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Preface

Neuroimaging is nothing but how "neuropathology and neuroanatomy" are approached clinically by
neurologists and neurosurgeons through radiological films. Neuroimaging from the
neuropathological and neuroanatomical perspectives is how gross pathology and anatomy are
demonstrated radiologically. Without having a good idea of neuropathology and neuroanatomy it is
not possible at all to understand neuroimaging.

Neuroimaging and neuropathology share common perspectives in medicine. In no field is this more
evident than in the diagnosis and study of nervous system pathology: radiology and pathology are
anatomically oriented specialties that depend primarily on structural changes to diagnose disease.
Both specialties are broadening their perspectives of morphology to demonstrate metabolism, as
with functional imaging in radiology and with immunocytochemical markers in anatomical pathology.
Pathologists thus regard their radiologic counterparts as colleagues with similar morphologic
approaches to diagnosis, despite the different tools used. In no discipline is this companionship
more strongly felt than in the respective subspecialties that focus on disorders of the nervous
system.

Neuropathologists understand, acknowledge, and admire the numerous contributions by
neuroimaging in defining many neurological disorders. Neuroimaging enable us to diagnose gross
pathology during life. Neuropathologists usually must wait until autopsy to demonstrate tissue
changes, but surgical specimens are becoming increasingly more frequent, for example, with the
advent of epilepsy surgery.

Neuroradiologists and neuropathologists have a mutual need for collaboration. Radiologists need
tissue confirmation to fully understand the significance of images seen, and pathologists’ findings
need to be relevant to diagnoses that often rest initially with the neurologist/neuroradiologist, and
provide insight into pathogenesis through unique tissue examinations.

The current publication is a compilation of all topics published under the category of seizure
disorders in www.yassermetwally.net. The publication is composed of 227 pages that can be viewed
online, downloaded and printed. Its main theme is how the MRI signal and the CT scan density are
affected by the gross and the histopathology of the various CNS lesions in epileptic disorders and
the impact of this on the radiological diagnosis of patients.

Professor Yasser Metwally
www.yassermetwally.com

Professor Yasser Metwally羱⸧
Typewritten text
© Copyright yassermetwally.com corporation, all rights reserved



IBDEX

Pathology of seizure disorders

MR imaging of seizure disorders

Radiological pathology of seizure disorders

Radiological pathology of status epilepticus

Radiological pathology of cortical dysplasia

Radiological pathology of focal cortical dysplasia

Radiological pathology of Tuberous sclerosis

Neuroimaging of Tuberous sclerosis

Radiological pathology of Sturge-Weber syndrome

Radiological pathology of Rasmussen encephalitis

Professor Yasser Metwally羱⸧
Typewritten text
© Copyright yassermetwally.com corporation, all rights reserved



INDEX |

 INTRODUCTION

 DEVELOPMENTAL
ANOMALIES

 NEOPLASMS

 BACTERIAL, FUNGAL,
VIRAL, AND PARASITIC
DISEASES

 IMMUNE-MEDIATED
DISORDERS

 CEREBROVASCULAR
DISEASES

 TRAUMA

 SEIZURE-ASSOCIATED
BRAIN PATHOLOGY

PATHOLOGY OF SEIZURE DISORDERS

Modern imaging techniques, particularly magnetic resonance (MR) imaging, have been
crucial in detecting formerly cryptic seizure- related lesions, and new entities have been
added to the ever-expanding list of seizure-associated pathologic conditions. Major
pathologic lesions associated with seizures include:
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 Developmental disorders
 Neuronal migration disorders,

Cortical dysplasia of Taylor,
Hemimegalencephaly, Neuronal
heterotopia, Lissencephaly and
pachygyria, Generalized cortical
dysplasia, Polymicrogyria,
Neurocutaneous syndromes

 Tuberous sclerosis, Sturge-Weber
syndrome

 Hamartomas

 Vascular malformations,
Arteriovenous malformation,
Cavernous hemangiomas

 Neoplasms, Gliomas, Astrocytomas,
Oligodendrogliomas, Mixed
oligoastrocytomas, Mixed
neuronoglial tumors, Gangliogliomas,
Dysembryoplastic neuroepithelial

 tumors, Others

PATHOLOGY OF SEIZURE DISORDERS

 Bacterial, viral, fungal, and parasitic diseases
 Cerebrovascular diseases
 Trauma
 immune-mediated disorder
 Rasmussen's syndrome
 Seizure-associated brain pathology
 Hippocampus
 Amygdala
 White matter
 Others

Seizure is one of many symptoms of a wide range of metabolic-toxic diseases and
generalized central nervous system (CNS) disorders not listed here. These diseases are, in
general, neuroradiologically or neurosurgically irrelevant.

DEVELOPMENTAL ANOMALIES

 Neuronal Migration Disorders

Neuronal migration from the periventricular proliferative zone to the outer cortical plate is
an elaborate and complex process, initially following the radial arrays of glial processes.
During this complicated migratory phase, any disturbance in their journey may result in
structural anomalies, often leading to mental retardation and seizures.

o Cortical Dysplasia of Taylor

Cortical dysplasia of Taylor, also called focal cortical dysplasia, is a migrational disorder
often encountered in complex partial seizures. 86 Although the age of most patients at the
time of surgery falls within the first three decades of life, the initial seizure is usually
experienced in the first or second decade. 64, 86
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Grossly, the involved portion of the cerebral cortex is usually thickened, and the junction
between the cerebral cortex and white matter is blurred. The most salient histologic feature
of focal cortical dysplasia is the presence of large anomalous neurons in the cortex. Cortical
lamination is sometimes indistinct, especially when anomalous neurons are abundant. The
neurons are large with coarsely granular Nissl substance, and the polarity of anomalous
neurons is often haphazard. Another interesting finding is the presence of large cells having
large, round nuclei with prominent nucleoli and abundant pale eosinophilic cytoplasm
("balloon cells"). These cells are more abundant in the subcortical white matter, although
similar cells are also encountered in the cortex. Morphologic similarities exist between
balloon cells and neurons, but balloon cells lack Nissl substance and their cytoplasm is
frequently glial fibrillary acidic protein (GFAP)-immunopositive.

Tuberous sclerosis shares a similar histology, and it is difficult to histologically differentiate
cortical dysplasia of Taylor from the forme furste of tuberous sclerosis. Although this form
of tuberous sclerosis may have a tendency to show calcification or significant subpial
gliosis, the histologic distinction between the two conditions is not always obvious.
Furthermore, clinical and imaging studies are not helpful in distinguishing these two
conditions from each other. 64 Separation of these conditions will remain debatable until a
definite biochemical or molecular marker is found.

o Hemimegalencephaly

Hemimegalencephaly is unilateral hemispheric hypertrophy of the cerebrum. The involved
cerebral hemisphere shows diffuse cortical thickening and firm consistency, although the
gyral formation may be well preserved. There is considerable proliferation of large,
anomalous neurons containing seemingly excessive Nissl substance. Normal cortical
lamination becomes indistinct. Anomalous neurons may also be seen in the subcortical
white matter. In addition, large cells with abundant cytoplasm and large, round nuclei with
prominent nucleoli may also be observed. These cells are frequently immunopositive with
anti- GFAP antibody, suggesting that some may represent abnormal astrocytic cells. In
addition, fibrous astrocytes are generally increased in number. Hemimegalencephaly,
therefore, shares a similar histology with cortical dysplasia of Taylor and, to some degree,
with tuberous sclerosis. Because of its characteristic gross features, however,
differentiating this condition from the aforementioned should be easy. Nevertheless,
hemimegalencephalic cases may rarely possess other associated malformations suggestive
of neurocutaneous syndrome. 52 In some cases, neuronal or glial cells (or both) are
abundant enough to raise the possibility of a neoplastic process rather than a malformative
phenomenon as the basic underlying mechanism of hemimegalencephaly. 88 An increased
amount of DNA is found in neuronal and astrocytic cells of the involved hemisphere. 88

o Neuronal Heterotopia

Neuronal heterotopia may encompass several patterns. Scattered heterotopic neurons are
regularly present in the cerebral subcortical white matter and occasionally present in the
cortical molecular layer of the nonepileptic population. These neurons may have no clinical
significance. Nodular and laminar heterotopic gray structures in the white matter are
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definitely anomalous, however, and epilepsy is a common clinical presentation. They are
usually found bilaterally and may be seen anywhere in the white matter between the cortex
and ependymal lining.

o Nodular Heterotopia

Nodular heterotopia represents multiple small, round, or slightly elongated islands of gray
matter and is almost exclusively seen in the periventricular (subependymal) region. This
entity is occasionally observed in other cerebral malformations, including polymicrogyria.
Laminar heterotopia is a large, elongated island of gray matter or small islands of gray
structure arranged in a band-like fashion in the white matter, and separated from the
overlying cortex and ventricular wall with intervening white matter. Laminar heterotopia
is sometimes associated with pachygyria. The exact pathogenesis of neuronal heterotopia is
unknown. Depending on its location, however, a complete migratory arrest is possible
before departure from the germinal matrix, or disturbance of its migration during the
journey toward the final destination. Rare cases of neuronal heterotopia are believed to
occur because of prenatal ischemic conditions. 71 Recently, a hereditary form of
periventricular heterotopia associated with epilepsy has been described, showing a
transmission mode suggestive of X-linked dominance inheritance with nonviability in
affected males. 27

Figure 1. Subependymal
nodular heterotopia
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Figure 2. A, Coronal slice from the occipital lobe of a 13-month-old child. Several nodular
gray matter heterotopias protrude into the ventricular cavity. No other malformations
were present. B, Multiple nodules of gray matter deep within the occipital white matter
(arrows). The brain of this 13-year-old weighed 1,645 g and also showed polymicrogyria
(arrowheads) and a complex hindbrain malformation.

o Lissencephaly (Agyria) and Pachygyria

Both these conditions denote the absence of or reduced number of cerebral gyri, and they
may result in severe mental retardation and seizures. The brain is small with enlarged
lateral ventricles. The cerebral cortex is thick, and the white matter is reduced in volume.
The cortex is frequently composed of four layers, although in some cases, it may consist of a
single broad neuronal layer. The basic underlying mechanism for the malformations seems
to be the migratory disturbance of neurons, and both sporadic and hereditary forms have
been observed.
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Figure 3. Gross specimen showing lissencephaly with pachygyria

Figure 4. Lissencephaly with abnormally smooth agyric cortex
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Figure 5. Lissencephaly with abnormally smooth agyric cortex

Figure 6. Lissencephaly with abnormally
smooth agyric cortex

o Generalized Cortical Dysplasia

This condition is characterized by a diffusely thickened cortex and clusters of large,
heterotopic neurons in the subcortical white matter, and is observed in children with
intractable epilepsy and mental retardation. It is thought to represent a mild form of
lissencephaly. 53
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Figure 7.
Pachygyric brain

o Polymicrogyria

Polymicrogyria is characterized by the presence of numerous small, shallow gyri on the
surface of the brain, rendering a cobblestone-like appearance. The cerebral cortex is
composed of four layers, with the second layer usually showing excessive undulation. This
malformation represents a neuronal migration defect, although postmigratory laminar
necrosis sometimes may be the mechanism.

Figure 8. Polymicrogyria
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Figure 9. Polymicrogyria

o Microdysgenesis

This is the term originally used by Meencke and Janz, 59 to describe certain histologic
features in epilepsy cases that they believed were the morphologic substrate for epilepsy.
Features include the presence of neurons in the molecular layer, protrusion of nervous
tissue into the pia, columnar arrangement of neurons in the cortex, an increased number of
neurons in the white matter, and presence of Purkinje cells in the granular and molecular
layers and white matter; however, Lyon and Gastaut, 50 criticized this belief and correctly
indicated that the changes are nonspecific and are observed-in patients with no history of
seizures. Indeed, most histologic features identified by Meencke and Janz that they believed
to be epilepsy-related can be encountered in routine neuropathologic specimens from
nonepilepsy cases in daily neuropathologic practice. Although severe neuronal ectopia in
the white matter and neuronal clusterings were apparently observed in intractable
temporal epilepsy, 24 this needs to be confirmed by other investigators.

Figure 10. Cortical dysplasia of Taylor, large anomalous neuron and balloons cells are
scattered in the white matter
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 Neurocutaneous Syndromes

Among neurocutaneous syndromes, tuberous sclerosis and Sturge-Weber syndrome are the
two most commonly associated with epilepsy.

o Tuberous Sclerosis

In tuberous sclerosis, the most common clinical presentation is seizure, occurring in more
than 80% of cases. 39 The brain characteristically reveals multiple nodules ("tuber") in the
crest of cerebral gyri. The nodules are generally most abundant in the frontal lobe. The
involved cortex is firm in consistency and shows some blurring of the junction between the
cortex and white matter. Histologically, the subpial area is thickened by proliferating
astrocytes that may be large and bizarre with abundant processes. Laminar organization of
the cortex is obscured by numerous large, irregularly oriented neurons with coarsely
granular Nissl substance. In addition, there are, large cells with abundant, pale cytoplasm
and large, round nuclei with prominent nucleoli. These cells are free of Nissl substance and
some seem to be of astrocytic lineage because of their GFAP immunopositivity. They are
more frequently found in the white matter, occasionally arranged in clusters. Overall, these
features are not dissimilar to those of cortical dysplasia of Taylor. In tuberous sclerosis,
however, severe gliosis may be noted in the subpial area.

Figure 11. Postmortem specimens showing cortical tubers, the affected gyri are abnormally
broad and flat.

Other significant alterations are also present in tuberous sclerosis of the brain, including
focal nodular protrusions of the ventricular wall, which sometimes present as candle
guttering-like linear nodular elevations. The nodules are composed of proliferating
astrocytes, similar to cortical tubers. Calcification is often found in the subependymal
nodules and in the subpial region. Subependymal giant cell astrocytoma is another lesion
that may protrude into the ventricle. The tumor is extremely slow-growing, and focal
calcification is sometimes observed. Heterogeneous gray structures in the white matter
without calcification may also be present. Cerebellar folia may also show tubers. In a
premature infant with tuberous sclerosis, immunohistochemistry disclosed astrocytic,
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oligodendroglial, and neuronal phenotypic expressions in scattered large cells, which
suggests that hamartomatous differentiation of pluripotential germinal neuroglia in the
subependymal layer in early gestational stage may cause aberrant or arrested migration, or
both, toward the cortical surface. 16 Other organs are also commonly involved in tuberous
sclerosis, including the skin (angiofibroma), retina (hamartoma), heart (rhabdomyoma),
kidney (angiomyolipoma), and lung (lymphangiomyomatosis).

Figure 12. Postmortem specimens showing cortical tubers in A and subependymal tubers in
B

o Sturge- Weber Syndrome

This syndrome is also called encephalotrigeminal or encephalofacial angiomatosis, and
typically consists of capillary hemangioma in the upper portion of the face, Leptomeningeal
angiomatosis, and cerebral calcification. The brain has an anomalous proliferation of
leptomeningeal veins, showing clustering of veins with a somewhat irregular thickened
wall. The underlying cerebral cortex shows numerous calcospherites, particularly along its
superficial layers. Two abutting calcified cortices around a sulcus may exhibit a tram
track-like radiologic appearance. The involved cortex is frequently atrophic, showing
neuronal loss and gliosis. As in tuberous sclerosis, seizures are the most common
manifestation in Sturge-Weber syndrome, occurring in 71 % to 89% of patients. 39
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Figure 13. Sturge- Weber Syndrome he brain has
an anomalous proliferation of leptomeningeal
veins, showing clustering of veins with a somewhat
irregular thickened wall. The underlying cerebral
cortex shows numerous calcospherites, particularly
along its superficial layers.

 Hamartomas

This represents a congenital tumorous condition of indigenous cells of the brain. The lesion
lacks histologic evidence of active proliferation, including cellular atypia or vascular
proliferation. The definition of hamartoma is highly subjective, as reflected by a wide
variation in frequency. Most reports show rare or no hamartomas in epilepsy cases, with
one exception where 15.7% of intractable temporal lobe epilepsy cases were reported to
have this condition. 10

 Vascular Malformations

Seizure is the principal clinical presentation in arteriovenous malformations and cavernous
hemangiomas, experienced in 24% to 69 %21, 61 and in 34% to 51%, 21,63 of cases,
respectively. The majority of venous angiomas and capillary telangiectasias are, however,
clinically silent. Approximately 5% of vascular malformations are of a mixed variety.
Cavernous hemangioma is the most common component in mixed vascular malformations.
70,74 Postulated mechanisms of epileptogenesis in vascular malformations include
neuronal loss and gliosis with abnormal glial physiology, altered neurotransmitter levels,
free radical formations, and abnormal second messenger physiology. 41

o Arteriovenous Malformations

Arteriovenous malformations consist of tangles of anomalous vessels with histologic
features suggestive of arteries and veins without intervening capillaries; thick-walled
vessels without internal elastic lamina ("arterialized veins") are also observed. Vessels have
a great disparity in size and shape, showing marked irregularity in wall thickness.
Multiplication of the internal elastic lamina is also common. Trapped or surrounding CNS
tissue generally demonstrates reactive glial cells and hemosiderin granules.
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Figure 14. Arteriovenous
malformations consist of tangles of
anomalous vessels with histologic
features suggestive of arteries and
veins without intervening capillaries;
thick-walled vessels without internal
elastic lamina ("arterialized veins")
are also observed. Vessels have a great
disparity in size and shape, showing
marked irregularity in wall thickness.

o Cavernous Hemangiomas (cavernomas, cavernous malformation)

Cavernous hemangiomas are composed of tightly arranged, abnormal vessels with faintly
laminar, somewhat amorphous, hypocellular wall. The vessels are considerably irregular in
size and shape. Unlike arteriovenous malformations, there is no obvious trapped CNS
tissue among the vessels and they share common walls among themselves. Hemosiderin
granules are almost invariably present in the surrounding tissue.

Figure 15. Cavernous
hemangiomas are composed of
tightly arranged, abnormal
vessels with faintly laminar,
somewhat amorphous,
hypocellular wall. The vessels are
considerably irregular in size and
shape.

NEOPLASMS

Seizure is a common clinical manifestation of intracranial tumors, occurring as the initial
event in approximately 33% to 38% of cases 32, 45, 58 and in approximately 54% of cases
by the time of assessment. 85 Conversely, tumors are detected in 10% to 35% of surgical
epilepsy cases. 9,11,17,69,72,83, 92 Thus, tumors are a major cause of seizures.
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 Gliomas

Gliomas account for approximately 72% to 88% of tumors associated with epilepsy. 17,
69,72,83 Gliomas associated with epilepsy behave more favorably than those without a
history of epilepsy, thus revealing a longer survival in the former group. 10,11,22,34,69,
82,83 Outstanding seizure control is also expected after surgery in glioma-associated
epilepsy. Most epilepsy-associated gliomas are low grade. This, however, does not
necessarily explain the more favorable biologic behavior, because in patients with
predominantly high grade gliomas, their tumors also behaved less aggressively in those
patients with epilepsy than in those without. 82

Figure 16. Astrocytoma
grade II

Astrocytomas are the predominant tumor, ranging in frequency from 50% to 70% of
gliomas. 22,69,72,83 The majority of astrocytomas are low grade. Oligodendrogliomas and
mixed gliomas (oligoastrocytomas) comprise the remainder of gliomas associated with
intractable epilepsy. Although the proportion between the two tumors is variable in
different studies, the frequency is similar. 22,91,92 Glioblastomas are generally one of the
most common primary brain tumors but are rarely encountered in most series of
intractable epilepsy cases, which may be because of the young age of the majority of
epileptic patients. In the elderly patient population, high-grade gliomas are more frequent.
49 Among gliomas, oligodendrogliomas show the highest potential to develop seizures;
epileptogenicity is observed in 71% of oligodendrogliomas, followed by astrocytomas
(59%) and glioblastomas (29%). 32
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Figure 17. Left
hemispherical
astrocytoma grade
II. The tumour has
markedly expanded
the left hemisphere
and distorted the
normal anatomy
with absence of the
normal gray/ white
matter junction,
notice absence of a
definite mass

o Mixed Neuronoglial Tumors

Although by broad definition of gliomas mixed neuronoglial tumors are a part of gliomas,
they are treated separately here. Gangliogliomas and dysembryoplastic neuroepithelial
tumors are the two mixed neuronoglial tumors that are primarily associated with seizures.
Both share a favorable biologic behavior.

 Gangliogliomas

Gangliogliomas are uncommon, observed in 1.3% of brain tumors in the general
population. 30,31 Seizures are experienced in 42% to 100% of gangliogliomas. 30,31 The
tumors are predominantly observed in the pediatric patient group, accounting for up to
4.3% of childhood brain tumors. 7, 38,85 However, the incidence of gangliogliomas is
higher in the epilepsy group, ranging from 3.2% to 18.3% (average, 10.5%) of intracranial
tumors and tumorous conditions in the majority of series. 10, 11, 22, 66, 72, 83 There are,
however, two reports revealing even higher incidences of gangliogliomas in epilepsy:
38.46% and 45.3%, respectively. 61,92 These high incidences may be related to unique
patient populations studied. It could also, however, be because of differences in histologic
interpretation of tissue slides.
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Figure 18. Gangliogliomas is composed of neoplastic glial cells and malformed neurons.
The latter are primarily binucleated, although large bizarre, abnormally oriented ganglion
cells may also be noted. Perivascular mononuclear inflammatory cells are sometimes
observed.

Figure 19. Gangliogliomas is composed of
neoplastic glial cells and malformed neurons. The
latter are primarily binucleated, although large
bizarre, abnormally oriented ganglion cells may
also be noted. Perivascular mononuclear
inflammatory cells are sometimes observed.

Gangliogliomas are most commonly encountered in the temporal lobe. The tumors are
frequently cystic with mural nodules. Calcification may be observed. Microscopically, the
tumor is composed of neoplastic glial cells and malformed neurons. The latter are
primarily binucleated, although large bizarre, abnormally oriented ganglion cells may also
be noted. Perivascular mononuclear inflammatory cells are sometimes observed. The main
histologic difference between astrocytomas and gangliogliomas is the presence of
malformed neurons in the latter, as both of them share gliomatous components. The gray
matter infiltrated by astrocytomas shows pre-existing neurons. Therefore, one caveat in
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establishing the diagnosis of astrocytomas is not to misinterpret entrapped pre-existing
neurons as part of the tumor to avoid an overdiagnosis of ganglioglioma. 12 Entrapped
neurons can survive in the glioma-infiltrated region for an extended time.

 Dysembryoplastic Neuroepithelial Tumor

Dysembryoplastic neuroepithelial tumor (DNT) is a recently introduced entity, occurring
almost exclusively in the first two decades of life, 18 although it has also been identified in
some elderly patients. The main clinical feature is a long history of seizures, although one
case of DNT without a history of epilepsy has been reported. 42 The incidence of this tumor
is not well known but, according to a few reports, it ranges from 1.7% to 7.6% of surgically
treated intractable epilepsy cases. 18,90,92 The most salient feature of DNT is its
remarkable biologic behavior, which borders on the nature of a hamartoma. Even with
incomplete resection of the tumor, recurrences have not been found for a long period of
follow-up. 18

Figure 20. Dysembryoplastic neuroepithelial tumor
is histologically characterized by a multinodular,
intracortical arrangement of the mixed
neuronoglial population. In the majority of cases,
oligodendroglial-like cells are seen in the
background of a microcystic mucinous matrix,
where isolated neurons also are demonstrated. In
some cases, the predominant component may be
astrocytic rather than oligodendroglial.

