically in contrast to ADEM there is no associated fever or encephalopathy. A CIS often
poses a diagnostic and therapeutic challenge. Multiple lesions (> 4 lesions) (Morissey et al.,
1993) on the MRI increase the risk of evolution to MS. In adult studies up to 80% of patients
with a CIS evolve MS (Brex et al., 2002). Brainstem lesions in CIS are associated with a worse
prognosis (Tintore et al., 2010). Children with CIS tend to have more infra-tentorial lesions
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C

Fig. 13. (B&C same patient) Clinically Isolated Syndrome. A- T2 axial MRI demonstrating
abnormal increased signal in the brainstem which was the only abnormal lesion. Clinically
this patient had a CIS. B- T2 fat saturation axial MRI demonstrating a left swollen hyper-
intense optic nerve with resultant proptosis. Features consistent with a unilateral Optic
Neuritis. Remainder of brain and spine were normal. C- T2 fat saturation sagittal oblique
MRI demonstrating a left swollen hyper-intense optic nerve. Features consistent with a
unilateral Optic Neuritis. Remainder of brain and spine were normal. D- T2 fat saturation
axial MRI of the optic nerves demonstrating abnormal high signal intensity within the
proximal portions of the nerves and swelling of the nerves. Features consistent with Optic
Neuritis (worse on the right). Remainder of brain and spine were normal.
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Characteristic ADEM 1st MS event
Demographics Age of presentation Younger Onset >10yrs
Sex Slight male Female
predominance predominance
History of Pre- More frequent Less frequent
demyelinating event
Seasonal distribution More frequent Less frequent
Family history of Not present More frequent
demyelinating disease
Clinical Seizures More frequent Less frequent
Presentation
Encephalopathy More frequent Less frequent
Headache, fever More frequent Less frequent
Optic Neuritis Bilateral More frequent
Unilateral
Mono-focal vs. Poly- Polysymptomatic Mono-focal
focal signs
Laboratory Elevated CSF protein Less frequent More frequent
features
Leucocytosis in CSF More frequent Less frequent
Oligoclonal bands in Less/ Usually More frequent
CSF transient Persistent
Serum Leucocytosis More frequent Less frequent
MRI Lesion definition I1l Defined Well-defined
Characteristics
Lesion load Greater Lower
Periventricular Lesions Less frequent More frequent
Juxta-cortical Lesions More frequent Less frequent
Cortical Lesions More frequent Less frequent
Corpus Callosum Less frequent More frequent
Involvement
Brainstem/ Cerebellum | More frequent Less frequent
Spinal Cord More frequent Less frequent
Involvement
Deep Grey matter More frequent Less frequent
involvement
Contrast enhancement Less frequent More frequent
Outcome Cognitive deficits Less frequent More frequent

No neuro deficit after 1st
event

Less likely

More likely

Table 3. Markers comparing ADEM to a first episode of MS
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Disorder Example Clinical/ Laboratory Radiological
Infections HIV Developmental delay, -Confluent bilateral
Encephalopathy  |pyramidal tract signs, symmetrical white

microcephaly matter changes
-cerebral atrophy
-basal ganglia
calcification
Progressive Multi- (Immunocompromised  |-Multi-focal 1T2 WI

focal
Leucoencephalopa
thy (JC Virus)

lesions
-Propensity for
frontal/ parieto-
occipital areas
-Subcortical U
fibres involved

Other infections

Sub-acute Sclerosing Panencephalitis, Lymes Disease,
Neurosyphillus, HTLV1, Borreliosis

fatty acids

Auto- Systemic Lupus  |Multi-system auto- -Multi-focal
immune/Vasculitides |Erythematosus immune disorder 1T2WI/FLAIR
Anti-nuclear factor -Infarcts
positive -Contrast
enhancement
of active
lesions
Isolated CNS angiitis, CADASIL (adult disorder-rare in children)
Tumor CNS Lymphoma  |Insiduous onset, CSF -l TIWI
cytospin -malignant cells |-1 T2WI
-GM involved more
frequently
-MRS may help
Medulloblastoma, Astrocytoma
Leukodystrophies Adrenoleukody- |Boys with -Symmetrical,
strophy hyperpigmentation of confluent
skin, behaviour and -predominantly
learning problems, posterior
Abnormal very long chain|involvement

-Splenium and
cortico-spinal tracts
involved

-Leading edge
enhancement in
peri-trigonal

area
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Metachromic Leukodystrophy, Krabbe’s Disease, Alexander’s

disease

Mitochondrial

Leigh’s Disease

Neuro-regression with
dystonia/opthalmoplegia
Hyperlactataemia

-Bilateral
symmetrical
TT2WI/FLAIR of
Putamen and
caudate nuclei
-Can have diffuse
cortical WM
hyperintensities