The tumor is almost exclusively confined to the supratentorial region, particularly in the
temporal lobe, although cases with multifocal or infratentorial DNTs (or both) have also
been reported. 42,62 Neuroimaging studies may show a hypodense lesion on computed
tomographic (CT) scan with superficial similarity to a cyst, and low signal intensity on Tl-
weighted images and high signal intensity on T2-weighted images by MR imaging. 18,37
Calcification also may be demonstrated.
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Figure 21. A, Dysembryoplastic neuroepithelial tumour (frontobasal surgical specimen).
Irregular thickening of the cerebral cortex with multiple cortical and subcortical nodules.
This complex tumour consists of a mixture of glial cells and nerve cells and is often
associated with dysplastic cortical foci. It can occur in any part of the brain and generally
causes long-standing focal seizures. B, Dysembryoplastic neuroepithelial tumour (MT x40).
Oligodendroglial-like cells arranged in groups or columns within a loose, microcystic
matrix containing several solitary "floating" neurons and numerous congestive capillaries.
Calcifications are possible.

The tumor is histologically characterized by a multinodular, intracortical arrangement of
the mixed neuronoglial population. In the majority of cases, oligodendroglial-like cells are
seen in the background of a microcystic mucinous matrix, where isolated neurons also are
demonstrated. In some cases, the predominant component may be astrocytic rather than
oligodendroglial. A recent immunohistochemical and ultrastructural study indicates that
oligodendrocyte-like cells in DNT are indeed oligodendrocytes with focal astrocytic and
neuronal differentiation. 26 The neuronal nature of the oligodendrocyte-like cells has also
been found by immunohistochemical, 42 and ultrastructural studies. 46
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 Meningiomas and Metastatic Tumors

These tumors are rare in the typically young epileptic population subjected to surgical
intervention; however, they are commonly encountered in late onset epilepsy cases. 48,61
In patients who develop seizures after age 60 years, the most frequent brain neoplasms are
metastatic tumors. 49

Figure 22. Parasagittal
meningioma

BACTERIAL, FUNGAL, VIRAL, AND PARASITIC DISEASES

Approximately 5% of epilepsy cases are secondary to previous CNS infections. 75 Seizures
are common in acute CNS infections (viral encephalitis and bacterial or aseptic meningitis),
and 19% of patients experience early seizures during the acute phase of CNS infection. 3
The 20-year risk of developing unprovoked seizures is 6.8% in CNS infections, 3 and early
seizures are an important predisposing factor for late unprovoked seizures. 3,77 Among
CNS infections, patients developing encephalitis before 4 years of age or meningitis show a
higher propensity to develop hippocampal sclerosis. 55 In bacterial brain abscesses,
seizures are seen as an initial presenting symptom in 25% of cases, and are also a common
neurologic sequela observed in 29% of cases. 1 Seizures are also frequent in mycotic CNS
infections, shown in 41 % of CNS aspergillosis, 87 and in 15% of CNS cryptococcal
infections. 78

Among parasitic infections that are frequently seizure-associated, seizures are extremely
common in cysticercosis, experienced in 56% to 70% of cerebral cysticercosis cases. 2, 81
Cysticercosis is distributed world-wide, but is particularly common in Central and South
America, Africa and some parts of Asia. Almost all single, small enhancing cerebral lesions
in seizure patients in India are suspected or proven to be caused by neurocysticercosis. 15
Even in the United States, a drastic increase has occurred in the incidence of
neurocysticercosis because of an increased number of Latin American immigrants and
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improved neuroimaging techniques. 81 Neurocysticercosis should be ruled out in seizure
patients having isolated cerebral lesions with appropriate histories, imaging, and other
laboratory studies.

IMMUNE-MEDIATED DISORDERS

 Rasmussen's Syndrome

Rasmussen's syndrome is a rare enigmatic disorder observed in approximately 1 % to 2 %
of general epilepsy cases, 65 and in 7.4% of pediatric patients who undergo cortical
excision for intractable seizures. 67 This syndrome is seen primarily in children and, in the
majority of cases, seizures occur in the first decade of life. 65, 67 The main clinical features
are intractable epilepsy, hemiparesis, and mental deterioration. 67,68 An imaging study
shows predominantly unilateral hemispheric atrophy of the brain. Histologic features of
the biopsied brain tissue consist of glial nodules and perivascular cuffing of mononuclear
inflammatory cells. In addition, neuronal loss and gliosis are seen in the later stage of
disease. Glial nodules and perivascular mononuclear cell cuffing are typically observed in
viral encephalomyelitis, raising the possibility of a viral etiology in Rasmussen's syndrome.

Figure 23. Rasmussen's syndrome. The
brain shows a striking pattern of cerebral
atrophy confined to the right hemisphere
with right ventricular enlargement, the
right temporal pole had been previously
surgically removed.
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Figure 24. Rasmussen's syndrome. The brain shows a striking pattern of cerebral atrophy
confined to the right hemisphere with contralateral (left) cerebellar atrophy; the right
temporal pole had been previously surgically removed. A, shows the basal surface of the
brain after removal of the brainstem and cerebellum; B, shows the right lateral aspect with
atrophic right cerebral hemisphere and normal right cerebellar hemisphere; C, shows the
left lateral aspect with normal left cerebral hemisphere and atrophic left cerebellar
hemisphere.

Figure 25. Rasmussen's syndrome. A, shows atrophy of the cerebral cortex and white
matter, and atrophy of the right thalamus, subthalamic nucleus, lenticular nucleus, tail of
the caudate and hippocampus with secondary enlargement of the right ventricular system.
B, shows atrophy of the left cerebellar hemisphere and left dentate nucleus.

Unlike typical viral encephalomyelitis, the inflammatory changes observed in an early stage
of Rasmussen's syndrome may be present to a similar degree years after the initial biopsy.
Efforts to isolate a virus also have been unsuccessful. A recent study has shown that an
autoimmune mechanism is the underlying mechanism for this disease. Seizures developed
in experimental animals with high titers of glutamate receptor 3 antibody, induced by
immunization with glutamate receptor 3 fusion protein. The affected animals had histologic
changes in the brain similar to those seen in Rasmussen's syndrome. 76 The presence of
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antibodies to glutamate receptor 3 was also demonstrated in humans with Rasmussen's
syndrome, and considerable improvement of clinical symptoms was noted after repeated
plasma exchanges. 76 It seems that we are finally beginning to understand the basic
mechanism of this enigmatic disease and may have effective measures to modify its course.

Figure 26. Histologic features of the biopsied brain tissue in Rasmussen's syndrome consist
of glial nodules and perivascular cuffing of mononuclear inflammatory cells. In addition,
neuronal loss and gliosis are seen in the later stage of disease. Glial nodules and
perivascular mononuclear cell cuffing are typically observed in viral encephalomyelitis,
raising the possibility of a viral etiology in Rasmussen's syndrome.

CEREBROVASCULAR DISEASES

 Stroke

Stroke is a major cause of seizures in late- onset epilepsy. 48, 49,66 After age 50 years,
stroke is the most common cause of seizures. 47, 49 Seizures are experienced in 4.4% to
17.0% of stroke cases. 23,25,33,40,44 Among cerebrovascular diseases, cerebral infarction
is the most common cause of stroke-related seizures. 23,33,44 This is most likely due to the
much higher incidence of cerebral infarcts, although epileptogenicity is higher in
hemorrhagic conditions including subarachnoid hemorrhages, intracerebral hemorrhages,
and hematomas. 23, 33,44

Prenatal and perinatal cerebrovascular disturbances may result in brain lesions that
include porencephaly, migration disorders, and ulegyria. Seizures are frequently associated
with these conditions.
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 Porencephaly

Porencephaly describes a brain with an often bilateral hemispheric cystic defect between
the surface of the cerebrum and the ventricle. The cystic structure is not lined by
ependyma, and its outer surface is covered by the arachnoid membrane. The affected area
is usually within the area of the middle cerebral artery, and ischemic necrosis is the
suspected cause of this condition. The adjacent areas reveal polymicrogyria or an
anomalous gyral formation, and the term porencephaly is usually restricted to a
parenchymal defect that may have occurred during an early fetal stage. Some migration
disorders are also suspected to be caused by a cerebrovascular accident occurring at an
early fetal stage. 71

Figure 27. A, Coronal section of the cerebral
hemispheres at the level of the optic chiasm
showing porencephaly involving both medial
frontal lobes with communication with the
lateral ventricles in a 16-year-old with a history
of profound mental retardation and
quadriplegia.

 Ulegyria

Ulegyria describes gyral atrophy and sclerosis,
which are generally more pronounced near the
depth of sulci. The lesions are usually bilateral,
and are most commonly observed in the border
zone between anterior and middle cerebral
arterial territories. Ulegyria is believed to be
caused by a perinatal anoxic or ischemic insult.

Figure 28. Ulegyria

TRAUMA

 Head Trauma

Head trauma is common between the third and fourth decades of life, with a strong male
preponderance. 89 Among patients hospitalized for head trauma, the incidence of brain
lesions is approximately 8% to 33%. 89 Trauma is the cause of seizures in 13% to 17% of
the epilepsy population. 51,79 Five percent of unselected patients with head injuries
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develop at least one seizure during the first week post-trauma, and 5% of patients with
head injury may develop late epilepsy. 29 In addition, the presence of acute hematoma,
history of early epilepsy, or depressed skull fracture dramatically increases the risk of late
epilepsy to 31%. 29 Posttraumatic temporal lobe epilepsy seems to be different from other
post-traumatic seizures, as head injury usually occurs at a younger age (median, 2.5 years).
No male preponderance is noted, and seizures occur much later (average, 12 years after
injury). 57

Regardless of impact site, the frontotemporal area of the brain is the most commonly
injured site, particularly the orbital surface of the frontal lobes, the ventral surface of the
temporal lobes, and frontal and temporal poles. This is because of the irregularity of the
skull base. Contusions are typically seen in the crest of gyri, although injury may extend
into the white matter. The degree of brain injury is sometimes only microscopic, but areas
of hemorrhagic destruction may be frankly visible. Later, the injured site shrinks, showing
brown-yellow discoloration because of hemosiderin deposits. Gliosis is noted in and around
the lesion. Diffuse axonal damage is also observed in some cases, particularly in comatose
patients. Axonal injury occurs because of shearing of brain tissue at the time of impact, and
is most commonly seen in the corpus callosum and midbrain. In such cases,hemorrhages
may be seen in the involved areas, and scattered axonal bulbs are observed
microscopically. Associated lesions in head trauma include hematomas or ischemic
parenchymal changes.

SEIZURE-ASSOCIATED BRAIN PATHOLOGY

Hippocampus

 Hippocampal Sclerosis

Hippocampal sclerosis is a common finding in seizure disorders, representing neuronal loss
and gliosis with secondary hippocampal atrophy and sclerosis. Mesial temporal sclerosis is
another popular clinical term describing similar structural alterations. In addition to
hippocampal changes, this cumbersome terminology depicts alterations in other medial
temporal structures, such as the amygdaloid nuclear complex and hippocampal gyrus
(including the entorhinal cortex). Because these extrahippocampal medial temporal
structures are not always involved in cases of hippocampal sclerosis, 8,54,80 the term
mesial temporal sclerosis may not be appropriate to use unless other medial temporal
structures, in addition to the hippocampus, are found to be structurally altered by imaging
or pathologic examinations. Ammon's horn sclerosis may have limited use, because the
Ammon's horn generally represents the hippocampus proper only, excluding the dentate
fascia.
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Figure 29. A, Normal hippocampus, B, hippocampal sclerosis

Hippocampal sclerosis has been reported in 49% to 72% of surgically resected hippocampi
from medically intractable epilepsy cases, 10, 11, 14, 20, 36, 92 in 42% to 58% by imaging
studies, 13, 43 and in 58% to 65% by postmortem studies. 54,80 Further, hippocampal
sclerosis is more frequently found in temporal lobe epilepsy (84.6%) than in nontemporal
lobe epilepsy (38.5 %). 54 Hippocampal sclerosis is mostly unilateral, although bilateral
hippocampal sclerosis has been reported in 24% to 31 % of epilepsy cases by postmortem
examination, 54,80 and MR imaging volumetric study. 28

Surgical materials do not allow a complete examination of the entire hippocampus; on MR
imaging of pathologically proven hippocampal sclerosis, however, the hippocampal body
was atrophic in 88% (50/57) of cases, the tail in 61% (35/55), and the head in 51% (29/55).
8

Hippocampal sclerosis is generally a reliable prognostic indicator for favorable clinical
outcome following hippocampectomy. 8,11,17,6,84 This raises the possibility of a
hippocampal origin of epileptogenesis, or the hippocampus could be part of an
epileptogenic circuit. It is interesting to note that the abnormal discharge focus found by
stereoencephalography in temporal lobe epilepsy was correlated with the site of reduced
neuronal density in the hippocampus. 5 Also, seizure-like discharges were evoked from
hippocampal slices from intractable epilepsy cases with a short train of pulses at a low
frequency. 56

Several quantitative studies have evaluated neuronal loss in the hippocampus. 6, 34, 62, 79
Defining hippocampal sclerosis by either imaging study or quantitative and qualitative
histologic evaluation is highly subjective and problematic. Using the formula ([control
mean neuronal density - 2SDI/control mean neuronal density) X 100 for each subfield
(CAl-4 and dentate fascia] in the control group, neuronal densities at or less than 59.96%
of the control mean fall below the lower two standard deviation limit, which is used to
define hippocampal sclerosis. 8,36 Using this definition, 102 of 150 temporal lobe epilepsy
cases (68%) had hippocampal sclerosis. Hippocampal sclerosis was more frequent in the C-
TLE group, and was noted in 99 of 116 C-TLE cases (85.3%) as opposed to three of 34 P-
TLE cases (8.8%).
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A history of febrile seizures has been associated with lower neuronal density in the
hippocampus. 36 In the current series of 150 epilepsy cases, hippocampal sclerosis was seen
in 66 of 73 cases with a febrile seizure history (90.4%), compared with 36 of 77 cases with
no history of febrile seizures (46.8%).

Glial cell proliferation in the hippocampus in epilepsy seems to be a nonspecific reactive
change to neuronal loss, resulting in hippocampal atrophy and sclerosis. Glial density in
each hippocampal subfield appears to maintain an inverse relationship with neuronal
density of the corresponding subfield. It remains unknown whether glial cells play a
significant role in the epileptogenesis of the involved hippocampus or surrounding tissue.

 Amygdala

Amygdala sclerosis was seen in 22% to 27% of postmortem epilepsy cases. 54,80 Amygdala
sclerosis was noted only in cases with hippocampal sclerosis; in 9% of epilepsy cases, the
amygdala was bilaterally involved. 54 On review of MR imaging studies, only 12%
revealed atrophy of the amygdala among 57 cases with pathology-proven hippocampal
sclerosis. 8

 Cerebral White Matter

Diffuse glial cell proliferation is a prominent histologic feature in the white matter of the
anterior lateral portion of the temporal lobe resected from intractable temporal lobe
epilepsy cases. An almost 1.5-fold increase in glial density was noted in 25 intractable
epilepsy cases, compared with the control group density. 35 The glial cells also possess large
swollen nuclei. This hyperplasia and hypertrophy of glial cells may represent a nonspecific
reactive change in response to altered physicochemical factor(s) created by seizure activity.

 Others

The cerebellum is another structure frequently involved with neuronal loss and gliosis:
45% to 67% of epilepsy cases. 54,80 Other cerebral structures showing similar changes are
the thalamus (25%) and part of the neocortex, particularly the frontal or occipital cortex
(22%). 54 The entorhinal cortex is also reported to have neuronal loss in layer III in
temporal lobe epilepsy. 19

CONCLUSION

A variety of pathologic lesions associated with seizures have been described in this article.
Because of the concerted efforts of neurosurgeons neurroradiologists, neurologists, and
neuopathologists, we have observed remark able progress in early detection, resection, and
characterization of formerly poorly defined pathologic processes. This has resulted in
newly defined lesions. In some reports, the term foreign or alien tissue is used for certain
conditions, but is vague, retrogressive, and inadequate for meaningful use. We should
eschew these expressions because specific terminologies are available for particular
pathologic conditions. Most of the disorders discussed earlier may play a role in
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epileptogenic processes. Even in lesions clearly associated with seizures, little is known
about their exact pathophysiologic mechanism of epileptogenesis. A larger segment of the
epilepsy population is still contained in the cryptogenic group, which is not yet clearly
understood, pathologically or otherwise. It is hoped that with further advancement of the
neurosciences, most of the cryptogenic cases may be categorized so that we have a better
understanding of the epileptogenic mechanism in individual lesions for the eventual benefit
of epilepsy victims.
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MAGNETIC RESONANCE IMAGING

A cause-and-effect relationship between pathologic alterations in brain structure and
seizures has been recognized for more than 100 years. 49,50 Although the precise
mechanism by which structural alterations of the brain produce seizures may not be
known, the association between structural pathology and focal onset seizures originating in
or near the lesion is well accepted. The pathologic basis of seizures in primary generalized
epilepsy, however, is uncertain. In patients with primary generalized onset seizures and a
focal structural brain abnormality, a cause-and-effect relationship between seizures and
the lesion is difficult to postulate. This article focuses predominantly on the magnetic
resonance imaging appearance of the known histologic substrates of recurrent seizures in
patients with symptomatic focal onset epileptic syndromes.
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Throughout this article, the term epileptogenic substrate is used to indicate a pathologic
abnormality associated with production of spontaneous partial onset seizures. The
substrate may be identified either by direct histologic examination of tissue or MR
imaging; both methods are conceptually interchangeable. This article is written from the
perspective that almost all pathologic abnormalities -associated with spontaneous partial
onset seizures are detectable by MR imaging.

The role of computed tomography (CT) in epilepsy is not reviewed. The properties of MR
imaging-superior soft tissue contrast, multiplanar imaging capability, and lack of beam
hardening artifacts-mean that virtually all substrates of epilepsy are visualized with
greater sensitivity and accuracy by MR imaging than by CT. 38, 59, 60, 69, 77 Although
many of the substrates of epilepsy are visible by CT some, such as mesial temporal sclerosis
and subtle areas of focal cortical dysplasia, are readily visible with MR imaging and
virtually undetectable by CT.

THE ROLE OF MR IMAGING IN EPILEPSY

 Neuroimaging and Anatomy

MR imaging plays several important and distinct roles in the clinical management of
patients with epilepsy, the most important being to identify and localize the structural
substrate of partial onset seizures. In clinical practice, however, MR imaging has other
important roles, some of which are discussed in other articles in this textbook and are
mentioned here briefly for completeness. 17,41

 Classification of Seizure Type

Individual patients' seizures are usually classified on the basis of clinical findings and the
results of interictal and ictal electrocardiographic (EEG) studies. Precise classification,
however, may be uncertain. For example, partial onset seizures that secondarily generalize
rapidly can be misinterpreted as primary generalized. The demonstration of an
epileptogenic lesion on a MR scan may aid in classification of seizure type-in this example,
by indicating the likelihood that the seizures were focal in onset.

 Identification of Surgical Candidates

The nature and location of an epileptogenic abnormality by MR imaging often determines
if surgical resection is feasible.

 Surgical Planning

Prior to surgical resection of an epileptogenic lesion, MR imaging is essential to define the
relationship between the surgical target and adjacent functionally important brain areas.
MR imaging is also used preoperatively to identify the surgical approach and volume of
tissue targeted for resection.
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 Prognosis

Resection of certain pathologies readily identifiable by MR imaging carries a favorable
surgical prognosis (e.g., mesial temporal sclerosis or cavernous angioma), whereas patients
with seizures due to certain neuronal migration abnormalities or with no MR image-
defined abnormality carry a poor prognosis for postoperative seizure control.
24,25,32,45,87 The presence of MR image-identified mesial temporal sclerosis
preoperatively also provides useful prognostic information with respect to memory
outcome following temporal lobectomy. This information helps clarify the risk- to-benefit
ratio of surgery for patients contemplating epilepsy surgery.

 Classification of the Epilepsies

Traditionally, seizures and epilepsy syndromes have been classified based on clinical and
EEG information. 87,28,87 Experience with MR imaging over the last decade, however, has
resulted in a shift from the rigid conceptualization of epilepsy in terms of electroclinical
phenomena alone toward an emphasis on the morphologic substrates that produce the
observed electroclinical abnormalities. Classification based on the substrate principle
places MR imaging in a central role in conceptually defining the epilepsies.

SUBSTRATES OF EPILEPSY

 Classification of the Substrates of Symptomatic Epilepsy and Sensitivity of Their
Detection by MR Imaging

The precise sensitivity of MR imaging in the identification of the major substrates of
epilepsy varies in the literature. 15, 18, 19, 38, 46, 51, 52, 57, 59, 60, 69, 77, 86,92 Some of
this variation is because of technical evolution: for example, reports from 1985 naturally
cite a lower sensitivity in the detection of epileptogenic substrates than 1995 reports, due to
technical improvement in the modality. Other variation is because of interinstitutional
differences in the interpretation of surgical pathology specimens.

Epidemiologic studies reveal a striking age dependence in the known or presumed
pathologic substrates of epilepsy. 37 The most common known cause in children is
congenital or developmental anomalies, in young adults it is post-traumatic brain injury
and, in the elderly it is cerebral infarction. These data, derived from epidemiologic studies
on the proportional incidence of epilepsy by age and etiology, do not match the perception
obtained from clinical experience held by many clinicians-that epilepsy is a disease of
children and young adults primarily due to brain tumors and mesial temporal sclerosis.
The reason for this discordance is that most data correlating epilepsy with its pathologic
substrate are derived from surgical epilepsy series. Reliance on epilepsy surgery series for
correlation between structural substrate and clinical manifestations of epilepsy produces a
narrower viewpoint than from an epidemiologic perspective. For example, parasitic brain
abscesses from cysticercosis, which are a common cause of partial onset seizures in some
parts of the world, are rare in most epilepsy surgery series that generally originate from
North American and European centers. As indicated earlier, because definite knowledge of
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the exact substrate of epilepsy requires MR imaging, surgical pathology, or autopsy
documentation, reliable data regarding the substrate-specific prevalence of epilepsy are
significantly biased toward those patients in whom surgical resection is being considered.
Substrates known to be associated with a favorable surgical prognosis such as tumor,
vascular malformation, and mesial temporal sclerosis are undoubtedly overrepresented,
whereas substrates with a less favorable surgical prognosis such as neuronal migration
disorders, sclerosis from trauma, infection, infarction, and patients with negative or
nonspecific histology (i.e., negative preoperative MR imaging studies) are
underrepresented with respect to the true etiology-specific prevalence rates in the general
epilepsy population. Despite the biases introduced by using surgical epilepsy series as the
primary source of information regarding the substrates of symptomatic epilepsy, surgical
cases still provide the most certain correlation between seizures and their underlying
pathologic basis.

 Epileptogenic Substrate and Seizure Production

The concept that brain lesions produce seizures is regarded to be true. A cause-and-effect
relationship is implicit in the use of the term substrate to define pathologic alterations in
brain structure that are associated with seizures. 85 On closer examination, however, the
precise mechanistic relationship between a lesion and a seizure is less clear. It is presumed
that seizures arise from neurons that lie adjacent to a lesion that are rendered by several
possible mechanisms susceptible to spontaneous, coherent discharge. Mechanisms that
have been implicated include dysfunction of the sodium/potassium ion pump, changes in N-
methyl-D-aspartic acid receptor channels, abnormal regulation of gamma amino butyric
acid (GABA), and abnormal glial calcium ion transports An exception to the general lack
of understanding of seizure mechanisms is mesial temporal sclerosis. Studies on animals as
well human surgical specimens have revealed that synaptic reorganization in the dentate
hilus of the hippocampus is a basic feature of mesial temporal sclerosis; it is this
abnormality that is at least partially responsible for recurrent seizure production. 16,26,62,
65, 79, 81, 82, 88, 90

TUMOR

Tumors in Epilepsy Versus Neuro-oncology

 Neuro-oncology
o Clinical Manifestations and Management.

Patients typically have a neurologic deficit as the most serious manifestation of their
disease. Seizures, although common, are of secondary importance. Symptoms tend to be of
recent onset and short duration. Tumors may be primary or metastatic and are often high
grade. Although all ages are represented, the older patient is generally affected. Patients
are managed clinically by neuro-oncologists at large centers. Prolonged EEG monitoring to
identify seizure type is not performed. The surgical strategy varies depending on tumor
type and location. At the some institutions, complete resection of many high grade primary
tumors is not attempted; rather, the tumors are biopsied and then treated with radiation or

www.yassermetwally.com

Professor Yasser Metwally
www.yassermetwally.com

37



chemotherapy protocols. Functional mapping is only occasionally performed if the
proposed resection is close to the primary sensory motor cortex. Amytal testing is not
performed.

o Histology.

All possible histologic types of brain tumors are represented in neurooncologic series, in
contrast to the limited number represented in most epilepsy series. Also in contrast to the
latter, the glial neoplasms are often high grade. Intraventricular and infratentorial tumors
are found in neurooncologic series and not in epilepsy surgery series. Tumors that are
common in epilepsy series, for example, DNET or ganglioglioma, are rare in neuro-
oncologic series.

o MR Imaging Features.

The histology and clinical behavior predicts the different imaging appearance of the high
grade intra-axial supratentorial tumors in neuro-oncologic series and low grade tumors
observed in epilepsy series. Tumors tend to be more poorly demarcated from surrounding
normal brain, and tend to enhance and may be large. Peritumoral edema is a consistent
feature. Central necrosis is common; and calvarial remodeling is unusual.

 Epilepsy
o Clinical Manifestations and Management.

The history of seizures typically extends over several years in an epilepsy patient with a
tumor and an associated neurologic deficit is usually not present. Surgery is usually
performed in children or young adults, and, occasionally, in middle-aged patients. Medical
management is by epileptologists at large centers. Surgery is preceded by prolonged
invasive or noninvasive EEG recording and tests of function such as neurophysiological
testing, positron emission tomography (PET), single photon emission tomography
(SPECT), and amytal testing. Operative or extraoperative cortical functional mapping is
often performed, particularly for extratemporal surgeries. The surgical strategy is aimed at
complete lesion removal.

o Histology.

Only primary tumors are found (not metastatic). Tumors are supratentorial and of glial, or
of both glial and neuronal cell origin. 20, 33, 43 Typical tumor histologies include:
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 Astrocytoma: low grade diffuse
fibrillary,

 Pilocytic, or pleomorphic
xanthoastrocytoma

 Oligodendroglioma: low grade
 Mixed oligodendroglial-astrocytic

tumors: low grade
 Dysembryopathic neuroepithelial

tumors (DNET)
 Ganglioglioma
 Hamartoma

o MR Imaging Features.

Imaging features of the tumor match the prolonged clinical history and indolent histologic
nature of the tumor. Tumors are (1) well-circumscribed; (2) have little or no peritumoral
edema; (3) commonly remodel the inner table of the calvarium when in a cortical location;
(4) have variable enhancement; (5) are usually located in the cortex (versus white matter);
(6) tend to be small; (7) typically lack central necrosis; and (8) are supratentorial and
extraventricular in location with a predilection for frontal and temporal lobes. 35

 Histology and MR Imaging Appearance of Tumors in Epilepsy

It is generally difficult to predict the precise histology of individual tumors on the basis of
MR imaging. In addition, distinguishing focal cortical ctysplasia from some of these
cortically based tumors, particularly oligodendroglioma, ganglioglioma, and DNET, can
sometimes present a diagnostic challenge for MR imaging. The MR imaging characteristics
of tumors in epilepsy described above can be generically applied to the following tumor
types; several of these tumor types, however, have certain distinctive features.

o Astrocytoma

Several histologic grading schemes have been devised for diffuse astrocytomas. Histologic
grading of malignancy is a function of features such as nuclear atypia, mitotic activity, cell
arrangement and number, vessel proliferation, and necrosis. 68 Generally accepted
grading terminology is as follows in order of increasing malignancy and
dedifferentiation:astrocytoma, anaplastic astrocytoma, and glioblastoma multiforme.
Astrocytomas found in epilepsy series are those at the low end of the malignancy spectrum
(i.e., "astrocytoma" in the above three-tiered grading scheme). Diffuse astrocytomas occur
in a variety of morphologic subtypes (fibrillary, gemistocytic, giant cell, and protoplasmic)
with fibrillary being the most common. On MR imaging, low grade diffuse astrocytomas
are well-demarcated, produce little or no mass effect or edema, and do not enhance with
contrast.
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Figure 1. Astrocytoma: typical for neuro-oncologic series. A previously healthy 65-year-old
man presented with a single generalized topic seizure. MR imaging revealed this left
temporal lobe tumor, demonstrated to be a grade 4 fibrillary astrocytoma on biopsy. A is a
spin density image and B is a post-contrast Tl -weighted image. Note the typical features of
a high grade intra-axial neoplasm: mass effect, peritumoral edema, and an intensely
enhancing ring with central necrosis malignancy spectrum (i.e., "Astrocytoma")

Pilocytic astrocytomas (sometimes referred to as "juvenile pilocytic astrocytomas") are a
special variant that is nearly as common as low grade diffuse astrocytomas in epilepsy
surgery series. Pilocytic astrocytomas are, by definition, benign and usually do not
infiltrate adjacent normal parenchyma. They may calcify, form cysts, and are
characterized microscopically by abundant Rosenthal fiber formation. 68 Interestingly,
intense enhancement is a common feature of these tumors. They commonly occur in the
diencephalon, optic nerve or chiasm, and cerebellar hemisphere. Seizures are a common
presenting symptom when they occur in the cerebral hemisphere.
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Figure 2. Pilocytic astrocytoma. The tumor in the lateral aspect of the right anterior
temporal lobe is sharply demarcated from adjacent, uninfiltrated normal brain tissue. The
tumor is of increased signal on a T2-weighted image (A), decreased signal on a Tl -weighted
image (B) and enhances intensely (C). Remodeling of the inner table of the calvarium
indicates its longstanding clinical course.

Figure 3. Mixed tumor. Subject
is a 32-year-old woman with
complex partial seizures since
age 17 years MR imaging reveals
an expanded right hippocampal
formation with increased T2 (A)
and decreased Tl signal (B). No
evidence of mass effect,
peritumoral edema, or
enhancement is noted (B). This
was a grade 1 to 2 mixed
oligoastrocytoma at pathology.

Pleomorphic xanthoastrocytoma is another special variant. It is rare but warrants mention
because of a predilection for location in the temporal lobe. It is most commonly found in
young adults or children with a long seizure history. It is histologically low grade and
commonly forms a cyst.

o Oligodendroglioma

Overall, oligodendrogliomas comprise about 5% of all brain tumors; in epilepsy surgery
series, however, oligodendrogliomas are only slightly less common than astrocytomas. They
tend to preferentially infiltrate cortex. 68 This tendency, along with a generally more
indolent histologic nature than astrocytomas, may account for the relatively high frequency
of low to moderate grade oligodendrogliomas in epilepsy surgery series. Enhancement is
variable, and dense tumoral calcification and formation of multiple cysts are common.

o Mixed

Low grade tumors composed of both diffuse astrocytic and oligodendroglial elements are
common in epilepsy series. The MR imaging features are indistinguishable from low grade
diffuse astrocytomas.

www.yassermetwally.com

Professor Yasser Metwally
www.yassermetwally.com

41



Figure 4. Astrocytoma: typical
for epilepsy series. A 36-year-old
woman presented with a 32-year
history of complex partial
seizures. Tl - (A) and T2-
weighted (B) images demonstrate
a tumor that expands the right
amygdala and ambient gyrus.
There is no mass effect,
peritumoral edema, and the
tumor did not enhance.
Pathology was a grade 1 to 2
diffuse fibrillary astrocytoma.

o Ganglioglioma

These tumors occur most frequently in the temporal lobe. They contain differentiated glial
and ganglion cells and, therefore, differ from most primary central nervous system
neoplasms that contain only glial elements. 68 The astrocytic component may either be
diffuse or pilocytic in nature. These tumors exist along a spectrum and are termed
ganglioglioma if the glial component predominates and gangliocytoma if the neural
elements predominates. Gangliogliomas most commonly have a cyst or multiple cysts,
calcification, and enhancement.

Figure 5. Ganglioglioma. Subject is a 37-year-old man with a 30-year history of complex
partial seizures. MR imaging demonstrates a tumor involving the left hippocampal
formation, parahippocampal gyrus, and fusiform gyrus. Although the involved gyri are
expanded, the tumor is well demarcated from adjacent parenchyma with minimal
peritumoral edema. Several cystic areas are demonstrated within the tumor. A, T2-
weighted image; B, FLAIR image; C, Tl -weighted image.
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o Dysembryoplastic neuroepithelial tumors (DNET)

Dysembryoplastic neuroepithelial tumors have been described within the last decade. 30
They have unique histologic features consisting of all three cell lines (neuronal,
oligodendroglia, and astrocytic elements) with little cellular atypia. They are located in and
expand cortex and have a multinodular architecture and show a predilection for a
temporal lobe location. Longstanding epilepsy with onset in early childhood is the most
common clinical presentation. Because of the benign nature of the tumor, a complete cure
is expected if completely resected. The MR image appearance is that of a multinodular,
thickened irregular cortex with a variable degree of increased signal intensity on T2-
weighted images. They often have a multicystic appearance and may have areas of
enhancement or calcification. Erosion of the inner table is a common feature because these
tumors, by definition, are cortically based and usually have a longstanding clinical history.
Some authors classify DNET malformations not as tumors, but rather, a disorder of
neuronal migration and proliferation. They are sometimes found in conjunction with an
area of focal cortical dysplasia. This abnormality may thus be most appropriately classified
somewhere between the categories of tumor and neuronal migration disorder.

NEURONAL MIGRATION DISORDERS

 Normal Development

A complete description of the development of the cerebral cortex is beyond the scope of this
article. A brief outline, however, should help understand the various anomalies that are
subsequently described. Neurons and glial cells are generated in the germinal matrix that is
located at the ventricular surface. Development of the cerebral cortex can be divided into
stages of cell proliferation, differentiation, migration, and cortical organization. 3,5, 13, 54,
64, 78, 80 After their last cell division in the germinal matrix, most neurons reach the
cortex through a process of radial migration. Most neurons migrate along radial glial fibers
that span the entire thickness of the hemisphere from the ventricle to the pial surfaces.
About 10% of neurons follow nonradial migratory routes. The six-layered cortex forms
chronologically in an inside out fashion. Cells of layer six migrate first, and cells of layer
two migrate last. The elapsed time between final cell division and arrival at the cortex is
shorter for early migrating neurons than for those migrating later in development. The
migratory rate is also variable in different parts of the telencephalon. Most cell migration
extends from approximately the seventh to the 16th week of gestation. Differentiation of
neurons into classes characteristic of each cortical layer follows migration, and this process
is termed cortical organization. Major disorders of neuronal migration and organization,
whether due to hypoxia, metabolic abnormalities, environmental toxin exposure, or a
genetically determined defect in chemotaxis, exert their effect during this period. The type
of insult is less important in determining the morphologic expression of a developmental
disturbance than the timing. 13

Congenital disorders of brain development characterized by disturbances of neuron
migration and organization (NMD) are commonly associated with epilepsy. 10, 13, 72, 83
(Many congenital brain malformations are not associated with epilepsy per se and are not
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discussed here.) NMDs without any apparent inheritance pattern (focal cortical dysplasia,
schizencephaly, microdysgenesis) are likely due to randomly occurring insults during
development. Conversely, a genetic basis is either known or highly likely for NMDs with
familial association (lissencephaly/pachygyria, nodular heterotopia, laminar heterotopia,
tuberous sclerosis). Several different schemes for classifying cerebral NMDs associated
with epilepsy have been proposed. These have been based both on abnormalities in gross
brain morphology and associated cellular abnormalities. The precise sequence of events
during development that ultimately leads to the various NMDs observed in nature is only
partly understood. Unfortunately, therefore, the descriptive terminology in this area is
inadequate and does not always describe discrete universally recognized developmental or
pathologic entities. Nevertheless, the terms employed below have been commonly used for
several years and are familiar to most readers. The classification outlined below is one in
which the major anomalies are classified by gross morphologic appearance (either at
autopsy or on MR images).

Figure 6. DNET. A 14-year-old girl a 5-year history of complex partial seizures. MR
imaging reveals a lesion in the postero-inferior left temporal lobe that expands the cortex.
It has a multicystic appearance, is well demarcated, produces no peritumoral edema, and
does not enhance. At pathology, this was found to be a DNET tumor. A, T2-weighted
image; B, spin density image; C, Tl -post contrast image.

 Tuberous Sclerosis

Cortical tubers are not the most common developmental anomaly associated with epilepsy.
Their discussion first, however, is intended to emphasize that, like DNETS, cortical tubers
have been classified both as tumors and NMDs by various authors and would seem to be
most appropriately placed into an intermediate category. 36 The defect in tuberous
sclerosis appears to be an abnormality in the radial neuron-glial unit in certain portions of
the germinal matrix. 2 The result is radially oriented columns of dysplastic cells spanning
focal subependymal and subcortical cell deposits. It is the cortical tuber component of this
complex that is most likely responsible for seizures, as resection of a cortical tuber
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sometimes eliminates chronic seizures. Cortical tubers are composed of giant astrocytic and
neuronal cells with abnormal organization. The appearance of cortical tubers on MR
images is characteristic: it consists of a well-circumscribed area of increased T2 and
decreased TI signal intensity; located immediately beneath the cortical gray mantel.
Typically, the involved gyrus is expanded. A ray-like projection of increased signal
intensity from the base of the tuber toward the ventricular surface is frequently observed;
they are usually multiple. Very low signal intensity is present in densely calcified tubers,
whereas minimally calcified tubers may have increased Tl signal. Because calcification of
tubers increases with age, the MR image may change over time. 2

 Focal Cortical Dysplasia

Focal cortical dysplasia, along with anodular heterotopias, are the most common
developmental causes of epilepsy. The term cortical dysplasia has been used to describe a
family of abnormalities with a similar appearances. 8,13,22,54-56,58,71,91 NMDs that have
been distinctly labeled by some authors-focal cortical dysplasia of Taylor, forme fruste of
tuberous sclerosis, and polymicrogyria-have been grouped into the single category of focal
cortical dysplasia by others. The term focal cortical dysplasia was first used by Taylor and
colleagues 91 to describe dysplastic cortical abnormalities in pathologic specimens from
epilepsy surgery patients. The dysplastic areas of brain fail to develop normal laminar
cortical organization and contain giant balloon cells of glial, neuronal, and indeterminate
lineage. Histologically, however, this dysplastic abnormality is similar in appearance to the
cortical abnormality described in the form fruste of tuberous sclerosis (patients with a
cortical lesions indicative of tuberous sclerosis but without the other classic stigmata-family
history, adenoma sebaceum, periventricular lesions). The term focal cortical dysplasia has
also been used when describing a circumscribed area of polymicrogyria. Polymicrogyria
refers to an area of brain with several small abnormal gyri. Macroscopically, the
microgyric nature of the abnormality may be evident, or the outer molecular layers of
adjacent microgyri may be fused, creating an erroneous impression of a single large gyrus
(i.e., macrogyria or pachygyria). Polymicrogyria is usually associated with focal cortical
laminar necrosis. A late migratory vascular insult is the most likely etiology- most radially
migrating neurons have arrived at the cortex, but organize abnormally because of the
vascular event. The dysplastic cortex is often, but not always, centered on an abnormal
cleft or sulcus of varying depth.
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Figure 7. Severe focal cortical
dysplasia. Subject is a 28-year-
old man with poorly controlled
seizures since age 10 months.
MR imaging reveals an
abnormal cleft in the medial left
parietal cortex lined by
polymicrogyric cortex. A,
Sagittal image; B, axial Tl -
weighted image.

The appearance of focal cortical dysplasias on MR imaging mirrors their gross pathologic
description. Focal cortical dysplasias exists along a spectrum. At the mild end the only
evidence on MR images may be a subtle area of abnormal cortical thickening. At the other
end, a large abnormal cortical cleft lined by polymicrogyric cortex is obvious on MR
imaging. The MR image hallmark is a focal area of macroscopically thickened cortex. The
normal thickness of the cortex is 4 mm. Although the cortex is actually thin in
polymicrogyri, because the many shallow gyri are lumped together, the gross macroscopic
appearance is that of a thickened cortex. These are often associated with laminar areas of
increased T2 signal in the immediate subjacent white matter. Because of the manner in
which orthogonal imaging planes intersect the curving surface of the cerebral cortex,
however, apparent cortical thickness in excess of 4 mm strictly due to volume averaging
effects is common in the normal brain. Identification of subtle areas of focal cortical
dysplasia and distinguishing this from volume averaging of normal cortical sulcation is a
challenging task in interpreting MR imaging studies in epilepsy patients. Three-
dimensional volumetric MR acquisitions with slice thickness about 1.5 mm are extremely
helpful in identifying these abnormalities and in differentiating them from normal cortical
sulcation.
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Figure 8. Mild focal cortical dysplasia. Coronal three-
dimensional Tl -weighted image demonstrates a focal area of
cortical thickening in the medial left parietal cortex
(arrowhead) in this 26-year-old man with poorly controlled
seizures since age 3 years. This was resected stereotactically
and demonstrated to be an area of focal cortical dyspiasia at
the mild end of the spectrum. The only abnormality is a focal
area of thickened cortex with no evidence of a cleft.

 Schizencephaly

Schizencephaly denotes an abnormal cleft that extends from the pial cerebral surface to the
ependymal surface. The cleft is typically lined by dysplastic gray matter-that is,
polymicrogyric cortex. Schizencephalic clefts are most commonly found in the perisylvial
regions. The clefts may be unilateral or, less commonly, bilateral. Schizencephaly has been
divided into (1) Type I in which the lips of the cleft are in contact with each other and (2)
Type 11 in which the cleft is open. The ventricular opening of a closed lip schizencephaly
may be demarcated by a dimple on the ventricular surface on MR imaging. 7,9 Mental
retardation, developmental delay, and motor or language disorders commonly accompany
seizures as a primary clinical manifestations of schizencephaly. The severity of the clinical
expression, however, ranges from severe impairment to essentially normal development
and intellectual ability. Patients with bilateral clefts tend to be clustered at the more severe
end of the spectrum.

The motivation for grouping schizencephaly next to focal cortical dysplasia is a common
dysplastic cortical architecture and, possibly, a common pathologic mechanism differing
only in timing and severity of the vascular insult. 13 Although the etiology is actually
unknown, it may be due to an intrauterine vascular injury to radial glial fibers, thus
preventing normal radial migration of neurons. A vascular insult that occurs during, but
prior to completion of, radial neuronal migration and that eliminates the radial glial fiber
network in the brain from ventricular to pial surface may result in a schizencephalic cleft
lined by polymicrogyria. A vascular insult that occurs prior to complete radial migration
and that affects only the more distal ends of the radial glial fibers may result in focal
cortical dysplasia without a schizencephalic cleft. The observation that focal cortical
dysplasia is often associated with an abnormal cortical cleft of varying size supports this
common pathologic mechanism, and the abnormal cleft may represent a rudimentary
schizencephalic. 13,54 A common expression of this continuum between focal cortical
dysplasia and schizencephaly is a syndrome of bilateral perisylvian polymicrogryia,
originally described by Kuzniecky and colleagues, 56 in which an abnormal cleft of varying
size continuous with the sylvian fissure is lined by polymicrogyric cortex.
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Figure 9. Schizencephaly. A21-
year-old woman with normal
development and normal IQ
presented with seizures that were
well controlled with medication.
MR imaging demonstrates a
right medial frontal
schizencephalic cleft, lined by
polymicrogyric cortex. A,
Sagittal Tl-weighted image; B,
axial spin density image.

 Nodular Heterotopia

Along with focal cortical dysplasia, nodular heterotopia is the most common developmental
disorder found in epilepsy. The term heterotopia refers to gray matter located in an
abnormal position. Nodular heterotopias can be divided into those that are subependymal
and subcortical 3,6,40, 84 ; the two types often coexist. Subependymal heterotopias appear
as nodular rests of gray matter located subependymally. They project into the ventricle and
may present as one or a few isolated nodules, or a conglomerate mass of gray matter lining
the ventricular surface. They may be unilateral or bilateral, more commonly the latter, and
may occur along any of the lateral ventricular ependymal surfaces. In unilateral nodular
heterotopias, the relationship of subependymal heterotopias to seizure production is
questionable, and patients are often developmentally and intellectually normal.

Figure 10. A Subependymal nodular heterotopia. Corona] T2-weighted MR image
demonstrates multiple heterotopic subependymal gray matter nodules projecting into the
right ventricular atria. B Subcortical, nodular heterotopia. Coronal TI- weighted MR
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image demonstrates a nodular heterotopia involving much of the left temporal lobe.
Heterotopic gray matter extends from the ependymal surface of the left temporal horn
outward through the full thickness of the temporal lobe white matter. The overlying cortex
is abnormal. C Lamina heterotopia. Subject is a 30-year-old woman with lifelong seizures,
normal IQ, and normal development. Coronal Tl-weighted MR image demonstrate a band
of heterotopic neurons clearly separated from the overlying cortex throughout both
hemispheres by white matter.

Nodular subcortical heterotopias are conglomerate masses of gray matter that may be
purely subcortical in location or fan outward from the ependymal surface into the white
matter. The overlying cortex is abnormal with polymicrogyria, pachygyria, or both. A ray-
like finger of increased T2 signal may be identified projecting from the underlying
ependymal surface to the base of the subcortical heterotopia. In addition to seizures, many
patients have neurologic deficits, developmental delay, and intellectual impairment. It is
sometimes difficult to distinguish nodular subcortical heterotopias from tumors. Four
helpful distinguishing MR imaging features are that heterotopias (1) are always isointense
to gray matter; (2) do not enhance; (3) do not exert mass effect on adjacent brain; and (4)
are 3 not associated with white matter edema. 3

Figure 11. Pachygyria with lissencephaly

 Laminar Heterotopia

This is a relatively uncommon developmental anomaly characterized by a discreet laminar
zone of heterotopic gray matter throughout both hemispheres that is bound on the inner
and outer border by white matter. Thus, the term band heterotopia or double cortex
syndrome has been used. 11,54,70 The overlying cortical mantle is abnormal, and it is
commonly thicker than normal and usually associated with some areas of pachygyria. This
abnormality is usually fatal in the developing male and, therefore, the anomaly is nearly
exclusively found in women. Clinical symptomatology ranges from normal development
and IQ to severe developmental delay with low IQ. Although laminar heterotopia is usually
considered in the same category as nodular heterotopia it may be more appropriately
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considered within the family of lissencephalies on the basis of appearance and possibly
etiology.

 Lissencephaly

The term lissencephaly refers to a brain with abnormal, deficient formation of sulci and
gyri and encompasses a spectrum of morphologic abnormalities. 3,12,21,31,54 At the severe
end of the spectrum are smooth brains completely devoid of sulci and gyri, also known as
"agyria" or "complete lissencephaly." The term pachygyria refers to broad flat gyri.
Patients with lissencephalic deformity may lie anywhere along this spectrum. Patients with
agyria often also have areas of pachygyria. Infants and children with lissencephaly
typically have severe intellectual impairment, developmental delay, hypotonia, and seizures
of multiple types. The severity of the clinical impairment generally tracks with severity of
the associated brain malformation. Lissencephaly is actually a family of disorders of
cortical migration that may have differing genetic bases. Barkovich, 3 defines five distinct
subcategories of lissencephaly: types I and 11 are the most well-recognized.

Type I lissencephaly is also referred to as classic lissencephaly. Many patients with classic
lissencephaly have abnormalities of chromosome 17pl3. 31 The category of type I
lissencephaly itself contains subsets of patients with distinct clinical syndromes, the most
well known being the Miller-Dieker syndrome. The abnormal cortex contains the following
four layers from outside in: (1) molecular layer, (2) outer cellular layer (the true cortex);
(3) a cell sparse zone; and (4) a thick inner layer of neurons whose outward migration was
arrested prematurely. The appearance of type I lissencephaly on MR imaging is
characteristic.