Nutritional
Deficiencies

Vitamin B12
deficiency

Anaemia, peripheral
neuropathy, Myelopathy

-Periventricular
1TT2WI

Vitamin E, Folate deficiency

Toxins/ Drugs

Radiation

History of exposure

-Diffuse, bilateral
periventricular and
central WM
involved

-T1IWI |, T2WIt
-Sparing of sub-
cortical U Fibres

Lead, Isoniazid

Infiltrative

Sarcoidosis

Cranial neuropathies,
aseptic meningitis, visual
disturbances

-Discrete
periventricular
lesions

-May have
hypothalamic and
meningeal
enhancement

Histiocytosis

Visual disturbances,
hypothalamic dysfunction

-Hypothalamic/
cerebellar TIWI |,
T2WIt

-Skull/ mastoid

lesions

Osmotic
Demyelination
Syndrome

Rapid correction of Hypo-
or hypernatraemia

-Symmetric
changes in BG/
Cerebral cortical
WM

-TIWI|

- 1 FLAIR/T2WI %
-Pontine : Usual
central with
sparing of cortico-
spinal tracts

Table 4. Main differential diagnosis of acquired white matter diseases on MRI
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(Ghassemi et al., 2008). This may be related to the differences in myelination patterns and
maturation in children compared to adults. A radiologically isolated syndrome (RIS) is
defined by incidental MRI findings suggestive of MS in an asymptomatic patient lacking
any history, symptoms, or signs of MS (Okuda et al., 2009).

10. Risk of recurrence after a first demyelinating event

Predicting the risk of a first episode of demyelination evolving on to MS is important as new
immunomodulating therapies become available. Early initiation of disease modifying
therapy reduces the risk of relapse and long-term disability (Jacobs et al., 2000). Patients with
“ADEM” progressing to MS vary from 0-29% (Belman et al., 2007). Multiple historical,
clinical, laboratory and radiological criteria are used to predict the risk of recurrence/
progression to MS (Table 3).

A seasonal pattern, a history of a precipitant, seizures, bilateral optic neuritis and
encephalopathy are considered more likely in ADEM compared to MS (Dale et al., 2005).
Inflammatory markers, a high cerebrospinal fluid protein and leucocytosis are also more
common in ADEM (Kesselring et al., 1990). MRI characteristics that are predictive of
evolution to MS include well defined lesions that are peri-aqueductal or perpendicular to
the corpus callosum (Dale et al., 2000), deep grey matter involvement and lesions that
enhance post contrast (Govender et al., 2010).

11. Differential diagnosis of white matter disease in children

The differential diagnosis for a child who presents with a neurological symptom and white
matter lesions on neuro-imaging is vast and includes infectious diseases, leukodystrophies,
tumors, vasculitides, toxins and vitamin deficiencies. In resource poor countries, CNS
infections must be excluded first as they are common and have acute therapeutic
implications.

CNS infections must be excluded in children presenting acutely especially with fever and
encephalopathy. CNS infections that may present with multifocal white matter lesions
include HTLV-1, Borreliosis and Subacute Sclerosing Panencephalitis. In resource poor
settings HIV Encephalopathy (Figure 14 a,b) is common and is also characterized by
confluent white matter lesions. Progressive Multi-focal Leukoencephalopathy (Figure 14 c),
is also common in immuno-compromised patients.

Neurometabolic disorders, such as Adrenoleukodystrophy (Figure 14 d,e), presents with
primary white matter disease.

Osmotic Myelinolysis (Figure 14 f,g) is thought to be related to osmotic shifts associated
with rapid correction of fluid and electrolyte abnormalities (especially sodium
abnormalities). Malnourished children are at greater risk for developing myelinolysis.
Lesions typically occur in the pons but have also been reported in extra-pontine sites such as
the basal ganglia, cerebral cortex and cerebellar peduncles.

Nutritional deficiencies such as vitamins B12, E and folate deficiencies may also cause
white matter lesions.

Drugs and toxins implicated in demyelination include tin, lead, isoniazid and radiation.
Collagen Vascular Diseases refer to a group of auto-immune mediated disorders. The
neurological manifestations are diverse. Neuro-imaging may show multi-focal white matter
lesions- involving the cortex, cerebellum or spinal cord.
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Fig. 14. A & B- T2 axial MRI demonstrating diffuse brain shrinkage/atrophy with ex-vacuo
dilatation of the ventricles and abnormal increased signal intensity in the deep white matter
bilaterally. This patient has features of HIV encephalopathy. C- Flair axial MRI
demonstrating bilateral symmetrical increased signal intensity in the frontal white matter.
This patient was diagnosed with PML. D- T2 axial MRI demonstrating bilateral symmetrical
confluent abnormal increased white matter signal intensity in the posterior white matter
consistent with Adrenoleukodystrophy. E- T1 with contrast axial MRI of same patient as
14D demonstrating peripheral enhancement of the white matter lesions. F- T2 axial MRI
demonstrating well-defined rounded hyper-intense lesion in the pons. Note peripheral
sparing of the pons. (Compared to figure 14G). Features consistent with Osmotic/ Pontine
Myelinolysis. G- T1 with contrast sagittal MRI of the same pontine lesion as 14F showing no
contrast enhancement. Features consistent with Pontine Myelinolysis.
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12. Conclusion

Acquired demyelinating disorders in children are a diverse, challenging group of conditions
that are probably under-diagnosed. Early recognition is essential for optimal patient
management as some of these disorders cause significant long-term sequelae. Advances in
the last decade include establishing consensus definitions and improvement in neuro-
imaging techniques. These advances set the stage for international collaborative studies to
better define other areas such as understanding the aetio-pathogenesis, identifying
biomarkers and standardizing treatment protocols of this diverse group of conditions.
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