A high-quality MR study will resolve the three layers described above. An MR study with
limited resolution will fail to depict the thin outer layer of neurons and cell sparse layer,
and the appearance is that of a markedly thickened cortex-10 to 20 mm in thickness. White
matter volume is diminished. The sylvian fissures are oriented vertically, and the failure to
form well-defined sylvian fissures results in a figure-of-eight appearance on axial images.
The ventricular atria are often dilated, and the corpus callosum hypoplastic.

Patients with type 11 lissencephaly consist of a spectrum of similar brain anomalies. The
most common syndrome in type 11 lissencephaly is the Walker-Warburg syndrome.
Similar to patients with type I lissencephaly, type 11 patients are severely impaired with
developmental delay, severe retardation, hypotonia, and seizures. As with type 1, the
malformation is due to a global arrest of radial neuronal migration. The inner margin of
the thicken cortex in lissencephaly type 11 has a distinctive appearance, however,
consisting of finger-like projections of cortex into the underlying white matter. It may be
that lissencephaly, pachygyria, and band heterotopia share a common pathologic
mechanism in that a global arrest in radial neuronal migration occurs in the brain. A
spectrum of severity, therefore, exists with lissencephaly at the severe end of the spectrum
and laminar heterotopia at the mild end. The earlier the arrest of neuronal migration
during development, the more severe is the anomaly.
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 Unilateral Hemimegaloencephaly

This term refers to enlargement of all or part of one hemisphere, usually associated with
dilatation of the ipsilateral ventricular system. 3,4,54 In addition to an enlarged ventricular
system, ipsilateral white matter volume is increased. The cortex is grossly abnormal with
areas of pachygyria, polymicrogyria, nodular heterotopic gray, and gliosis in the white
matter. The affected portion of the brain is not functional. Extent of involvement is
variable ranging from a single lobe to the entire hemisphere. Patients present with seizures,
developmental delay, and functional impairments that match the portion of brain involved.
lpsilateral somatic hypertrophy may also be present.

 Microdysgenesis

The term microdysgenesis was coined by Meencke and Janz 66,67 to describe subtle,
microscopic alterations in cortical architecture. These have been described in patients with
primary generalized epilepsy, particularly Lennox-Gastaut syndrome and West's
syndrome, and in patients with focal onset seizures. The characteristic findings include (1)
dystopic (misplaced) neurons in the subcortical white matter; (2) dystopic neurons in the
molecular layer; (3) persistence of Cajal cells; and (4) columnar arrangement of neurons.
The cause-and-effect relationship between microdysgenesis and epilepsy is controversial,
because the same histologic features are encountered in pathologic specimens from
nonepileptic brains. Microdysgenesis has not yet been described by MR imaging.

VASCULAR MALFORMATION

The spectrum of cerebral vascular malformations includes cavernous hemangioma,
capillary telangiectasia, venous angioma, and arteriovenous malformation (AVM).

The hallmark of an AVM is the presence of direct arteriovenous shunts without an
intervening capillary network. The vessels that constitute the nidus of the AVM are
abnormal, thick-walled, and of larger diameter than the normal capillary network, thus
producing arteriovenous shunting and, by definition, decreased arteriovenous circulation
time. Feeding arteries and draining veins are dilated from the increased flow. The most
common presenting symptom, and that which poses the greatest risk to the patient with an
AVM, is hemorrhage. Seizures are also common with AVM. At the author's institution,
however, surgical decision-making in a patient with an AVM is primarily based upon the
desire to minimize the risk of hemorrhage, with seizure control a secondary consideration.

The term occult describes those vascular malformations that are not visualized on
conventional arteriography; this encompasses cavernous hemangioma, capillary
telangiectasia, and thrombosed AVM. These three malformations have a similar
appearance and, therefore, cannot be distinguished from each other by MR imaging or CT.
MR imaging is extremely sensitive in detecting these occult vascular malformations. 35
Cavernous hemangiomas (cavernomas) are composed of large abnormal vascular spaces. A
gliotic hemosiderin-laden rim surrounds this abnormal vascular nidus accounting for the
characteristic MR appearance of these lesions. The hemosiderin-stained rim appears dark
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on T2-weighted spin echo images or gradient echo images. The central nidus has a
nonuniform reticulated signal intensity and is bright on both Tl and T2 images; this has
been attributed to blood products that continuously "leak" through the walls of the
hemangioma's nidus into surrounding tissue and gliosis. Normal neuronal tissue is not
present. in the nidus of a cavernous hemangioma; although it is interspersed between the
abnormal vascular channels in a capillary telangiectasia-this is the chief pathologic
distinction between the two entities. Features of both conditions, however, commonly occur
in single lesions, and it may be that these two entities actually represent different points
along the spectrum of a common abnormality. When symptomatic, the most common
clinical presentation of a cavernous hemangioma is a chronic seizure disorder. The
cavernous hemangioma is the vascular malformation that is typically considered for
surgical resection for relief of chronic intractable seizures.

Figure 12. Cavernous
hemangioma. Left temporal lobe
cavernous hemangioma with
classic MR features. Nonuniform
mixed bright and isointense
signal in the AVM nidus on both
Tl (A) and T2-weighted (B)
images. The dark hemosiderin
staining rim around the
periphery of the cavernous
hemangiomas is evident in B.

Venous angiomas consist of a "caput" of dilated draining veins that converge on a central
large draining vein. Typically, the nidus is located along an ependymal surface. Venous
angiomas are usually considered to represent normal variants. These are typically not
associated with seizures; resection for control of seizures is not performed at the author's
institution.

Sturge-Weber disease is a phakomatosis syndrome characterized by facial, leptomeningeal
and ocular angiomatosis, mental retardation, epilepsy, and neurologic deficits that depend
on the location of the leptomeningeal angioma. It is mentioned here because of the central
role seizures have in the clinical manifestation of the disease. 2, 35 The intracranial
hallmark is a pial angioma that is believed to represent persistent embryonic vasculature;
seizures are believed to occur because of the effects of this vascular malformation on the
underlying brain. The MR imaging features of the syndrome include enhancement of the
pial angioma and atrophy of the underlying cortex. A characteristic calcification pattern in
opposing banks of the underlying cortex described as "tram track" in appearance
produces a low signal intensity cortical ribbon on MR imaging. The dystrophic calcification
in underlying white matter and cortical layers two and three, and the cortical atrophy are
felt to be ischemic in nature resulting from the lack of normal cortical draining veins. The

www.yassermetwally.com

Professor Yasser Metwally
www.yassermetwally.com

52



malformation is usually unilateral and located in the parietal-occipital region, but may be
bilateral and be located in any neocortical area. The ipsilateral choroid plexus is enlarged
and enhances prominently.

Figure 13. Sturge Weber
syndrome. right parietal
occipital pial angioma that
enhances with contrast
administration (A). The
underlying cortex is atrophic and
MR imaging demonstrates
decreased signal intensity
throughout the atrophic cortical
mantle, which may be due to
hemosiderin deposition.
calcification, or both (B).

MESIAL TEMPORAL SCLEROSIS

Mesial temporal sclerosis consists of cell loss and astrogliosis in the mesial temporal cortex,
the hippocampal formation, amygdala, parahippocampal gyrus, and entorhinal cortex.
These changes have been best described in the hippocampus, partly due to its severe
involvement and the lamellar pattern of hippocampal organization that lends itself to
histopathologic study. Two forms of hippocampal cell loss have been identified in mesial
temporal sclerosis. Classic sclerosis, also known as Ammon's horn sclerosis, is the more
frequent form. This consists of marked loss of the pyramidal cells in CA1, CA3, and the
dentate hilus, with sparing of pyramidal cells in the CA2 sector. The second form is
denoted as end folium sclerosis, which consists primarily of cell loss and astroglial
proliferation in the end folium with relative sparing of the other sectors. 1, 29,63 Autopsy
studies have demonstrated that mesial temporal sclerosis is present bilaterally, in up to
80% of cases. However, it is usually asymmetric in that one side is more severely involved
than the other; the more severely involved of the two hippocampi typically denotes the site
of origin of a patient's seizures. 63

The MR image counterparts to these two pathologic abnormalities are atrophy and signal
change. 15, 18,46,51, 52, 57 Hippocampal atrophy is best identified on Tl-weighted images
obtained coronally or, ideally, perpendicular to the principal axis of the hippocampal
formation, which is variably canted downward from posterior to anterior. The
identification of atrophy by MR imaging corresponds to cell loss identified in histologic
specimens. The other principal finding is a signal intensity change consistent with increased
tissue-free water- decreased signal intensity on Tl -weighted images and an increased signal
intensity on Tl- weighted images. It is logical to assume that the abnormality in signal
intensity is a function of astroglial proliferation. Several other findings on MR images have
been helpful in identifying the temporal lobe predominantly involved in mesial temporal
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sclerosis; these include (1) loss of normal internal architecture of the involved
hippocampus; (2) unilateral atrophy of the mammillary body; (3) unilateral atrophy of the
columns of the fornix; (4) unilateral atrophy of the amygdala; and (5) unilateral atrophy of
white matter bundle in the parahippocampal gyrus. Although all of these findings may
occur in cases of mesial temporal sclerosis, the author believes that the small, bright
hippocampus is the most reliable. Both of these findings are usually present in an
individual patient. In some patients with mesial temporal sclerosis, however, the
hippocampus may appear to be normal-sized but of increased signal, or atrophic without
an obvious signal abnormality. Studies of the accuracy of visual perception have
demonstrated that predominantly unilateral mesial temporal sclerosis can be identified
with an accuracy of about 90% by knowledgeable readers. Although the unilateral
dilatation of the temporal horn has been suggested as a useful marker of mesial temporal
sclerosis, the author regards this finding as unreliable. Whereas this exists in cases of
severe hippocampal atrophy because of mesial temporal sclerosis, it is not a reliable
indicator of mesial temporal sclerosis because it also occurs as a common normal variant.
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Figure 14. Mesial temporal sclerosis. Left-sided mesial temporal sclerosis. The four collage
panels demonstrate the classic features of mesial temporal sclerosis. The Tl -weighted
collage (A) demonstrates atrophy of the left hippocampus and a normal appearing right
hippocampus. The other three collages demonstrate the second classic finding of mesial
temporal sclerosis that is increased hippocampal signal. By visual inspection, increased
signal is most striking on the FLAIR image (B), nearly equally as obvious on the T2-
weighted image (C), and evident, but less obvious on the spin density-weighted image (D).

The two main findings of mesial temporal sclerosis, hippocampal atrophy and signal
change, have been successfully quantified. A technique for measuring the volume of the
hippocampus has been developed and is widely used at major epilepsy surgery centers. ,
42,43 The degree of volume loss correlates well with the degree of cell loss measured in
subsequent histologic specimens. 23,61 Identification of predominantly unilateral atrophy
has been shown to correlate with the side of seizure onset in patients with nonlesional
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complex partial seizures of temporal lobe origin; hippocampal volumetry was helpful in
initially establishing the relationship between hippocampal atrophy and the presence of a
distinct medial temporal lobe seizure onset syndrome. 46 Hippocampal volumetry has also
been used to study outcome following temporal lobectomy and has demonstrated that when
EEG evidence of unilateral temporal lobe seizure onset is concordant with predominantly
unilateral hippocampal atrophy, the probability of an excellent surgical outcome exceeds
90%. 45 Conversely, in a patient with nonlesional temporal lobe epilepsy and EEG
evidence of unilateral temporal lobe seizure onset but without volumetric evidence of
predominantly unilateral hippocampal atrophy, the probability of an excellent surgical
outcome is below 50%. Hippocampal volumes have also been correlated both with pre- and
postoperative memory performance, which is the topic of another article in this volume. 93
Volumetric studies have also shown that the presence of hippocampal atrophy is correlated
with the age of onset rather than the duration or severity of the seizure disorder. 94 It has
been our experience that quantification of mesial temporal sclerosis by volumetry is
beneficial, even essential, in performing correlative clinical research. Conversely, the
identification of predominantly unilateral mesial temporal sclerosis for clinical purposes is
accomplished as effectively simply by a visual inspection of images alone. T2 relaxometry
has also been employed to quantify the signal change found in mesial temporal sclerosis. 53

Figure 15. Up mesial temporal sclerosis and
below normal hippocampi

As mentioned, mesial temporal sclerosis is found bilaterally in approximately 80% of
autopsy cases. However, the goal of imaging and the assumption underlying treatment by
temporal lobectomy would indicate that in most cases of mesial temporal sclerosis, only one
of the temporal lobes actually produces seizures. This apparent discrepancy is best
explained by regarding the entire spectrum of mesial temporal sclerosis in four categories
47 : (1) category 1, one hippocampus is entirely normal and the other is abnormal; (2)
category 11, one hippocampus is slightly abnormal and the other severely abnormal; (3)
category III, both hippocampi are abnormal to an equal degree; and (4) category IV, both
hippocampi are normal. Clinical experience to date indicates that in category II patients,
the more severely involved hippocampus typically represents the site of seizure onset. It is
the distinction between categories 1/11 and III/IV that appears to be the most critical, both
in terms of surgical outcome and imaging identification of the substrate of epilepsy.
Patients in categories I and II both respond well following removal of the abnormal
temporal lobe. Furthermore, visual identification of the more abnormal hippocampus is
fairly straightforward when there is a significant side-to-side discrepancy in volume and
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signal intensity. On the basis of imaging criteria, however, it is impossible to identify the
"more involved" hippocampus in categories III and IV because, by definition, the two
hippocampi are either symmetrically abnormal or symmetrically normal. These two
categories appear to have a similarly mediocre response to temporal lobectomy: fewer than
50% of patients are seizure free postoperatively.

 Cause versus Effect?

Sclerosis is defined as "cell loss and astro-glial proliferation." Regional sclerosis is
commonly associated with epilepsy. An enduring controversy surrounds the cause-and-
effect relationship between seizures and tissue sclerosis. Autopsy studies of individuals with
a life-long history of seizures reveal astroglial proliferation and cell loss (in excess of that
expected for the patients' age) in several different brain areas, particularly medial
temporal lobe, cerebellum, and thalamus. 63 Experimental seizures in animals result in
histologic changes of sclerosis in various brain areas, particularly the hippocampus.
11,62,65,81,82,88,90 Lobectomy specimens resected for surgical relief of seizures invariably reveal
white matter and cortical astrogliosis in areas of the brain that are distant from the actual
site of onset of the patient's typical seizures; these findings have led to the suggestion that
sclerosis is the result of repetitive seizures.

Conversely, sclerotic areas of the brain have been well-documented in humans to be the
source of seizures or be closely related to the site of habitual seizure onset by (1) direct
correlation between electric localization of seizure onset and sclerotic lesions by depth
electrode and subdural grid implantation and (2) observation of seizure elimination when
sclerotic lesions are resected.

It is accepted that mesial temporal sclerosis is responsible for producing seizures. Whether
the seizures originate within the hippocampus or surrounding medial temporal lobe
cortical regions, or require synergy between various medial temporal lobe areas, however,
is controversial. What is clear is that cell loss and astroglial proliferation do not produce
seizures by themselves. Synaptic reorganization, particularly involving the dentate hilus,
has been demonstrated with sophisticated staining techniques, and this is believed to be the
actual "cause" of recurrent seizures in mesial temporal sclerosis. 26, 65, 81, 82, 88-90

The origin of mesial temporal sclerosis remains obscure. It is felt by many to be due to
complicated febrile convulsions that occur during a specific window in early childhood
(about 3 months to 5 years of age). Calcium- mediated excitotoxic cell injury is believed to
be the primary noxious event that leads to this condition. 16, 62, 65, 81, 82, 90 Studies of newborn
and developing animals indicate that there may, indeed, be a window of vulnerability
during which the balance of glutamate receptors and intracellular calcium binding proteins
may render pathways in the hippocampal formation, particularly the dentate hilus,
vulnerable to excitotoxic injury.
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NEOCORTICAL SCLEROSIS DUE TO BRAIN INJURY

Sclerosis is the final common pathway of many brain insults, which can be grouped
conveniently into four major categories: (1) trauma, (2) infection, (3) inflammation, and (4)
infarction. Any of these four mechanisms may produce an area of brain necrosis, in which
death of all cell lines has occurred. Necrosis is typically surrounded, however, by an area of
sclerosis. Sclerosis, regardless of the causal mechanism, has a common MR appearance-
atrophy and signal change consistent with increased tissue-free water. In cases of trauma,
hemosiderin deposition in atrophic cortical tissue often occurs. The precise cause of
seizures in patients with post-brain injury sclerosis is unknown. Detailed studies of synaptic
reorganization have been performed for mesial temporal sclerosis but not for neocortical,
post-brain injury sclerosis. Response to resective surgery is not as uniformly favorable for
neocortical sclerosis as for mesial temporal sclerosis.

Figure 16. Neocortical sclerosis

Head trauma is recognized as a cause of focal onset epilepsy. The first cortical resection for
intractable epilepsy was performed by Victor Horsely in 1886 who resected a posttraumatic
cortical scar in a patient with a penetrating skull injury. 39 Seizures following head injury
are more likely if the injury results in a depressed skull fracture and especially if the dura
is penetrated. Head trauma accounts for a large portion of incident seizure disorders in
young adults.

Cerebral infarction is the most common etiology of new onset epilepsy in the elderly. At the
other end of the age spectrum, perinatal or neonatal vascular insults may produce areas of
cerebral infarction associated with seizures. Seizures are presumed to arise from gliotic
tissue at the periphery of the infarcted zone. Mechanisms of infarction in this age group are
diverse-embolic, secondary to infection, trauma, hypoxia, and hemorrhage. Although
perinatal hypoxia may be associated with cerebral infarction, it is not a cause of neuronal
migration disorders, which result from events between gestational weeks 7 and 16.

On a worldwide scale, infection is a much more common substrate of epilepsy than in
North America and Europe. In areas where cysticercosis is endemic, a significant
percentage of the population may be infected and seizures are the most common clinical

www.yassermetwally.com

Professor Yasser Metwally
www.yassermetwally.com

58



manifestation of neurocysticercosis. Tuberculomas are another common cause of seizures
in populations where the disease is prevalent.

Rasmussen's encephalitis, first described by Rasmussen in 1958. 74 also deserves special
mention. On imaging, the condition is characterized by slowly spreading cortical atrophy
and signal change that begins focally and spreads gradually. Although nonfatal, if
untreated it may spread to involve an entire hemisphere and invariably leads to severe
neurologic and intellectual impairment. Surgery is the only treatment known to be
effective. Because of the relentlessly progressive nature of this condition, radical surgical
procedures such as partial or complete hemispherectomies are often performed to halt the
anatomic spread and to control seizures. Seizures are a hallmark of the condition, and
patients often present with epilepsia partialis continua. This condition was previously
believed to represent slow, indolent viral encephalitis because of some microscopic changes
that were similar to viral infections; these changes include perivascular cuffing, glial
nodules, and microglial proliferation. A more recent theory suggests that Rasmussen's
encephalitis is actually an autoimmune phenomenon. More specifically, it has been linked
to an autoimmune response to the three subunit of the glutamate neurotransmitter."
Glutamate is the primary excitatory cerebral neurotransmitter and the relevant circulating
antibodies in affected persons (usually children) may hypersensitive, or primarily interact
with, the glutamate receptor.
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Figure 17. Rasmussen's encephalitis
with hemiatrophy and ventricular
dilatation

Figure 18. Rasmussen's encephalitis
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PRINCIPLES AND PROTOCOL OF MR IMAGING IN EPILEPSY

Several principles should be observed when devising an appropriate examination for a
patient referred for MR imaging with a chief complaint of seizures.

1. A standard protocol specifically tailored for epilepsy screening is advised. The
examination should, however, always be monitored by an attending radiologist.
Modification of the baseline, screening imaging sequences may be dictated by the clinical
presentation of individual patients or the findings observed on the baseline screening pulse
sequences.

2. The screening protocol examination should contain a pulse sequence with sufficient
spatial resolution to detect the most subtle alterations in cortical architecture found in
patients with epilepsy. The most subtle anatomic alterations in the author's experience that
must be detected are mild hippocampal atrophy and cortical thickening. For this reason, a
three-dimensional volumetric pulse sequence is highly recommended as an integral part of
an epilepsy screening MR imaging examination. A three-dimensional sequence typically
with 124 sections at 1.5 mm or 1.6 mm slice thickness will provide adequate spatial
resolution to detect the above abnormalities. Because of the near isotropic small voxel size,
these images can also be reformatted into any desired plane. This is particularly useful in
attempting to distinguish volume averaging of normal cortical gyration from a subtle
cortical dysplasia. The ability to reformat the images to correct for head rotation is also
crucial in accurately identifying unilateral hippocampal atrophy by visual inspection of the
images. If the patient's head is rotated in the coronal plane, a coronal cross-sectional image
will intersect the two hippocampi at different points along their anteroposterior axes, thus
making side-to-side comparison of hippocampal area extremely difficult.

3. The screening examination should also contain a pulse sequence with a sufficient T2
contrast-to-noise ratio to identify subtle areas of increased signal intensity. This is
particularly necessary in attempting to identify the subtle increased signal intensity which
is a typical finding in both Mesial temporal sclerosis and neocortical sclerosis. A study
comparing fast spin echo to conventional spin echo imaging found that the conventional
spin echo images were slightly more sensitive in detecting the signal alteration of mesial
temporal sclerosis; therefore, we do not employ fast spin echo imaging in our epilepsy
screening protocol. 44 A more recent development is fast fluid attenuated inversion
recovery imaging (FLAIR). 76 The contrast properties of this pulse sequence are ideal for
the detection of subtle areas of cortical tissue signal abnormality because the inversion time
is set to null the cerebrospinal fluid signal, whereas the echo time is long enough to provide
T2- weighting of parenchymal brain abnormalities. The lesion to background contrast and
dynamic range properties for detection of small cortically based epileptogenic lesions are,
therefore, superior with FLAIR compared with standard double echo pulse sequences. 14

4. A final principle that should be observed in designing a screening protocol is that the
majority of. epileptogenic lesions are located in the temporal lobe, with mesial temporal
sclerosis as the most common histologic substrate. The principal orientation axis of the
temporal lobe and hippocampus is in a variably oblique coronal plane. This means that
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both a three-dimensional volumetric and T2-weighted or FLAIR sequence should be
obtained either coronally, or better yet, obliquely perpendicular to the principal axis of the
hippocampal formation.

Our current protocol consists of a sagittal Tl-weighted set of spin echo images. This is used
to examine midline structures for standard diagnostic imaging purposes and for
subsequent landmarking. The second pulse sequence consists of an oblique coronal three
dimensional volumetric acquisition with 124 partitions and 1.6 mm slice thickness.
Although this oblique three-dimensional pulse sequence is not yet commercially available, a
standard orthogonal coronal three-dimensional volumetric sequence will suffice for
diagnostic purposes. The direct oblique acquisition provides more precise delineation of the
hippocampal boundaries. The third sequence is a coronal double spin echo sequence, and
the fourth is a coronal fast FLAIR sequence. Additional sequences may be necessary for
individual patients. Although an axial sequence is not part of our baseline protocol, axial
images may be helpful in evaluating extratemporal lesions. They are particularly useful in
patients with a perirolandic epileptogenic lesion, as the relationship between the lesion and
central sulcus may be identified directly.
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 INTRODUCTION

INTRODUCTION

The epilepsies are common serious diseases of the brain, with an age adjusted prevalence of
4–8/1000 and an annual incidence of 20–50/100 000 in developed countries. Modern
neuroimaging is central to the assessment of patients with epilepsy and has dramatically
modified their management. Magnetic resonance imaging (MRI) can identify substrates
underlying epilepsy, and guide clinicians in the determination of treatment and prognosis.
The use of x ray computed tomography (CT) has been diminished by the superior
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sensitivity and specificity of MRI. The results of all imaging studies should be correlated
with clinical and neurophysiological data.

Epilepsies and epileptic syndromes are classified into focal and generalised. Seizures of
focal origin begin in a specific cerebral area or network, most commonly in the temporal
lobes. Focal epilepsies comprise 40–60% of all newly diagnosed cases. Up to 30% of these
patients develop intractable epilepsy despite antiepileptic drug treatment. In patients with
chronic intractable temporal lobe epilepsy (TLE) surgical treatment with removal of the
epileptogenic lesion is vastly superior to medical treatment. Results in extratemporal
epilepsy have been less favourable, particularly if there is not a discrete underlying
structural abnormality. Therefore, visualisation of lesions that give rise to focal epilepsy
and identification of patients who are suitable for surgical treatment are important goals in
the imaging of epilepsy.

CT SCAN IMAGING

In the modern imaging of epilepsy CT is supplementary. CT is useful in acute situations
when the suspected underlying cause of seizures is a neurological insult such as
intracerebral haemorrhage, or abscess, and MRI is not readily available or cannot be
acquired. Focal cortical calcifications can be identified with CT, and scanning may provide
complementary information for the diagnosis of tuberous sclerosis and Sturge-Weber
syndrome. CT is not as sensitive or specific as MRI in identifying common epileptogenic
abnormalities, such as small tumours, vascular malformations, malformations of cortical
development (MCD), and lesions in the medial temporal lobe. Thus, CT should not be a
first line investigation for epilepsy, when MRI is the modality of choice, unless there are
contraindications to MRI, such as a cardiac pacemaker or cochlear implants.

MAGNETIC RESONANCE IMAGING

 Indications

In general, all patients who develop epilepsy or whose chronic epilepsy has not been fully
assessed should be investigated with MRI. In patients with newly diagnosed epilepsy, MRI
may identify an epileptogenic lesion in 12–14%, but up to 80% of the patients with
recurrent seizures have structural abnormalities evident on MRI. MRI is not required in
patients with a definite electroclinical diagnosis of idiopathic generalised epilepsy, or
benign childhood epilepsy with centrotemporal spikes, who go into early remission. Table 1
summarises the situations in which obtaining MRI is particularly important. If access to
MRI is limited, essential indications for scanning are evidence of progressive neurological
deficit and intractable focal seizures.
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Table 1 Indications for magnetic resonance imaging (MRI) in patients with epilepsy.
Source: International League Against Epilepsy, 1997

1 Focal onset of seizures

2 Onset of generalised or unclassified seizures in the first year of life, or in adulthood

3 Focal deficit on neurological or neuropsychological examination

4 Difficulty in obtaining seizure control with first line antiepileptic drugs

5 Loss of seizure control or change in the seizure pattern

 Patients with intractable epilepsy evaluated for surgery

All patients with intractable epilepsy considered for surgery should undergo high
resolution structural MRI as success of the operative treatment is directly related to the
ability to localise precisely the region of seizure onset and underlying structural
abnormalities. Since a structural abnormality does not necessarily indicate the site of
seizure origin, clinical, electroencephalogram (EEG), and other data need to be correlated
with imaging. MR based functional imaging methods, positron emission tomography (PET)
and single photon emission computed tomography (SPECT) can provide additional
information and assist in generating hypotheses for invasive EEG if structural imaging is
normal or equivocal, shows diffuse abnormalities, or if there is discordance between
different modalities. Postoperative MRI is useful to identify the extent of a cortical
resection or the presence of residual pathology, particularly if seizures continue after
surgery.

 Techniques

The sensitivity of MRI for detecting abnormalities depends on the pathological substrate,
the MRI techniques applied, and the experience of the interpreting physician. A routine
optimal MRI protocol should include T1 and T2 weighted, proton density and fluid
attenuated inversion recovery (FLAIR) sequences. These contrasts need to be acquired in
at least two orthogonal planes covering the whole brain, using the minimum slice thickness
possible. An oblique coronal plane, orientated perpendicular to the long axis of the
hippocampus, gives the best definition of medial temporal lobe structures. In general, T1
weighted images give the best definition of the anatomy and differentiate grey and white
matter, while T2 weighted images provide high sensitivity for detecting pathology in the
brain. A three dimensional T1 weighted volume sequence with a partition size of 1.5 mm or
less should be included as these images may be reformatted in any orientation and used for
post-acquisition processing such as measuring hippocampal volumes. FLAIR imaging
produces heavy T2 weighting and suppresses signal from cerebrospinal fluid (CSF). This
provides high lesion contrast in areas close to CSF and enables anatomical detail to be seen
with greater conspicuity than with conventional T2 weighted sequences. Gadolinium does
not improve the sensitivity of MRI in patients with epilepsy, but may be useful to
characterise intracerebral lesions associated with breakdown of the blood–brain barrier.
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Visual assessment of all images should be carried out in the knowledge of the clinical
situation by a neuroimaging specialist who has expertise in the imaging of epilepsy. A
systematic approach to image reporting is essential, in addition to identification of obvious
lesions, as dual pathology is not uncommon. It is important to search for subtle cortical
abnormalities, including focal atrophic abnormalities and dysplastic lesions without mass
effect, and to evaluate the hippocampi regardless of other MR findings. Thick image slices,
rotated orientation, and the presence of normal anatomical variation make visual
assessment more difficult and increase the risk of misdiagnosis.

 Epileptogenic substrates

In developed countries hippocampal sclerosis (HS) and malformation of cortical
development (MCD) are the most common identified structural causes of intractable
seizures, followed by vascular malformations, tumours and post-traumatic, inflammatory
or ischaemic lesions.

o Hippocampal sclerosis

Hippocampal sclerosis is characterised by neuronal cell loss and gliosis in CA1, CA3, and
dentate hilus subfields of the hippocampus, and can be reliably identified with MRI. The
hippocampus is best visualised by acquiring thin slices (1–3 mm) orthogonal to its long axis.
The primary MRI features of HS are hippocampal atrophy, demonstrated with coronal T1
weighted images, and increased signal intensity within the hippocampus on T2 weighted
images (fig 1). Additionally, decreased T1 weighted signal intensity and disruption of the
internal structure of the hippocampus may be present. Other MRI abnormalities
associated with hippocampal damage include atrophy of temporal lobe white matter and
cortex, dilatation of the temporal horn, and a blurring of the grey-white border in the
temporal neocortex. Atrophy of the amygdala and entorhinal cortex variably accompany
hippocampal damage but may also occur in patients with TLE and normal hippocampi.
FLAIR images provide an increased contrast between grey and white matter, and facilitate
differentiation of the amygdala from the hippocampus.

www.yassermetwally.com

Professor Yasser Metwally
www.yassermetwally.com

72



Figure 1 Left hippocampal
sclerosis (3.0 T MRI). (A)
Inversion recovery prepared
(IRprep) T1 weighted
acquisition showing an
atrophic hippocampus (on
right of image: arrow). (B) T2
weighted fluid attenuated
inversion recovery (FLAIR)
image demonstrating
increased T2 weighted signal
within the sclerotic
hippocampus. (C) Early echo
image from dual echo data
(TE 30 ms). (D) Later echo
image from the same dual
echo data (TE 120 ms).
Hippocampal T2 relaxation
times may be obtained using
the data from the dual echo
sequence.

 Quantitative analysis of HS

Visual assessment may reliably detect hippocampal volume asymmetry of more than 20%;
however, lesser degrees of asymmetry require quantitative volumetric analysis. The use of
contiguous thin slices increases the reliability of measurements and permits localisation of
atrophy along the length of the hippocampus. It is necessary to correct hippocampal
volumes for intracranial volume to identify symmetrical bilateral atrophy. Hippocampal
volume reduction correlates with the severity of neuronal cell loss. Patients with unilateral
hippocampal volume loss, no other imaging abnormality, and concordant clinical and EEG
data have more than 70% chance of an excellent surgical outcome.

Quantification of T2 relaxation time is another objective way to assess hippocampal
damage. The advantage of this technique is that hippocampal T2 (HT2) times are absolute
values, which can be compared against control values. Increased HT2 reflects underlying
gliosis and neuronal loss. HT2 prolongation also correlates with hippocampal volume loss.
Both volumetry and T2 relaxometry techniques can be applied for identifying subtle
amygdala pathology. Volumetric studies of the entorhinal cortex may identify occult
damage ipsilateral to the seizure focus that is not evident on visual inspection.

o Malformations of cortical development
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There are a wide range of focal and generalised malformations. In focal cortical dysplasia
(FCD) the key MRI findings are focal cortical thickening, simplified gyration, blurring of
the cortical–white matter junction, and T2 prolongation in the underlying white matter,
that often forms a cone tapering towards the lateral ventricle. Focal cortical dysplasia
commonly involves the frontal lobe and, on occasion, co-exists with hippocampal sclerosis,
giving rise to dual pathology. Complete surgical removal of FCD is accompanied by a high
remission rate, but may be technically difficult and the epileptogenic zone may be more
extensive than the abnormal area visible on MRI.

Several gene mutations have been identified underlying lissencephalies resulting in
characteristic MRI patterns of agyria/pachygyria. In heterotopias, collections of normal
neurons are situated in abnormal locations: subependymally (fig 2), subcortically, or
diffusively (band heterotopia). Band heterotopia is an example of a generalised MCD that
may be present in patients with mild epilepsy and normal intellect. The abnormalities may
be subtle and only be apparent if optimal MRI techniques are used.

Figure 2 Subependymal
heterotopia on the right
(arrow) in coronal IRprep
T1 weighted image (3.0 T
MRI). Nodules isointense
to grey matter are shown
in the wall of the lateral
ventricle.

Polymicrogyria with excessive number of small and prominent convolutions is a frequently
identified MCD that develops secondary to abnormal late migration. Several syndromes of
region specific symmetric polymicrogyria have been reported, and some have been linked
to specific genetic loci. Schizencephaly (cleft brain) is often found in MRI in conjunction
with polymicrogyria.
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o Primary brain tumours

Patients with low grade primary brain tumours frequently have focal seizures as a
presenting symptom. Underlying histopathologies include dysembryoplastic neuroepithelial
tumours, ganglioglioma, gangliocytoma, and pilocytic and fibrillary astrocytoma. Most
lesions have low signal on T1 and high signal on T2 weighted images, and are not usually
associated with vasogenic oedema. Complete resection of the neoplasm and overlying
cortex results in successful control of seizures in most cases. Dysembryoplastic
neuroepithelial tumours are benign developmental tumours with features of a focal,
circumscribed cortical mass that may indent the overlying skull (fig 3). Cyst formation and
enhancement with gadolinium may occur. Calcification is present in some cases and may be
more readily demonstrated with CT. Confident differentiation from low grade
astrocytomas and gangliogliomas is not possible by MRI.

Figure 3 Dysembryoplastic neuroepithelial tumour on
the left (coronal 3.0 T MRI). (A) T2 weighted FLAIR
image. (B) Dual echo late echo image (TE 120). The
images show a circumscribed multicystic mass with
hyperintense signal in the region of the left amygdala.

o Vascular malformations

Cavernous haemangiomas (cavernomas) carry a good surgical prognosis, with 70% of the
patients being seizure-free after removal of the lesion. Cavernous haemangiomas are
circumscribed and have the characteristic appearance of a range of blood products on MRI
(fig 4). The central part contains areas of high signal on T1 and T2 weighted images,
reflecting oxidised haemoglobin, with darker areas on T1 weighted images caused by
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deoxyhaemoglobin. The ring of surrounding haemosiderin appears dark on a T2 weighted
image. Up to 50% of cavernous malformations are multiple, and may occur on a familial
basis. Arteriovenous malformations with high blood flow have a different and distinctive
appearance with a nidus, feeding arteries, and draining veins.

Figure 4 Cavernoma on the left (coronal 3.0 T MRI). (A)
IRprep T1 weighted image. (B) T2 weighted FLAIR
image. Both acquisitions demonstrate heterogeneous
hyperintense signal caused by blood products in different
stages of evolution, surrounded by a rim of low signal
intensity from haemosiderin.

o Acquired damage

Focal or diffuse cortical damage can develop as a consequence of trauma, infarction, or
infection of the central nervous system. Cerebrovascular disease associated with epilepsy is
particularly common in older age groups. Worldwide, neurocysticercosis (fig 5) and
tuberculomas are the most common causes of intractable focal epilepsy. These lesions have
typical appearances on MRI that evolve with time and which, unless calcified, may resolve.
MRI has a prognostic value in identifying and characterising the lesions.
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Figure 5 Cysticercosis. (A) Multiple ring enhancing lesions with surrounding oedema
represent the inflammatory reactive stage of cysticercosis on this contrast enhanced T1
weighted axial image. (B) Corresponding CT scan shows calcification of these lesions. (C)
In a different patient, the only MR abnormality was the punctuate signal void (arrow) in
the right frontal lobe on this proton density weighted image. This was surgically proven to
represent a calcified granuloma due to cysticercosis that caused chronic epilepsy.

 Serial MRI studies of structural brain changes in epilepsy

Longitudinal quantitative MRI studies provide a tool for the study of structural changes
over time to determine the effects of epilepsy on the brain. A longstanding unanswered
question in epilepsy research is whether focal or secondarily generalised seizures cause
irreversible neuronal injury. Previous cross sectional MRI studies have inferred that more
severe hippocampal damage is associated with a longer duration of epilepsy and a greater
number of seizures. Longitudinal studies, however, are necessary to ascribe cause and
effect. Changes in both hippocampal volume and T2 relaxation time have been found in
serial MRI studies following prolonged early childhood convulsions. Neocortical,
hippocampal, and cerebellar volume loss have been reported in follow up studies of adult
patients with chronic epilepsy, implying that secondary brain damage may occur. The aims
of future longitudinal studies are to identify those patients at risk of progressive damage
and to develop surrogate markers of outcome for assessing the efficacy of disease
modifying drugs.

 Novel MRI techniques

The sensitivity of MRI can be enhanced by new data acquisition and processing techniques.
Image processing such as analysis of the texture, curvilinear reformatting, and three
dimensional reconstruction of the neocortex may help to identify abnormal gyral patterns
or subtle FCDs. Voxel based morphometry provides an automated quantitative analysis of
the distribution of grey and white matter and may be applied to individuals, and to groups
of patients. The technique has demonstrated neocortical grey matter abnormalities in TLE
patients with hippocampal atrophy and in patients with juvenile myoclonic epilepsy. Newly
developed MRI contrasts magnetisation transfer imaging, fast FLAIR T2, double inversion
recovery and diffusion tensor imaging analysed with the voxel based approach are sensitive
for detecting both developmental and acquired lesions in epilepsy, and identify focal
abnormalities in some patients with refractory focal epilepsy and unremarkable
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conventional MRI scans. When used in combination these techniques may enable
successful presurgical assessment for a greater number of patients with intractable
epilepsy.

Diffusion weighted imaging (DWI) can detect areas of reduced diffusivity co-localising with
the electroclinical seizure focus in patients with focal status epilepticus. Postictal imaging
has also demonstrated decreases in diffusion after single short seizures. The observed
changes are thought to reflect cellular swelling in the areas of seizure onset and spread.
Diffusion tensor imaging (DTI) is a development of DWI, which allows better delineation of
the magnitude of diffusion as well as identifying the principal direction of diffusion in any
voxel. DTI maps can be used to identify nerve fibre tracts through the brain and to
demonstrate the structural basis of connectivity between brain regions. In patients being
considered for surgery, tractography can be used to map the optic radiation and the
connections of eloquent areas in vivo, in order to minimise the risk of causing a deficit.
Continuous arterial spin labelling perfusion MRI assesses cerebral blood flow and can
detect asymmetries in interictal mesial temporal lobe perfusion in patients with TLE. The
technique is potentially a further useful non-invasive tool for investigation of both interictal
and ictal states. If a patient is restless and can only tolerate short studies the new ultra fast,
low angle rapid acquisition and relaxation enhancement may be a useful sequence.

Improved gradient performance is anticipated to improve speed and spatial resolution.
Phased array surface coils improve signal-to-noise ratio in superficial cortex and
hippocampal regions and this also leads to improved spatial resolution. Imaging at high
field strengths may also improve spatial resolution and 3T MRI scanners are now available
as clinical instruments.

 Functional magnetic resonance imaging

Functional MRI (fMRI) offers a tool for visualising regional brain activity. The areas
detected with changes in blood oxygenation level dependent (BOLD) contrast reflect local
changes in the ratio of deoxy- and oxyhemoglobin that occur during cognitive, sensory, and
other tasks and allow the mapping of neural networks involved in the performance of these
tasks. The most important clinical application of fMRI is in the localisation and
lateralisation of cognitive functions of epilepsy patients evaluated for surgery in order to
minimise the risk of causing a fixed deficit. Non-invasive fMRI has excellent spatial
resolution and can be repeated as often as indicated. However, the studies require patient
cooperation, both in performing tasks and limiting motion. For preoperative fMRI, it is
important to choose activation procedures that are appropriate tests of function in the area
of brain to be resected.

o Language

Functional MRI provides a reliable way to lateralise language dominance. There may be
considerable plasticity of language representation in the brains of epilepsy patients.
Functional MRI has indicated that a high proportion (33%) of intractable left TLE
patients have bilateral or right hemispheric language related lateralisation. When used for
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the purpose of lateralisation of language, fMRI eliminates the need for invasive
intracarotid amobarbital test (IAT) in 80% or more of patients. Overt disagreement
between the IAT and fMRI is uncommon, although some discrepancy should be expected
because of fundamental differences in the nature of the methods. A series of related tests,
such as verbal fluency and language comprehension, should be performed for functional
language mapping. Functional MRI reading tasks can identify language dominance in
frontal and temporal areas. While current paradigms may indicate cerebral areas involved
in receptive and expressive language functions, these data cannot at present be used to
reliably guide surgical excision to minimise risk to language function. It cannot be assumed
that all activated areas are crucial for language functions, or that areas that do not activate
are not functionally important.

o Memory

In addition to language, the assessment of memory functions dependent on the
hippocampus is critical for planning anterior temporal resection. Functional MRI imaging
of memory encoding and retrieval paradigms demonstrate that a wide range of stimuli can
cause activation in mesial temporal structures. In normal individuals a verbal memory
encoding task involves activation of the left hippocampus, whereas in patients with left
hippocampal sclerosis the task is associated with reorganisation of activation to right
hippocampus and parahippocampal gyrus. It is likely that fMRI with memory paradigms
will be incorporated into the presurgical assessment in the coming years to minimise the
adverse cognitive sequelae of anterior temporal lobe resection, and will result in less use of
the IAT.

o Sensory and motor

Sensory and motor tasks are the most reliable and reproducible of fMRI paradigms. They
may be used to identify sensorimotor cortex when planning frontal or parietal neocortical
resections.

o Seizure foci

Ictal fMRI recordings are very difficult to obtain and are usually confounded by
movement, but fMRI can be used to localise interictal epileptic activity. Technical
developments enable simultaneous acquisition of EEG and fMRI data, and recent EEG-
fMRI studies have shown reproducible BOLD activations concordant with EEG focus.
Interictally spike related activation has been demonstrated in the perisylvian central region
in benign childhood epilepsy with centro-temporal spikes. Further, bilateral activation of
thalami and widespread cortical deactivation with a frontal maximum can be found in
patients with idiopathic generalised epilepsy. Reflex epilepsies with induced seizure activity
provide opportunities to image generators of interictal activity and the propagation of ictal
activity. EEG-fMRI may aid EEG interpretation and understanding of the
pathophysiological basis of epileptic activity. However, the approach must be evaluated
and validated before being used clinically.
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 Magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) provides measurements of specific brain
metabolites. Spectra are most commonly acquired from nuclei 1H and 31P using either
single voxels or chemical shift imaging. Metabolites that are detectable with 1H MRS
include N-acetylaspartate (NAA), choline, creatine, lactate, -aminobutyric acid (GABA),
and glutamate. Compared to 31P MRS measuring phosphorus containing compounds, 1H
MRS has greater signal-to-noise ratio and better spatial resolution, and it is also more
easily carried out with MRI in a single examination. There is evidence that NAA is located
primarily within neurons and precursor cells. Creatine and choline are found in both
neurons and glia. Accurate definition of brain anatomy and the identification of structural
abnormalities with MRI are necessary for the interpretation of MRS.

o Temporal lobe epilepsy

1H MRS lateralises the seizure focus in up to 80–90% of the TLE patients. Patients with
hippocampal sclerosis show a decrease in NAA and increases in choline, creatine, and myo-
inositol signals ipsilaterally. Low hippocampal NAA together with elevated glutamate +
glutamine values have also been reported in patients with normal MRI. Twenty to fifty five
per cent of patients with unilateral TLE have bilateral temporal abnormalities in 1H MRS.
Low NAA values have also been found in extratemporal neocortex in TLE. These
widespread changes suggest that MRS abnormalities reflect cellular dysfunction—not
merely neuronal loss or gliosis.

The role of 1H MRS in predicting outcome of temporal lobe epilepsy surgery is not clear.
Bilateral metabolic changes have been associated with poor outcome in TLE, especially if
the preoperative contralateral abnormality is greater than the ipsilateral one. Metabolic
abnormalities detected in 1H MRS may be transient and normalisation of the contralateral
NAA can occur postoperatively in seizure-free patients.

o Extratemporal epilepsy

Frontal lobe epilepsy is associated with altered metabolic spectra with reduced
NAA/creatine or NAA/choline ratios ipsilateral to the seizure focus. Thus 1H MRS may
help to lateralise a frontal focus in MRI negative patients. Bilateral abnormalities may be
detected in FLE patients with unilateral focal EEG findings, and the clinical significance of
this is less clear. It has been demonstrated that different types of MCDs show different
degrees of decrease of NAA. 1H MRS may also reveal metabolic abnormalities in the areas
extending at a distance from the lesion and not evident on MRI. It is not certain whether
this reflects more widespread pathology that is not evident on MRI, or is a functional
consequence to an epileptic focus. Decreasing NAA has been correlated with increasing
seizure frequency in FLE, suggesting that seizures are associated with neuronal
dysfunction or loss.

o Generalised epilepsies
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1H MRS studies in patients with idiopathic generalised epilepsy have provided evidence of
thalamic dysfunction. A negative correlation has been found between NAA/creatine and the
duration of epilepsy, and a relation between frequent generalised tonic-clonic seizures and
low thalamic NAA concentrations. 1H MRS also shows reduced frontal lobe concentrations
of NAA in patients with juvenile myoclonic epilepsy.

o Postictal MRS

Increased lactate and inorganic phosphate and decreased intracellular pH and
phosphomonoesters have been detected peri- and postictally at the side of seizure focus.
Elevation of lactate may last for a few hours after complex partial seizures and could
therefore constitute a marker for the ictal zone. Lactate and choline increase and NAA
decreases focally during prolonged non-convulsive seizures.

o MRS studies of neurotransmitters

Low concentrations of GABA, the principal inhibitory neurotransmitter of brain, and
homocarnosine have been detected using 1H MRS in the occipital lobes of patients with
frequent complex partial seizures. Higher concentrations of homocarnosine are associated
with better seizure control in both patients with complex partial seizures and with juvenile
myoclonic epilepsy. Numerous studies have reported an elevation of brain GABA
concentrations after administration of vigabatrin, gabapentin, and topiramate.

Changes in glutamate, the main excitatory neurotransmitter of the cortex, play an
important role in the control of cortical excitability. Hippocampal specimens obtained at
temporal lobectomy show increased intracellular glutamate content using 1H MRS.
Increases in glutamate and glutamine concentrations have also been measured after focal
motor status epilepticus.

In summary, 1H MRS may assist for lateralisation of the epileptic focus in TLE. The zone
of altered metabolism extends beyond the structural and electrographic abnormalities, and
may allow detection of pathologies in patients with normal MRI. Measurements of cerebral
neurotransmitters, particularly GABA, glutamate, and glutamine, provide important
information on the mechanisms related to epilepsy, as well as modes of action of
antiepileptic drugs. Rapid developments in MR technology will improve spectral resolution
and facilitate the investigation of metabolic dysfunction in epilepsy.

 Single photon emission computed tomography

Single photon emission computed tomography (SPECT) is a nuclear medicine imaging
method that allows measurements of regional cerebral blood flow changes in the areas
affected by epileptic activity. Radioligands principally used in SPECT studies are 99mTc-
hexamethyl-propylenamine oxime (99mTc-HMPAO) and technetium-99mTc-cysteinate
dimer (ECD, bicisate). Currently available stabilised forms of 99mTc-HMPAO and ECD
are stable in vitro for several hours, whereas unstabilised 99mTc-HMPAO needs to be
reconstructed immediately before intravenous injection. Seventy five per cent of 99mTc-
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HMPAO is extracted across the blood–brain barrier, reaching peak concentrations within
one minute after injection. The images can then be acquired up to six hours after tracer
injection. Both ictal and postictal SPECT studies should be performed during simultaneous
video-EEG monitoring to determine the relation between seizure onset and tracer injection.
Interictal SPECT images serve as a reference baseline study for the interpretation of ictal
images.

o Temporal lobe epilepsy
 Ictal

Ictal 99mTc-HMPAO SPECT is highly sensitive and specific in localising seizure onset in
intractable TLE. Correct localisation of complex partial seizures may be achieved in over
90% of TLE patients. The use of subtraction ictal SPECT co-registered to MRI (SISCOM)
improves the rate of localisation, and is particularly useful in patients with MCDs, or if
there is no apparent lesion in the MRI. A characteristic pattern observed in temporal lobe
seizures is an initial hyperperfusion of the temporal lobe, followed by medial temporal
hyperperfusion and lateral temporal hypoperfusion. Analysis of ictal SPECT data with
statistical parametric mapping (SPM) has shown more widespread activations in the
cortico–thalamo–hippocampal–insular network of TLE. Hypoperfusion observed in the
anterior frontal cortex may reflect ictal inhibition or deactivation.

Postictal SPECT injections are easier to perform than ictal injections, but the images are
more difficult to interpret and have lower sensitivity and specificity. Temporal lobe
seizures are correctly localised in 70% of the patients with postictal SPECT. The problem
of seizure propagation and non-localisation caused by an early switch from ictal
hyperperfusion to postictal hypoperfusion may be helped by setting up self injection or
automated injection systems to facilitate early ictal injections.

o Interictal

TLE patients show circumscribed hypoperfusion in interictal SPECT performed with
99mTc-HMPAO or with other cerebral blood flow ligands. The method is only moderately
sensitive in localising a temporal lobe seizure focus (40–50% correct localisation), has a
relatively high false positive rate, and in consequence is not clinically useful as a stand
alone test.

o Extratemporal epilepsy
o Ictal

Extratemporal seizures are often brief and it is therefore difficult to obtain an ictal
recording. If true ictal 99mTc-HMPAO SPECT is obtained, accurate localisation of an
extratemporal seizure focus may be possible in 90% of the cases using the SISCOM
technique. Ictal SPECT demonstrates ipsilateral frontal hyperperfusion in FLE.
Activations may also be detected in the ipsilateral basal ganglia and contralateral
cerebellum. The method provides additional information in patients with unrevealing EEG
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and MRI results, and can also be used to study the blood flow changes underlying specific
clinical features observed in extratemporal seizures.

Postictal injections in extratemporal epilepsy are of limited localising value. Compared to
the ictal studies the yield of postictal SPECT studies is much lower (correct localisation in
46%), and usually only very early postictal studies are diagnostic. Interictal SPECT is an
insensitive method for localising extratemporal foci.

In conclusion, ictal SPECT provides a complementary method for localisation of the
seizure focus in patients with intractable focal epilepsy evaluated for surgical treatment.
The investigation may be particularly valuable in patients with normal MRI and presumed
extratemporal seizures in order to generate a hypothesis that may then be tested with
intracranial EEG recordings.

 Positron emission tomography
o 18F-deoxyglucose (FDG) and 15O-water (H215O)

Positron emission tomography (PET) maps cerebral glucose metabolism using 18F-
deoxyglucose (18FDG) and cerebral blood flow using 15O-labelled water. Interictally PET
shows areas of reduced glucose metabolism and blood flow that usually include the seizure
focus but are more extensive. Regional hypometabolism is best analysed with co-
registration of PET scans to MR images. Voxel based SPM has been shown to be useful in
clinical evaluation of the data, and quantitative analysis with correction for partial volume
effects further improves the accuracy of the method. The spatial resolution of quantitative
18FDG-PET is superior to SPECT or MRS. Ictal 18FDG-PET scans are difficult to obtain
because cerebral uptake of 18FDG occurs over 40 minutes after injection. Ictal 15O-H2O is
problematic, because of the short half life of 15O and unpredictable timing of seizure
onsets.

 Temporal lobe epilepsy

18FDG-PET detects interictal glucose hypometabolism ipsilateral to the seizure focus in
60–90% of TLE patients. Unilateral or asymmetric bilateral diffuse regional
hypometabolism usually extends mesiolaterally in the temporal lobe. Some patients also
have changes in extratemporal cortical areas or in the basal ganglia or thalamus. 18FDG-
PET has some additional sensitivity over optimal, volumetric MRI but does not provide
clinically useful information if hippocampal atrophy is present. 15O-H2O studies generally
show hypoperfusion in the same areas as glucose hypometabolism, but are less sensitive
and associated with more frequent false lateralisation.

18FDG-PET is more useful for lateralising than localising the epileptic focus. The
sensitivity of the method differs according to the nature of underlying lesion, if any.
Patients with hippocampal sclerosis have low glucose metabolism in the whole temporal
lobe, while patients with mesiobasal temporal tumours show only a slight decrease in
metabolism. Similar or elevated metabolic activity, compared to normal grey matter, has
been detected in MCDs such as heterotopia. The metabolic pattern may be different in
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patients with mesial or lateral temporal seizure onset, but no clear correlation has been
found between the degree of hypometabolism and the location of the epileptic focus.

Hippocampal sclerosis with neuronal cell loss and gliosis is the primary underlying cause of
glucose hypometabolism in mesial TLE. Reduced glucose consumption has also been
described in patients with mild or no hippocampal damage, suggesting that neurons are
functioning with decreased synaptic activity. There have been few studies of newly
diagnosed patients with TLE. In children with new onset temporal lobe seizures,
hypometabolism is found in only 24% of the cases, whereas 80–85% of adults with
intractable TLE have low glucose utilisation in the temporal lobe.

Unilateral focal temporal hypometabolism in 18FDG-PET predicts a good outcome of
surgery for TLE. However, absence of reduced metabolism unilaterally does not preclude a
favourable outcome. Symmetric, bilateral temporal hypometabolism is associated with
higher incidence of postoperative seizures as are areas of severe extratemporal cortical, or
thalamic hypometabolism. Postoperative increases have been found in inferior frontal and
thalamic metabolism indicating that seizures may have a reversible effect on brain areas
connected with the epileptic focus.

 Extratemporal epilepsy

18FDG-PET has lower sensitivity for lateralisation of epileptic foci in extratemporal
epilepsies than in TLE. The areas of decreased glucose metabolism are also less frequently
well localised. Sixty per cent of patients with FLE show regional hypometabolism with
18FDG-PET, and a relevant underlying structural pathology is found on MRI in 90% of
them. The area of hypometabolism may be either diffuse or widespread, or restricted to the
co-localising MRI lesion. Statistical parametric mapping improves the diagnostic yield of
18FDG-PET, and assists the planning of implantation of intracranial electrodes in some
intractable FLE patients with non-localising MRI or scalp EEG. In the majority of patients
with FLE, however, 18FDG-PET does not appear to provide additional clinically useful
information.

In summary, the place of interictal 18FDG-PET is in determining the lateralisation of
epileptic focus, especially in the presurgical assessment of patients where there is not good
concordance between MRI, EEG, and other data, in order to generate a hypothesis to be
tested with intracranial EEG recordings. Developments in MRI have reduced the need of
18FDG-PET for localisation of an epileptic focus.

 PET studies of specific ligands

PET may be used to demonstrate the binding of specific ligands—for example, 11C-
flumazenil (FMZ) to the central benzodiazepine-GABAA receptor complex (cBZR), 11C-
diprenorphine and 11C-carfentanil to opiate receptors, and 11C-deprenyl to MAO-B. The
technique is costly and scarce, but gives quantitative data with superior spatial resolution
to SPECT.
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o GABAA–benzodiazepine receptors: flumazenil

11C-flumazenil (FMZ) is a useful marker of the GABAA–central benzodiazepine receptor
(cBZR) complex.

 Temporal lobe epilepsy

11C-FMZ-PET detects abnormalities in 11C-FMZ binding in over 90% of intractable TLE
patients evaluated for surgery. The area of decreased 11C-FMZ binding is often smaller
than that of glucose hypometabolism. In clinical terms, 11C-FMZ PET may be superior to
18FDG PET for the localisation of epileptic focus but does not provide additional useful
information in the presurgical evaluation of patients with clear cut MRI findings of
hippocampal sclerosis. 11C-FMZ PET also detects abnormalities in the medial temporal
lobe of TLE patients with normal MRI. Potentially surgically useful reductions in
hippocampal or extrahippocampal 11C-FMZ binding have been found in 47% of MRI
negative TLE patients.

o Extratemporal epilepsy

Studies of extratemporal epilepsy patients including those with normal MRI have indicated
that surgically useful abnormalities of 11C-FMZ binding can be found in half of the cases.
In addition to decreased 11C-FMZ binding, focal increases have been reported in MRI
negative patients possibly indicating an occult developmental lesion. In patients with MCD
11C-FMZ abnormalities frequently extend beyond the visible MRI lesion which could
explain why surgical treatment of MCD is less successful than treatment of discrete lesions.

o Other PET tracers

The opioid system can be investigated with 11C-carfentanil, 11C-methylnaltrindole, and
11C-diprenorphine and the serotonin system with -[11C]methyl-L-tryptophan
([11C]AMT). These PET tracers provide interesting research data, but are not currently
applied in clinical practice.

In summary, PET offers a tool for investigating neurochemical abnormalities associated
with epilepsies. The method is an important research tool and can be useful in selected
clinical situations, especially when there is not good concordance between MRI, EEG, and
other data. Further ligands, particularly tracers for excitatory amino acid receptors,
subtypes of the opioid receptors and the GABAB receptor, will improve the
characterisation of different epileptic syndromes.
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 INTRODUCTION

INTRODUCTION

Peri- and postictal changes on both anatomic and functional imaging examinations have
been recognized for many years. With the wide availability of magnetic resonance imaging
and positron emission tomography, a growing range of recognized acute imaging findings
have been described. peri-ictal and postictal findings can be classified as either local or
remote, with respect to the site of maximal ictal EEG abnormality. Although many of the
findings described are reversible, the factors that determine whether findings will resolve
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are incompletely understood. This article considers the range of findings that have been
described, places them into the context of known or hypothesized pathophysiologic
mechanisms, and considers their clinical significance. A framework is proposed for
considering the relation between ictal duration and severity, the characteristics of imaging
abnormalities, and the mechanism of their underlying pathophysiology.

Peri-ictal changes on anatomic and functional imaging studies have been recognized by
clinicians since the early days of the computed tomography (CT) scan era (1). Patients with
focal seizures were occasionally found to have effacement of gyral markings and diffuse
patchy contrast enhancement on CT, usually colocalized with the presumed source of the
ictal activity, and sometimes associated with apparent Todd's paralysis. These findings,
which were sometimes mistakenly interpreted as evidence of an underlying brain tumor,
typically resolved over hours or days, often to the embarrassment of the admitting
physician. With the advent of [18 F]fluorodeoxyglucose positron emission tomography
(FDG-PET) scanning, occasional studies demonstrated hypermetabolism of glucose in
patients who had fortuitous focal seizures during the period of tracer uptake (Figure 1A).
In some patients, repeated studies obtained during interictal periods demonstrated local
hypometabolism reflecting the disordered function of neuronal networks in the region of
the epileptic focus.

With the widespread availability of magnetic resonance imaging (MRI), sometimes in
emergency department settings, a growing range of peri-ictal imaging findings have been
described. In this article, I outline an approach to classifying these findings, and I consider
their clinical significance and potential pathophysiologic basis. For this discussion, we
consider findings on imaging studies that arise during or immediately after seizures, and
we refer to this period as "peri-ictal."

CLASSIFICATION OF PERI-ICTAL IMAGING FINDINGS

Peri-ictal imaging changes may occur in the region of the epileptic discharge (local) or in
distant structures (remote). Some of the findings that have been described are listed in
Table 1. Each of these findings may be reversible or irreversible.

Table 1. Classification of Peri-ictal imaging abnormalities
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 Remote peri-ictal findings

The pathophysiologic basis of lesions that occur remote from the site of ictal activity is not
understood. Presumably ipsilateral diencephalic and contralateral cerebellar lesions arise
as a consequence of abnormal activity in those structures, driven by the epileptic activity.
Crossed cerebellar diaschisis, observed in ischemia, may be a striking finding in status
epilepticus (Figure 2). Transient lesions of the splenium (Figure 3) also may reflect
abnormal activity in white matter tracts driven by the epileptic focus, but neither the
mechanism nor the precise nature of the white matter change responsible for the increased
T2 signal and restricted diffusion in the splenium is understood. One study suggested that
corpus callosum lesions were due to anticonvulsant drug (AED) toxicity (3), but this seems
unlikely, given the large number of patients taking AEDs who undergo MRI. Moreover,
several cases have been reported in patients off AEDs who had flurries of seizures (4,5).
Polster et al. (6) suggested that drug withdrawal might underlie this phenomenon, but their
argument rested on the notion that the splenium lesion was vasogenic edema. Our finding
that the lesion demonstrates a decreased apparent diffusion coefficient (ADC) is not
consistent with their hypothesis, and rather supports the idea that in most cases, the lesion
is likely to be related to the ictal activity per se (4).

Figure 1. Ictal [18 F]fluorodeoxyglucose (FDG)-positron emission tomography
(PET) and [99 Tc]hexamethyl-propyleneamine-oxime (HMPAO)-single-
photon emission computed tomography (SPECT) images. A: 18 FDG-PET
image obtained from a 4-month-old infant subsequently found to have a focal
cortical dysplasia in the region defined by glucose hypermetabolism. B: 99 Tc-
HMPAO-SPECT image from a 24-year-old woman with partial epilepsy of
previously uncertain origin. Tracer was injected 10 s after initial behavioral
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change. Scalp EEG recordings were completely obscured by muscle and
movement artifact.

Microvacuolization of the myelin is one pathologic substrate that could account for both
the increased T2 signal, the decreased ADC, and the reversibility of the lesion that has been
suggested. Interestingly, several patients with splenial lesions, all of which have been
reversible, have had bitemporal independent epileptic foci and associated psychiatric
disease. It is tempting to speculate that acute dysfunction of interhemispheric connections
may contribute to the pathophysiology of postictal psychiatric disturbances. Careful
examination of patients with postictal psychosis may clarify this point. The syndrome of
posterior reversible leukoencephalopathy (RPLE), described in patients with hypertension,
eclampsia, and sometimes in association with certain immunosupresssive drugs, is
frequently associated with repeated seizures (7,8). Some patients with seizures, but without
another obvious cause for posterior reversible leukoencephalopathy (RPLE), have been
described, suggesting that seizures per se may contribute to the occurrence of this finding.
This syndrome points out the difficulty of determining cause and effect with respect to
seizures and imaging abnormalities, an exercise that should be undertaken with great
caution.

Figure 2. Crossed cerebellar diaschisis. Images obtained from a 38-year-old
patient with recurrent right hemispheric seizures. Upper panels: Abnormal
signal on fluid-attenuated inversion recovery images in the ipsilateral cortical
ribbon and in the contralateral cerebellar hemisphere. Lower panels: Reduced
diffusion on diffusion-weighted images in corresponding regions.
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Figure 3. Transient diffusion-weighted imaging changes in the splenium after seizures.
Representative images from two patients (upper and lower panels) demonstrate
restricted diffusion (left) with associated decreased apparent diffusion coefficients
(center) that resolved in 4-6 weeks (right).

 Local peri-ictal findings

It is, perhaps, conceptually easier to consider the pathophysiologic basis of local Peri-ictal
imaging findings. These, which include T2 , ADC, and vascular changes are seemingly
related to increased neuronal activity and its associated metabolic and vascular responses.
Local swelling of hippocampus has been described in children with prolonged febrile
convulsions (9), and effacement of gyri in the region of epileptic discharge may be seen in
all age groups (10). Increased T2 signal intensity, indicating an increase in brain water,
occurs in areas of cortex and subcortical white matter in association with some prolonged
or intense seizures (11). Many of these lesions show restricted diffusion [bright on
diffusion-weighted imaging (DWI), dark on ADC maps], supporting the idea that they
represent cytotoxic rather than vasogenic edema; however, these lesions are reversible, at
least initially, indicating that cell death is not an inevitable sequela (Figure 4). A
particularly interesting finding is the occasional occurrence of migratory T2 and DWI
lesions. In some case, evanescent lesions arising in widely separated areas of cortex,
persisting for days to weeks, and then resolving are witnessed (Figure 5). By using
coregistration of 18 FDGPET and MRI, lesions inevitably colocalized with regions of focal
hypermetabolism are demonstrated (Figure 6), and these in turn corresponded to areas of
maximal EEG abnormality. In this situation, it seems most likely that the lesions are the
consequence of the epileptic activity, and not its cause. Magnetic resonance angiography
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studies in patients in status epilepticus may demonstrate increased flow-related
enhancement, and this finding corresponds well to the observation of arterialization of
venous blood reported by surgeons examining the cortex during provoked or spontaneous
epileptic seizures (Figure 7). Simultaneous SPECT studies in this circumstance may not
demonstrate evidence of increased perfusion at the microvascular level, suggesting that
some portion of the local increased bloodflow represents arteriovenous shunting.

Figure 4. Resolution of increased T2 signal associated with focal status epilepticus after 7
days of pentobarbital (PTB) anesthesia. Patient was a 12-year-old girl seen 14 days before
left scan, with epilepsia patialis continua arising from the right hemisphere. After 7 days of
PTB anesthesia titrated to produce burst-suppression on continuous EEG monitoring, T2
signal changes largely resolved (right). Images were obtained by using a fluid-attenuated
inversion recovery protocol.
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Figure 5. Migratory Peri-ictal imaging changes. Fluid-attenuated inversion recovery
images obtained at multiple levels at time of presentation (A), on day 14 (B), on day 28 (C),
and on day 35 (D) from a 28- year-old woman with recurrent partial seizures associated
with a mtochondrial disease.

 Relation between T2 and ADC findings

Diffusivity is an intrinsic property of tissue, and the ADC is independent of both T1 and T2
relaxation times. T2 relaxation time is largely reflective of local brain water content.
Whereas increased T2 signal suggests edema or gliosis, restricted diffusion is usually
associated with metabolic dysfunction or energy deficiency. Some of the hypothesized
causes of restricted diffusion are listed in Table 2. Restricted diffusion has commonly been
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identified as a marker of irreversible ischemic injury, but recent studies suggest that in
some situations, decreased diffusion associated with seizures is reversible without the
subsequent appearance of tissue injury (12). The temporal relation between the appearance
of restricted diffusion and T2 signal change in association with seizures may be variable.
Whereas in acute ischemia, DWI images reveal restricted diffusion before any abnormality
of T2 signal becomes apparent, in ongoing status epilepticus, DWI and T2 signal changes
appear to occur roughly synchronously. These differences in the timing of DWI and T2
signal change suggests a difference in the underlying pathophysiology. Whereas in
ischemia, early energy failure occurs, in ongoing status, activity-induced injury with
cytotoxic edema may precede overt energy deficiency.

Table 2. Causes of restricted diffusion

Figure 6. Multimodal imaging with magnetic resonance imaging and positron emission
tomography (PET). Top: [18 F]fluorodeoxyglu- cose-PET images from patient described in
Figure 5, obtained on day 25, showing multiple focal areas of hypermetabolism. Middle:
Fluid-attenuated inversion recovery (FLAIR) images obtained on day 28. Bottom:
Coregistration showing colocalization of areas of hypermetabolism and areas with FLAIR
abnormalities. EEG recording (not shown) demonstrated a similar localization of ictal
activity involving right frontal pole and left central region.
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Figure 7. Cortical hyperemia associated with increased flow-related enhancement in a
patient in focal status epilepticus. Magnetic resonance angiogram showing dilatation of the
right middle cerebral artery (MCA) branches presumably reflecting increased blood flow
to the active cortex (A). Intraoperative photograph showing right motor strip exposed
beneath the dura (B).

Variability in occurrence of Peri-ictal imaging changes An important and unresolved issue
is why local acute Peri-ictal changes on MRI occur in some but not all patients after focal
seizures. The fact that such changes are sometimes first apparent days or weeks after the
start of focal status (13, for example) suggests that a threshold of seizure duration and/or
severity exists, below which changes will not occur. Current knowledge does not allow us to
predict with any degree of certainty where that threshold might lie, but in Figure 8, I have
drawn a conceptual diagram that attempts to relate imaging changes to perfusion and
energy demand. An important concept illustrated in the figure by the divergence between
the dotted and solid lines is that at some point, imaging changes become irreversible. It is
important that, as with most threshold phenomena in biology, it is likely that differences
between individuals exist in both when imaging findings will become apparent and when
they will become irreversible. Some critical variables that might determine whether
seizures in a specific individual are sufficient to trigger acute imaging changes are listed in
Table 3.
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Table 3. Critical variables that may determine occurrence or severity of local Peri-ictal
imaging changes

CONCLUSIONS

Although there is increased recognition of acute Peri-ictal imaging changes in the clinical
community, most reports are anecdotal, and few if any series exist. Interpretation of these
findings therefore remains highly speculative. Nonetheless, the variety of findings that have
been described and the occurrence of changes both locally and remotely with respect to the
ictal zone suggest a number of intriguing hypotheses and raise a variety of clinically
relevant questions.

Figure 8. Conceptual cartoon illustrating a possible relation between energy supply, energy
demand, and observed Peri-ictal imaging changes. Red hatch marks, potential
irreversibility due to energy deficit.Dotted blue lines, potential reversibility of diffusion-
weighted imaging abnormalities before onset of unrecoverable energy deficit. A-C: Early,
middle, and later stages of seizure severity/duration at which snapshot imaging findings
might be predicted from the diagram.
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Figure 9. At the admission, serial MRI scans were performed in a patient with status
epilepticus. After repeated episodes of status epilepticus, diffusion-weighted images and T2-
weighted images FLAIR exhibited abnormal hyperintense signals in bilateral temporal and
insular cortices. These abnormalities appeared more extensive on diffusion-weighted
images than on T2-weighted images FLAIR. The hippocampi appeared abnormal and also
presented bilateral abnormal hyperintense signals, without atrophy, more extensive on the
left hippocampus. There was no disruption of blood-brain barrier (BBB) on T1-weighted
images after intravenous administration of Gd-DTPA. Two weeks, there were no signal
abnormalities on diffusion-weighted images and T2-weighted images FLAIR. However,
enlargement of the subarachnoid space just near the left temporal lobe and enlargement of
the temporal horn of the right lateral ventricle were evident, indicating localized brain
atrophy (hippocampal atrophy)
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Figure 10. Axial FLAIR image demonstrating focal hyperintensity involving the right
mesial occipital cortex and underlying white matter associated with status epilepticus
(arrow). (B) Axial FLAIR image taken 3 months later, demonstrating complete resolution
of the previously seen abnormality.

One hypothesis that can be tested in a prospective fashion is that the evolution of imaging
changes, including the appearance of ADC decrease, T2 increase, changes in flow-related
enhancement, and occurrence of irreversibility correlate with the evolution of
electrophysiologic findings in status epilepticus and with the occurrence of irreversible
neurologic deficits. Another important hypothesis is that the occurrence of specific imaging
changes, particularly increased T2 and decreased ADC in the splenium of the corpus
callosum, is associated with the development of postictal psychiatric or behavioral changes.
This hypothesis could be addressed prospectively by systematically imaging patients who
manifest postictal psychosis by using appropriate pulse sequences, and by examining them
serially as psychiatric symptoms resolve either spontaneously or with treatment.

www.yassermetwally.com

Professor Yasser Metwally
www.yassermetwally.com

99



Many exciting questions emerge from this review. For example:

 Which imaging findings are cause, which are consequence?
 Are there critical characteristics of seizures or thresholds that

determine appearance of Peri-ictal changes?
 What is the relation between T2 and ADC changes?
 What is the significance of distant imaging changes?
 Can we use Peri-ictal imaging to detect localizing anatomic

changes more reliably?

It is not possible to address these questions effectively by using studies that are typically
obtained fortuitously. Rather, it will require a more systematic approach to gathering
postictal data prospectively in series of patients with specific epilepsy syndromes. Given the
likely insights that imaging data can provide into pathophysiology and prognosis, it seems
worthwhile to invest significant resources in such an undertaking.
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RADIOLOGICAL PATHOLOGY OF BRAIN DEVELOPMENTAL DISORDERS

The brain is a seemingly nonsegmented organ that is, however, formed in a segmented
fashion by the overlap of genes that define anatomic and probably functional components
of the brain. Other genes and their encoded proteins regulate the processes of cell
proliferation and migration; many of these genes have been identified based upon
discoveries of human and mouse disease-causing genes.

Human brain developmental disorders represent clinical challenges for the diagnosing
clinician as well as for the treating physician. Some disorders represent well-defined
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clinical and genetic entities for which there are specific tests; others have ill-defined genetic
causes, while others can have both genetic and destructive causes. In most cases the
recognition of a disorder of brain development portends certain developmental disabilities
and often seizure disorders that can be very difficult to treat. In addition, it now bears
upon the treating physician to recognize the genetic causes, and to properly advise patients
and their families of the risks of recurrence or refer them to the proper specialist who can
do so. The genetics of some of these disorders are not all well defined at present, and the
recognition of some disorders is variable; what is known is presented herein.

The genetics and signaling utilized in brain development is briefly reviewed to provide the
framework for the understanding of human brain developmental disorders. The well-
defined genetic disorders of brain development are discussed, and a brief suggested
algorithm for evaluation and for counseling of patients is provided.

BRAIN DEVELOPMENT

 Overview

General mechanisms tend to recur in all phases of brain development, and these include
induction, cell proliferation, cell fate determination (differentiation), cell process formation
and targeting (synapse formation), and cell movement (migration). Induction is the process
by which one group of cells or tissue determines the fate of another by the release of soluble
factors or inducers. Cell fate or differentiation is dependent upon this process of induction,
and probably can best be understood as the initiation of a genetic program by the
recognition of an inducing molecule and/or expression of a transcriptional regulator. In
general, it is rare that a cell in the nervous system is born and differentiates in the same
location that it finally resides. Rather, cells migrate over long distances to reach their final
locations. Similarly, cells in the nervous system must extend processes over long distances
to reach their synaptic targets.

 Neural tube formation

The human brain is formed from the neuroectoderm, a placode of cells that are induced to
differentiate from the surrounding ectoderm by the presence of the notochord at about 18
days gestation. Candidate inducing factors include the retinoids, follistatin, and Noggin [1-
4]. The neuroectoderm develops folds in the lateral aspects that begin to approximate in the
region of the future medulla and fuse at 22 days gestation. This closure is known as
neurulation, and results in the formation of a tube termed the neural tube [5]. The anterior
neural tube closes by about 24 days gestation and serves as the foundation for further brain
development; the posterior neural tube closes by about 26 days gestation and serves as the
foundation for further spinal cord development. Defects in the closure of the neural tube
lead to encephaloceles or myelomeningoceles.
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 Nervous system segmentation

At the rostral end of the newly closed neural tube flexures delineate the primary vesicles,
which are designated as the hindbrain (rhombencephalon), mesencephalon, and forebrain
(prosencephalon). The primary vesicles can be further subdivided into secondary vesicles
that will form adult brain structures. The hindbrain can be divided into the metencephalon
and myelencephalon, which will become the pons, cerebellum, and medulla oblongata of
the adult. The mesencephalon will be the midbrain, and the prosencephalon divides into
the telencephalon (two telencephalic vesicles) and diencephalon. The telencephalic vesicles
will become the cerebral hemispheres; the diencephalon will become the thalamus and
hypothalamus.

Regional specification of the developing telencephalon is an important step in brain
development, and is likely under control of a number of genes that encode transcription -
regulators. In the fruit fly, Drosophila, these genes are involved in segmentation of this
animal and define structures such as hair-like spiracles. Not surprisingly, the role of these
genes in human brain development differs, yet it appears that the general role of these
proteins is that of regional specification of clones of cells destined to form specific brain
structures. Homeobox and other transcription genes encode some of these transcriptional
regulators and these "turn on" genes by binding to specific DNA sequences, and in so
doing initiate genetic programs that lead to cell and tissue differentiation. EMX2, a
transcriptional regulator, has a homolog in Drosophila that defines the hair spiracles and
has been implicated in human brain malformations.

DISORDERS OF SEGMENTATION

 Schizencephaly

Schizencephaly (cleft in brain) has been regarded by many as a migration abnormality;
however, it is best understood as a disorder of segmentation because one of the genes that is
abnormal in the more severe and familial forms is EMX2 [6,7]. Thus, this developmental
disorder, at least in the more severe cases, appears to be the result of failure of regional
specification of a clone of cells that are destined to be part of the cortex.

Clinically, these patients vary depending upon the size of the defect and upon whether
bilateral disease is present [8]. The clefts extend from the pia to the ventricle and are lined
with a polymicrogyric gray matter [9]. The pia and ependyma are usually in apposition,
especially in severe cases. The defect is termed open-lipped if the cleft walls are separated
by cerebrospinal fluid, and closed-lipped if the walls are in contact with one another.
Bilateral schizencephaly is associated with mental retardation and spastic cerebral palsy;
affected patients often are microcephalic. Seizures almost always accompany severe lesions,
especially the open-lipped and bilateral schizencephalies. The exact frequency of seizures in
patients with the less severe lesions is uncertain. Most patients in whom schizencephaly is
diagnosed undergo neuroimaging because of seizures. Therefore, a bias in favor of a
universal occurrence of seizures in this disorder is noted. Hence, patients with
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schizencephaly who do not have epilepsy might exist, but the malformation remains
undetected because no imaging is performed.

Figure 1. Closed-lip
schizencephaly. Sagittal T1-
weighted MRI shows gray
matter (arrows) extending from
cortex to a dimple in the surface
of the left lateral ventricle. The
lips of the schizencephaly are in
apposition, making this a
"closed-lip" schizencephaly.

Figure 2. Bilateral open-lip
schizencephaly. A,B: Axial T2-
weighted images show open-lip
schizencephalies in both
hemispheres. Both images show
vessels in the gray matter-lined
clefts and large vessels (arrows)
run at the outer surface of the
right hemispheric cleft. This does
not represent a vascular
malformation.

Seizure type and onset may also vary in this disorder. Patients may experience focal or
generalized seizures, and some will present with infantile spasms. The onset varies from
infancy to the early adult years. Seizures may be easily controlled or may be recalcitrant to
standard anticonvulsant therapy.
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Figure 3a. MRI T1 (A,B) and CT scan (D) showing open-lip schizencephaly with
pachygyria. Notice the associated encephalocele that is sometimes associated with cortical
dysplasias

Figure 3b. Open-lip
schizencephaly with
cortical dysplasia

Improvements in neuroimaging have enhanced the recognition of schizencephalic lesions
[9-13]. The lesions may occur in isolation or may be associated with other anomalies of
brain development such as septo-optic dysplasia [14].

Disorders of segmentation likely represent a heterogeneous set of abnormalities of varying
etiologies. One theory holds that an early (first-trimester) destructive event disturbs
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subsequent formation of the cortex. Another theory is that segmental failure occurs in the
formation of a portion of the germinal matrix or in the migration of primitive neuroblasts.
Certainly, the finding of mutations of the EMX2 gene in some patients with the open-lipped
form of schizencephaly supports the latter hypothesis.

 Prosencephalon cleavage

At about 42 days of gestation, the prosencephalon undergoes a division into two
telencephalic vesicles that are destined to become the cerebral hemispheres. The anterior
portion of this cleavage is induced by midline facial structures and the presence of the
notochord. Abnormalities of this process are thought to result in holoprosencephaly, septo-
optic dysplasia, and agenesis of the corpus callosum [I 5]. One of the important molecules
responsible for the induction of this cleavage is Sonic hedgehog [16]. This protein is
produced by the notochord, ventral forebrain, and the floor plate of the neural tube [17]. It
interacts through at least one receptor, PTCH-A human homolog of patched, and alters the
expression of transcription factors [18,19]. Furthermore, in an interesting link between
these ventral inductive events and segmentation, Sonic hedgehog can alter the expression of
the transcriptional regulating genes when applied to proliferating cells at critical times in
development [21]. This ties the inductive proteins to the expression of transcriptional
regulating genes and gives a hint as to the mechanisms involved in inductive processes.

Figure 4a. Agenesis of the corpus callosum

Other molecules of interest in this inductive process are the retinoids, which are lipids
capable of crossing membranes and that have been shown to exist in posterior to anterior
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gradients across embryos [3,20]. Retinoic acid can alter the pattern of transcriptional
factors in neuroepithelial cells [3] and can downregulate Sonic hedgehog, perhaps
explaining some of the head defects seen in retinoid embryopathy [17,22].

Agenesis of the corpus callosum

Etiology •Both genetic and sporadic
Pathogenesis •Unknown,

Epidemiology

•Agenesis of the corpus callosum may be part of an extensive
malformation complex or the callosum may be partially or
completely absent or hypoplastic in an otherwise normal brain.

•The malformation is relatively rare.

General
Gross
Description

•The brain in agenesis of the corpus callosum shows batwing
shaped ventricles as well as loss of the corpus callosum and there
is no cingulate gyrus.

•The remainder of the abnormalities depend on what syndrome
or other malformations are associated with the defect. In most
cases there is a bundle of white matter processes on both cerebral
hemispheres in the area where the corpus callosum should be,
called the bundle of Probst. In some patients there is a lipoma or
other tumor in the area where the corpus callosum should be.

General
Microscopic
Description

•None

Clinical
Correlation

•Patients with agenesis of the corpus callosum may be normal or
may have neurological abnormalities dependent on the other
accompanying malformations.
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Figure 4b. Agenesis of the corpus callosum

DISORDERS OF PROSENCEPHALIC CLEAVAGE

 Holoprosencephaly

Holoprosencephaly is a heterogeneous disorder of prosencephalon cleavage that results
from a failure of the prosencephalic vesicle to cleave normally. Three forms of this disorder
have been described: alobar, semilobar, and lobar [23,24]. In the alobar form, the
telencephalic vesicle completely fails to divide, producing a single horseshoe-shaped
ventricle, sometimes with a dorsal cyst, fused thalami, and a malformed cortex. In the
semilobar form, the interhemispheric fissure is present posteriorly, but the frontal and,
sometimes, parietal lobes, continue across the midline [25]; in some cases just ventral
fusion is noted. In the lobar form, only minor changes may be seen: the anterior falx and
the septum pellucidum usually are absent, the frontal lobes and horns are hypoplastic, and
the genu of the corpus callosum may be abnormal.
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Figure 5. This is holoprosencephaly in which there is a single large ventricle with fusion of
midline structures, including thalami. The affected fetuses and neonates typically have
severe facial defects, such as cyclopia, as well. Underlying chromosomal abnormalities,
such as trisomy 13, or maternal diabetes mellitus are possible causes, but some cases are
sporadic.

Holoprosencephaly is associated with a spectrum of midline facial defects. These include
cyclopia, a supraorbital proboscis, ethmocephali, in which the nose is replaced by a
proboscis located above hypoteloric eyes; cebocephaly, in which hypotelorism and a nose
with a single nostril are seen; and premaxillary agenesis, with hypotelorism, a flat nose,
and a midline cleft lip [26].
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Figure 6. (left three images) A,B semilobar holoprosencephaly from the same patient, C a
patient with lobar holoprosencephaly. Arrowhead in A points to lack of ventral
interhemispheric cleavage. Arrowhead in B points to fused thalami. The septum
pellucidum is absent in B. In C notice the horseshoe or mushroom shaped single ventricle
designated by * , arrowhead in C points to lack of interhemispheric fissure. (right image)
MRI - Holoprosencephaly: This 6-day-old girl presented with laryngeal malacia and a
diminished level of arousal. This proton density axial MR image shows an absence of the
anterior horns of the lateral ventricles, fused thalami and absence of the corpus callosum
anteriorly.

Only children who have the lobar and semilobar forms are known to survive for more than
a few months. An infant affected with the severe form is microcephalic, hypotonic, and
visually inattentive [25]. In infants with the less severe forms of holoprosencephaly,
myoclonic seizures frequently develop and, if the infant survives, autonomic dysfunction,
failure to thrive, psychomotor retardation, and atonic or spastic cerebral palsy often are
present. Some infants with the lobar form may be only mildly affected and, for example,
present as a relatively mild spastic diplegia. Pituitary defects may be associated with these
malformations, and may result in neuroendocrine dysfunction [27]. One, therefore, has to
wonder how much genetic overlap exists between this condition and septo-optic dysplasia
to be described below.

Holoprosencephaly has been associated with maternal diabetes [28], retinoic acid exposure,
cytomegalovirus, and rubella [29]. Chromosome abnormalities associated with this
disorder include trisomies 13 and 18; duplications of 3p, 13q, and 18q; and deletions in 2p,
7q, 13q, and 18q [30]. Of particular concern to the clinician is the existence of an autosomal
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dominant form in which mutations in Sonic Hedgehog lead to variable expression of
holoprosencephaly. In the mildest form of this genetic disorder, patients may have a single
central incisor, a choroid fissure coloboma, or simply attention deficit disorder; a parent of
a child with holoprosencephaly manifesting these features should be considered to be at
high risk for recurrence of holoprosencephaly in their children (up to 50% risk) [31,32]. A
number of other genes (HPE] (21 q22.3), HPE2 (2p2 1), HPE3 (7q36), HPE4 (18p), ZIC2,
SIX3 (2p2l), and PATCHED) have been associated with holoprosencephaly, and although
potentially inherited in an autosomal recessive fashion, most occurrence seems to be
random [33,34].

 Septo-optic dysplasia

Septo-optic dysplasia (de Morsier syndrome) is a disorder characterized by the absence of
the septum pellucidum, optic nerve hypoplasia, and hypothalamic dysfunction. It may be
associated with agenesis of the corpus callosum. This disorder should be considered in any
patient who exhibits at least two of the above abnormalities and perhaps even solely
hypothalamic dysfunction [35]. Septo-optic dysplasia also appears to involve
prosencephalic cleavage and development of anterior telencephalic structures [36]. About
50% of patients with septo-optic dysplasia have schizencephaly [14].

Figure 7. Septo-optic dysplasia associated with
schizencephaly. Arrows in A,B point to absent
septum pellucidum, arrow in C, and black
arrowhead in D point to open lip schizencephaly,
white arrow head point to polymicrogyria in D

Patients may present with visual disturbance, seizures, mental retardation, hemiparesis
(especially if associated with schizencephaly), quadriparesis, or hypothalamic dysfunction.
Endocrine abnormalities may include growth hormone, thyroid hormone, or antidiuretic
hormone function or levels. The consideration of septo-optic dysplasia necessitates an
evaluation of the hypothalamic-pituitary axis because as many as 60% of the children with
this disorder might exhibit evidence of a disturbance of endocrine function [37]. This
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evaluation can include thyroid function studies and electrolytes; these patients are at high
risk for growth retardation.

The recent identification of patients with this condition that harbor mutations in the
transcriptional regulator gene HESX1, suggest that the mechanism of this disorder is likely
genetic and a patterning or segmental abnormality [38]. Even though the genetic
abnormality has been identified for a minority of patients, there exists the possibility that
this may not represent an entirely genetic disorder because associations have been made
with young maternal age, diabetes, the use of anticonvulsants, phencyclidine, cocaine, and
alcohol [39],

DISORDERS OF CELL PROLIFERATION

 Normal cell proliferation

Following telencephalic cleavage, a layer of proliferative pseudostratified neuroepithelium
lines the ventricles of the telencephalic vesicles. These cells will give rise to the neurons and
glia of the mature brain. The generation of the proper complement of cells is a highly
ordered process that results in the generation of billions of neurons and glia.
Neuroepithelial processes extend from the ventricular surface to the pial surface, and the
nuclei of the primitive neuroepithelial cells move from the cortical surface in a premitotic
phase to a mitotic phase near the ventricle. Cells divide at the most ventricular aspects of
the developing telencephalon, and after division move back toward the pial surface. The
pial processes of neuroepithelial cells near the ventricle often will detach from the cortical
surface before a new cycle begins.

Neuroepithelial cells divide in so-called proliferative units such that each unit will undergo
a specific number of divisions resulting in the appropriate number of cells for the future
cortex. Abnormalities in the number of proliferative units or in the total number of
divisions can lead to disorders of the brain manifested by abnormal brain size and,
therefore, an unusually small or large head circumference. Two such disorders resulting in
small head size -radial microbrain and microcephaly vera- are believed to result from
abnormalities of this phase of neurodevelopment [40]. Disorders in which too many cells
are generated in the proliferative phase result in megalencephaly (large brain) or, if
proliferative events go awry on only one side of the developing cortex,
hemimegalencephaly.

The genes and molecules involved in regulating the proliferative cycles in human brain
formation are likely similar to those involved in other species. This cell cycle in the brain
can be divided into a number of distinct phases: mitosis (M), first gap (GI),
deoxyribonucleic acid synthesis (S), and second gap (G2) [41]. These phases appear to be
regulated by key molecules to check the advancement of proliferation. Some cells enter a
resting state (GO) that they maintain throughout life. Others temporarily enter this phase
to await a specific signal to proliferate later. Probably the GI-S transition regulation
determines the number of cell cycles and, therefore, the complement of cells that will make
brain [40]. Cyclins are proteins that appear to be involved in cell cycle control. These
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proteins are activating subunits of cyclin-dependent kinases. Cyclins DI, D2, D3, C, and E
seem to control the key transition of a cell to the GI S interface; this transition is regarded
as important because it commits a cell to division [42-44]. Cyclin E seems to be the
gatekeeper for this transition, and is essential for movement from the GI to the S phase
[42,45].

The number of cells that finally make up the mature nervous system is less than that
generated during proliferation. Cells appear not only to be programmed to proliferate
during development but to contain programs that lead to cell death [46,47]. The term
apoptosis (from the Greek, meaning "a falling off ") has been applied to this programmed
loss of cells [48].

 Non-neoplastic proliferative disorders
o Microcephaly

Although primary microcephaly may be a normal variant, in the classic symptomatic form,
clinical and radiologic examinations reveal a receding forehead, flat occiput, early closure
of fontanelles, and hair anomalies such as multiple hair whirls and an anterior cowlick.
Neuroimaging may show small frontal and occipital lobes, open opercula, and a small
cerebellum [24]. The cortex may appear thickened and the white matter reduced.
Histologic examination may show a reduction of cell layers in some areas and an increase
in others [49].

Neurologic findings also vary. Only mild psychomotor retardation may be noted,
sometimes associated with pyramidal signs, or more severe retardation, seizures, and an
atonic cerebral palsy might be evidenced. Primary microcephaly is seen in many genetic
syndromes and, in its isolated form, may be autosomal recessive, autosomal dominant, or
X-linked [50-52]. Microcephaly vera is the term most often alyplied to this genetic form of
microcephaly. Affected children present with a head circumference that is usually more
than 4 standard deviations below the mean, hypotonia, and psychomotor retardation. They
later show mental retardation, dyspraxias, motor incoordination and, sometimes, seizures.
On histologic examination, neurons in layers 11 and III are depleted [53].

Destructive lesions of the forming brain, such as those caused by teratogens and by
infectious agents, also may result in microcephaly. Teratogens of note are alcohol, cocaine,
and hyperphenylalaninemia (maternal phenylketonuria) [54]. Intense radiation exposure
(such as that from a nuclear explosion) in the first trimester, can cause microcephaly [55].
Microcephaly and intracranial calcifications are likely due to well-recognized in utero
infections caused by cytomegalovirus, toxoplasmosis, or the human immunodeficiency
virus.

o Megalencephaly and hemimegalencephaly

The terms megalencephaly and hemimegalencephaly refer to disorders in which the brain
volume is greater than normal (not owing to the abnormal storage of material); usually, the
enlarged brain is accompanied by macrocephaly, or a large head. Although considered by
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some to be a migration disorder, the increase in brain size in these disorders appears to be
attributable to errors in neuroepithelial proliferation, as the microscopic appearance of the
brain is that of an increase in number of cells (both neurons and glia) and in cell size [56-
59].

Typically, patients are noted to have large heads at birth, and may manifest an accelerated
head growth in the first few months of life [60,61]. Children with megalencephaly or
hemimegalencephaly may come to medical attention when presenting with seizures, a
developmental disorder (mental retardation), hemihypertrophy, or a hemiparesis (opposite
the affected hemisphere). Seizures vary both in onset and in type, and usually are the most
problematic symptom. sometimes necessitating hemispherectomy or callosotomy [58].

Approximately 50% of patients with linear sebaceous nevus syndrome have
hemimegalencephaly [62,63]. Many patients with hypomelanosis of Ito also have
hemimegalencephaly [64]. The neuropathologic and clinical pictures of these associations
appear to be identical to the isolated hemimegalencephalies.

 Neoplastic proliferative disorders

Lesions of proliferation after an abnormal induction event during brain development may
be malformative, hamartomatous, neoplastic, or a combination. Malformative disorders
consisting of neoplasias on a background of disordered cortex or in association with focal
cortical dysplasia include dysembryoplastic neuroepithelial tumor and ganglioglioma.
[103,104]

o Dysembryoplastic neuroepithelial tumours

Dysembryoplastic neuroepithelial tumors are supratentorial, predominantly temporal lobe
tumors that are typically multinodular with a heterogeneous cell composition, including
oligodendrocytes, neurons, astrocytes, and other cells. These lesions are typically fairly
well-demarcated, wedge-shaped lesions extending from the cortex to the ventricle.
Calcification, enhancement, and peritumoral edema are lacking on neuroimaging studies.
These low- attenuation lesions may suggest an infarct on computed tomography (CT),
although there is no volume loss over time, and scalloping of the inner table or calvarial
bulging suggests slow growth. Lesions are low in signal on Tl- weighted images and high in
signal on T2- weighted images and often have a multinodular or pseudocystic appearance.
There is a spectrum of pathology in dysembryoplastic neuroepithelial tumors. On one end
of the spectrum are multinodular lesions with intervening malformed cortex, in which
there is some hesitation to use the designation tumor. On the other end are lesions, which
are clearly neoplastic and have clinically demonstrated some growth potential. Because the
term dysembryoplastic neuroepithelial tumor has only recently been introduced, such
malformative and neoplastic lesions were previously labeled as hamartomas,
gangliogliomas, or mixed gliomas. [100,101,102]
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o Gangliogliomas

Gangliogliomas are typically demonstrated within the temporal lobe. In one large series of
51 gangliogliomas, 84% were found in the temporal lobe, 10% were found in the frontal
lobe, 2% were found in the occipital lobe, and 4% were found in the posterior fossa. These
lesions are typically hypodense (60% to 70%) on CT, with focal calcifications seen in 35%
to 40%, contrast enhancement in 45% to 50%, and cysts in nearly 60%. The reported
incidence of calcifications demonstrated on imaging in pediatric gangliogliomas is higher,
seen in 61% of one series of 42 children. Features on MR imaging are less specific, with
solid components isointense on TI-weighted images, bright on proton density images, and
slightly less bright on T2-weighted images. Although imaging features are not specific, an
enhancing, cystic temporal lobe lesion with focal calcification should suggest the diagnosis
of ganglioglioma. The pathologic features that suggest the diagnosis of ganglioglioma
include a neoplastic glial and neoronal component and calcification. Because calcifications
are often poorly demonstrated on MR imaging and because they increase specificity of
imaging findings, documentation of calcium should be sought on CT after MR imaging
demonstration of a temporal lobe tumor. [97,98,99]

DISORDERS OF NEURONAL DIFFERENTIATION

 Normal differentiation

At the time of neuronal differentiation the neural tube consists of four consecutive layers:
(1) the ventricular zone, the innermost layer, which gives rise to neurons and all of the glia
of the central nervous system; (2) the subventricular zone, which is the adjacent, more
superficial layer and is the staging area from which postmitotic neurons begin to
differentiate and to migrate; (3) the intermediate zone, which is the contiguous, more
superficial zone, and which is destined to become the cortical plate and the future cerebral
cortex; and (4) the marginal zone, which is the outermost zone and is composed of the
cytoplasmic extensions of ventricular neuroblasts, corticopetal fibers, and the terminal
processes of radial glia (which, at this time, are completely spanning the neural tube).

Differentiation of neuroepithelial cells begins in the subventricular layer at approximately
gestational day 26. The older, larger pyramidal cells are the first cells to be born and
probably differentiate early to act as targets in the migration of the nervous system.

 Tuberous sclerosis

Disorders such as tuberous sclerosis, in which both tumor development and areas of
cortical dysplasia are seen, might be a differentiation disorder. The brain manifestations of
this disorder include hamartomas of the subependymal layer, areas of cortical migration
abnormalities (tubers, cortical dysgenesis), and the development of giant-cell astrocytomas
in upwards of 5% of affected patients. Two genes for tuberous sclerosis have been
identified: TSCI (encodes for Hamartin) has been localized to 9q34 [65], and TSC2
(encodes for Tuberin) has been localized to 16pl3.3 [65].
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Figure 8. Postmortem specimens showing cortical tubers in (A) and subependymal tubers
in (B)

Figure 9. Postmortem specimen showing
cortical tubers, the affected gyri are
abnormally broad and flat.

DISORDERS OF MIGRATION

 Normal migration

At the most rostral end of the neural tube in the 40- to 41 -day-old fetus, the first mature
neurons, Cajal-Retzius cells, begin the complex trip to the cortical surface. Cajal-Retzius
cells, subplate neurons, and corticopetal nerve fibers form a preplate [66]. The,neurons
generated in the proliferative phase of neurodevelopment represent billions of cells poised
to begin the trip to the cortical surface and to form the cortical plate. These neurons
accomplish this task by attaching to and migrating along radial glial in a process known as
radial migration or by somal translocation in a neuronal process [67]. The radial glia
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extend from the ventricle to the cortical surface. In the process of migration, the deepest
layer of the cortical plate migrates and deposits before the other layers. Therefore, the first
neurons to arrive at the future cortex are layer VI neurons. More superficial layers of
cortex then are formed-the neurons of layer V migrate and pass the neurons of layer VI;
the same process occurs for layers IV, 111, and 11. The cortex therefore is formed in an
inside-out fashion [67-69].

A possible mode of movement in neuronal migration on glia would be the attachment of the
neuroblast to a matrix secreted by either the glia or the neurons. The attachment of the
neuron would be through integrin receptors, cytoskeletal-linking membrane-bound
recognition sites for adhesion molecules. That attachment serves as a stronghold for the
leading process and soma of the migrating neuron. Neuron movement on radial glia
involves an extension of a leading process, neural outgrowth having an orderly
arrangement of microtubules. Shortening of the leading process owing to depolymerization
or shifts of microtubules may result in movement of the soma relative to the attachment
points. This theory of movement of neurons also must include a phase of detachment from
the matrix at certain sites, so that the neuron can navigate successfully along as much as 6
cm of developing cortex (the maximum estimated distance of radial migration of a neuron
in the human). Finally, the movement of cells must stop at the appropriate location, the
boundary between layer I and the forming cortical plate. Therefore, some stop signal must
be given for the migrating neuron to detach from the radial glia and begin to differentiate
into a cortical neuron. Perhaps that signal is REELIN, a protein that is disrupted in the
mouse mutant Reeler and is expressed solely in the Caial Retizius cells at this phase of
development [66,70-73].

 Migration disorders

Advanced neuroimaging techniques, particularly magnetic resonance imaging, have
allowed the recognition of major migration disorders and of the frequency of more subtle
disorders of migration. Some of these disorders are associated with typical clinical features
that might alert the clinician to the presence of such malformations even before imaging is
obtained. In other disorders, the clinical features are so varied that a strong correlation
between imaging and the clinical presentation points to a specific genetic syndrome.

 Lissencephaly

Lissencephaly (smooth brain) refers to the external appearance of the cerebral cortex in
those disorders in which a neuronal migration aberration leads to a relatively smooth
cortical surface. One should not consider only agyria in making this diagnosis, rather, the
full spectrum includes agyria and pachygyria. Gyri and sulci do not form in this disorder
because the lack of cortical-cortical attractive forces owing to improper axon pathways. At
least two types have been identified: classic lissencephaly, and cobblestone lissencephaly.
The distinction is based upon the external appearance and upon the underlying histology,
and can be made with neuroimaging.

www.yassermetwally.com

Professor Yasser Metwally
www.yassermetwally.com

118



Figure 10. Pachygyric (A), and agyric (B) lissencephalic brain

o Classic lissencephaly

Classic lissencephaly may occur in isolation, owing to LIS1 or Doublecortin aberrations or
in combination with somatic features and LIS1 deletions in the Miller-Dieker syndrome.
The hallmarks on imaging are a lack of opercularization (covering of the sylvian fissure),
large ventricles or colpocephaly (dilated posterior horns), and agyria or pachygyria. The
corpus callosum is almost always present, and the posterior fossa is usually normal,
although a form of lissencephaly does exist that includes cerebellar hypoplasia.

The LIS1 protein forms complexes with other cellular proteins that are crucial for cell division,
migration, and intracellular transport. Complete loss of LIS1 is fatal. Deletion of one copy of the
gene is causes lissencephaly. The LIS1 gene is found in 17q13.3 location.

Doublecortin (DCX), a gene on Xq22.3-q23 that codes for a microtubule associated protein, is
responsible for migration of neurons. Mutation of this gene results in band heterotopia
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Figure 11. Classical lissencephaly
with patchy agyria/agyria, thick
Cortex and band heterotopia

o LIS1 genetic syndromes

The Miller-Dieker phenotype consists of distinct facial features that include bitemporal
hallowing, upturned nares, and a peculiar burying of the upper lip by the lower lip at the
corners of the mouth. The lissencephaly is usually more severe than isolated lissencephaly,
and the prognosis is worse. Most affected patients die in the first few years of life.

By both molecular and cytogenetic techniques, deletions in the terminal portion of one arm
of chromosome 17 can be found in approximately 90% of Miller-Dicker lissencephaly cases
[74]. The deletions of the terminal part of chromosome 17 in these cases have included
microdeletions [74], ring 17 chromosome [75], pericentric inversions [76], and a partial
monosomy of 17pl3.3 [77]. The most appropriate genetic test is a fluorescent in situ
hybridization (FISH) for LIS1; this test involves marking chromosome 17 at the
centromere and LIS1 with fluorescent probes.

The greatest risk to future offspring exists when a parent harbors a balanced translocation
involving this region of chromosome 17. In families that are affected in this manner,
screening by amniocentesis can be performed in subsequent pregnancies. Therefore, it is
recommended that both parents have screening for chromosome 17 rearrangements by
FISH for LIS1. Should a translocation be present in a parent, then the LIS1 fluorescence
will be on another chromosome.
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Figure 12. A, Type I lissencephaly, agyria type. Axial T2-weighted image shows a brain
with a "figure-8" configuration secondary to the immature Sylvian fissures. A band of
neurons (arrows) that was arrested during migration lies between the thin cortex and the
lateral ventricles. B, Type 1 lissencephaly, pachygyria type. Axial T2-weighted image is
similar to that shown in (A), with the exception that a few broad gyri with shallow sulci are
present. C, Type 1 lissencephaly, pachygyria type. Axial T2-weighted image shows broad,
flat gyri with shallow sulci throughout the cerebrum.

o Isolated lissencephaly

Classic lissencephaly without somatic or facial features represents a distinct genetic
syndrome from Miller-Dieker, but it involves the same gene LIS1. Approximately 40% of
patients with isolated lissencephaly have FISH detectable deletions of LIS1, and about 20%
of additional patients harbor mutations of this gene [78-80]. The remaining patients may
have mutations involving promoter regions of LIS1 or abnormalities of other genes such as
Doublecortin or the involvement of other genes that have not been recognized.

The genetic risk of recurrence is highest when rearrangements of chromosome 17 exist in
one parent. This is rare in isolated lissencephaly, but could occur. Therefore, it would be
prudent to perform FISH for LIS1 in the parents of children with isolated lissencephaly
who have FISH proven deletions for the LIS1 region.

The prognosis for this disorder is better than that for Miller-Dieker syndrome, but it is not
consistent with long-term survival. These patients typically present in the first few months
of life with hypotonia, lack of visual fixation, and often seizures. Patients with lissencephaly
will uniformly have seizures and profound mental retardation. Often, seizures are very
difficult to control and require multiple anticonvulsant drugs.
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o X-linked lissencephaly

The imaging of X-linked lissencephaly looks nearly identical to the images of lissencephaly
involving LIS1. Patients have classic lissencephaly, and the neurologic presentation
described above. However, the skeletal and other anomalies seen in the Miller-Dieker are
not noted in this form of lissencephaly. When viewing the images from patients with
lissencephaly owing to abnormalities of LIS1 and of Doublecortin it is apparent that
differences in an anterior to posterior gradient of severity exists [81-83]. Doublecortin
mutations result in anterior greater than posterior severity, whereas LIS1 mutations result
in posterior greater than anterior severity [84].

In addition, X-linked lissencephaly occurs mostly in boys; girls who are heterozygous for
Doublecortin mutations have band heterotopia [80,81,85]. Women with band heterotopia
have been known to give birth to boys with lissencephaly. In female patients, the less severe
phenotype probably is attributed to random lyonization of the X chromosome, such that in
a variable number of cells, normal gene expression is seen and, in the remaining cells, the
Doublecortin mutation-containing X chromosome is expressed. It is presumed that those
cells expressing the abnormal X chromosome will be arrested in the migration to the
surface of the brain and reside in a subcortical band.

Figure 13. Gross specimen showing lissencephaly with pachygyria and agyria
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Figure 14. Lissencephaly with abnormally smooth agyric, pachygyric cortex

Figure 15. Lissencephaly with abnormally smooth agyric cortex

When viewing images from patients with this disorder, a thick band of tissue that is
isointense with cerebral gray matter is seen within what should be the white matter of the
hemispheres. The overlying gyral appearance may vary from normal cortex to a
pachygyria. A brain biopsy performed in a patient demonstrated well-preserved
lamination in cortical layers I-IV [86]. Layers V-VI were not clearly separated and merged
with underlying white matter. Beneath the white matter was a coalescent cluster of large,
well-differentiated neurons.
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Figure 16. A, Band heterotopia
with pachygyria. B, band
heterotopia with mild
periventricular nodular
heterotopia

o Lissencephaly with cerebellar hypoplasia

The association of lissencephaly with cerebellar hypoplasia represents a distinct
malformation from both a genetic and clinical standpoint to those described above. The
cerebellar hypoplasia is usually extreme, and the brainstem may be small. Patients may or
may not have an associated microcephaly. This disorder is often inherited in an autosomal
recessive fashion and may be due to mutations in REELIN in some families [87].

Figure 17. Lissencephalic brain
with hydrocephalus and cerebellar
hypoplasia
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Figure 18. MRI showing a mild form of lissencephaly (pachygyria), the brain have a few
broad, flat gyri with thick cortex and separated by shallow sulci (pachygyria). The
cerebellum and the brain stem are hypoplastic, the brain volume is also reduced especially
the temporal lobes.

o Cobblestone lissencephaly

Cobblestone lissencephalies are disorders in which a smooth configuration of cortex is
noted, but the distinction from classic lissencephaly is made based upon the clinical
association of eye abnormalities, muscle disease, and progressive hydrocephalus. The term
"cobblestone" refers to the appearance of the cortical surface upon pathologic
examination. In these disorders, cells pass their stopping point and erupt over the surface
of the cortex into the subarachnoid spaces. This results in a cobblestone street appearance
to the surface, and therefore, the name.
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Figure 19. A, Type II lissencephaly, Cobblestone lissencephaly (Walker-Warburg
syndrome). The cortex is lissencephalic and thickened, with an irregular gray matter-white
matter junction that probably represents the bundles of disorganized cortex surrounded by
fibroglial tissue. The patient has been shunted for hydrocephalus. The brain is
hypomyelinated. B, Presumed microcephalia vera. The brain is completely smooth
(lissencephaly) with a very thin cortex. No layer of arrested neurons is present in the white
matter. C, Presumed radial microbrain. Axial T2- weighted image shows an immature
gyral pattern and hypomyelination. Cortical thickness is normal. This patient was
profoundly microcephalic (head circumference 19 cm).

The Walker-Warburg, muscle-eye-brain, and HARD +/- syndromes are likely all varying
degrees of the same entity. Abnormalities that may or may not be seen in these disorders
include muscular dystrophy, ocular anterior chamber abnormalities, retinal dysplasias
(evidenced by abnormal electroretinogram and visual evoked responses), hydrocephalus
(usually of an obstructive type), and encephaloceles. The Walker-Warburg syndrome
might be diagnosed even if the ocular examination and muscle biopsies are normal if on
MRI, an abnormal white matter signal and a thickened falx suggest the diagnosis.
Neuroimaging of the muscle-eye-brain disorders often reveals focal white matter
abnormalities.
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Figure 20. Cobblestone
lissencephaly

Fukuyama muscular dystrophy is distinguished from the Walker Warburg-like syndromes
by the severity of the muscular dystrophy [88-91]. This disorder is seen more often in
Japan than in the Western hemisphere, probably because it is the result of a founder
mutation. Patients typically present with evidence of a neuronal migration defect,
hypotonia, and depressed reflexes. Recent identification of Fukutin as the causative gene in
this disorder should provide insight into the pathogenesis of the cobblestone lissencephalies
[92]. This disorder is inherited as an autosomal recessive disorder.

The cobblestone lissencephalies often have an associated cerebellar and brainstem
hypoplasia, and therefore may be difficult to distinguish from lissencephaly with cerebellar
hypoplasia described above. The presence of eye abnormalities, elevated CPK, or other
evidence for the presence of muscle disease and progressive hydrocephalus distinguish this
disorder. These disorders may be inherited in an autosomal recessive manner.
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Table 1. The lissencephalies syndromes

TYPE DESCRIPTION GENE
LIS1 genetic
syndromes

The Miller-Dieker phenotype
consists of distinct facial features
that include bitemporal hallowing,
upturned nares, and a peculiar
burying of the upper lip by the
lower lip at the corners of the
mouth. The lissencephaly is usually
more severe than isolated
lissencephaly, and the prognosis is
worse. Most affected patients die in
the first few years of life.

By both molecular and cytogenetic
techniques, deletions in the terminal
portion of one arm of chromosome 17
can be found in approximately 90%
of Miller-Dicker lissencephaly cases
[74]. The deletions of the terminal
part of chromosome 17 in these cases
have included microdeletions [74],
ring 17 chromosome [75], pericentric
inversions [76], and a partial
monosomy of 17pl3.3 [77]. The most
appropriate genetic test is a
fluorescent in situ hybridization
(FISH) for LIS1; this test involves
marking chromosome 17 at the
centromere and LIS1 with
fluorescent probes.

Isolated
lissencephaly

Classic lissencephaly without
somatic or facial features represents
a distinct genetic syndrome from
Miller-Dieker,

It involves the same gene LIS1.
Approximately 40% of patients with
isolated lissencephaly have FISH
detectable deletions of LIS1, and
about 20% of additional patients
harbor mutations of this gene [78-
80]. The remaining patients may
have mutations involving promoter
regions of LIS1 or abnormalities of
other genes such as Doublecortin or
the involvement of other genes that
have not been recognized.

X-linked
lissencephaly-
subcortical
band
heterotopia
(XLIS-SBH)

 The imaging of X-linked
lissencephaly looks nearly
identical to the images of
lissencephaly involving LIS1.
Patients have classic
lissencephaly, and the
neurologic presentation
described above. However,
the skeletal and other
anomalies seen in the Miller-
Dieker are not noted in this
form of lissencephaly.

 LIS1 gene mutation results in
lissencephaly

 Doublecortin gene mutation
results in band heterotopia
(Doublecortin (DCX), a gene
on Xq22.3-q23 that codes for a
microtubule associated
protein, is responsible for
migration neurons. Mutation
of this gene results in band
heterotopia)
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 In addition, X-linked
lissencephaly occurs mostly
in boys; girls who are
heterozygous for
Doublecortin mutations have
band heterotopia [80,81,85]

Lissencephaly
with
cerebellar
hypoplasia

The association of lissencephaly
with cerebellar hypoplasia
represents a distinct malformation
from both a genetic and clinical
standpoint to those described above.
The cerebellar hypoplasia is usually
extreme, and the brainstem may be
small. Patients may or may not have
an associated microcephaly.

This disorder is often inherited in an
autosomal recessive fashion and may
be due to mutations in REELIN in
some families [87].

Cobblestone
lissencephalies

are disorders in which a smooth
configuration of cortex is noted, but
the distinction from classic
lissencephaly is made based upon
the clinical association of eye
abnormalities, muscle disease, and
progressive hydrocephalus. The
term "cobblestone" refers to the
appearance of the cortical surface
upon pathologic examination. In
these disorders, cells pass their
stopping point and erupt over the
surface of the cortex into the
subarachnoid spaces. This results in
a cobblestone street appearance to
the surface, and therefore, the name.

?

 Polymicrogyria

Polymicrogyria (many small gyri) is a disorder often considered to be a neuronal migration
disorder, but alternate theories exist regarding its pathogenesis, The microscopic
appearance of the lesion is that of too many small abnormal gyri. The gyri may be shallow
and separated by shallow sulci, which may be associated with an apparent increased
cortical thickness on neuroimaging. The multiple small convolutions may not have
intervening sulci, or the sulci may be bridged by fusion of overlying molecular layer, which
may give a smooth appearance to the brain's surface. The interface of white matter with
gray matter is not distinct and often this observation serves as the confirmation of the
presence of polymicrogyria.
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Figure 21. Polymicrogyria

Figure 22. A, Polymicrogyria. B, pachygyria with polymicrogyria, notice the subependymal
nodular heterotopia

Polymicrogyria has also been associated with genetic and chromosomal disorders. It is
found in disorders of peroxisomal metabolism such as Zellweger syndrome and neonatal
adrenal leukodystrophy . Familial bilateral frontal polymicrogyria and bilateral
perisylvian polymicrogyria have been reported. Therefore, if no identifiable cause of the
polymicrogyric malformation is found, the recurrence risk may be that of an autosomal
recessive disorder. A bilateral parasagittal parieto-occipital polymicrogyria has also been
described.

The clinical picture varies depending on the location, extent, and cause of the abnormality.
Microcephaly with severe developmental delay and hypertonia may result when
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polymicrogyria is diffuse. When polymicrogyria is unilateral, focal deficits might be seen.
Epilepsy often is present, characterized by partial complex seizures or partial seizures that
secondarily generalize. The age at presentation and severity of seizures depends on the
extent of the associated pathology.

Figure 23. A, pachygyria with polymicrogyria. B, pachygyria with polymicrogyria, notice
the subependymal nodular heterotopia

Bilateral perisylvian dysplasia is a disorder of perisylvian polymicrogyria resulting in an
uncovered sylvian fissure on neuroimaging and on sagittal imaging an extension of the
sylvian fissure to the top of the convexity. Patients with bilateral perisylvian dysplasia have
a pseudobulbar palsy, and often dysphagia can impair proper nutrition. The majority of
patients have epilepsy with early onset; infantile spasms are common.
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Figure 24. Polymicrogyria with pachygyria

Figure 25. Polymicrogyri. In B the patient also had meningomyelocele, obstructive
hydrocephalic and Arnold -Chiari type II malformation

The cause of this syndrome remains unknown, although hints of a genetic mechanism exist.
Detailed chromosomal analyses have revealed deletions of chromosomes 1, 2, 6, 21, and 22
[93], and an X-linked form has been also described [94,95]. Monozygotic twins and siblings
with this disorder have been described, suggesting a possible autosomal recessive
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mechanism. Some speculate that this is a disorder of regional specification, given the
bilateral, symmetric nature of the lesions.

 Heterotopias

Heterotopias are collections of normal-appearing neurons in an abnormal location,
presumably secondary to a disturbance in migration. The exact mechanism of the
migration aberration has not been established, although various hypotheses have been
proposed. These include damage to the radial glial fibers, premature transformation of
radial glial cells into astrocytes, or a deficiency of specific molecules on the surface of
neuroblasts or of the radial glial cells (or the receptors for those molecules) that results in
disruption of the normal migration process [96]. Heterotopias often occur as isolated
defects that may result in only epilepsy. However, when they are multiple, heterotopias
might also be associated with a developmental disorder and cerebral palsy (usually spastic).
In addition, if other migration defects such as gyral abnormalities are present, the clinical
syndrome may be more profound. Usually, no cause is apparent. Occasionally, heterotopias
may be found in a variety of syndromes, including neonatal adrenal leukodystrophy,
glutaric aciduria type 2, GMI gangliosidosis, neurocutaneous syndromes, multiple
congenital anomaly syndromes, chromosomal abnormalities, and fetal toxic exposures.
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Figure 26. Subependymal nodular heterotopia

Figure 27. CT scan showing
Subependymal nodular
heterotopia with cerebellar
hypoplasia

Heterotopias may be classified by their location: subpial, within the cerebral white matter,
and in the subependymal region. When subependymal, one must consider the X-linked
dominant disorder associated with Filamin mutations (Xq28). Leptomeningeal heterotopias
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often contain astrocytes mixed with ectopic neurons and may resemble a gliotic scar. They
may be related to discontinuities in the external limiting membrane and often are
associated with cobblestone lissencephaly. These subarachnoid heterotopias are responsible
for the pebbled appearance of the surface of the brain. White matter heterotopias may be
focal, subcortical, or diffuse. They may cause distortion of the ventricles and may be
associated with diminished white matter in the surrounding area.

Figure 28. MRI showing
Subependymal nodular heterotopia

SUMMARY

The progress made in the understanding of the genetics of human brain malformations has
lead to insight into the formation of brain and into mechanisms of disease affecting brain.
It bears upon neurologists and geneticists to recognize the patterns of diseases of brain
formation, to properly diagnose such disorders, to assess the recurrence risk of these
malformations, and to guide families with appropriate expectations for outcomes. This
article may serve as a guide to neurologists in their approach to these disorders. Because
this area is one of rapid progress, the clinician is advised to seek more current information
that may be available through on-line databases and other sources.

Table 2. Definition of developmental disorders.

Type Comment
schizencephaly

(disorder of
segmentation)

Schizencephaly (cleft in brain) has been regarded by many as a
migration abnormality; however, it is best understood as a disorder of
segmentation because one of the genes that is abnormal in the more
severe and familial forms is EMX2 [6,7]. Thus, this developmental
disorder, at least in the more severe cases, appears to be the result of
failure of regional specification of a clone of cells that are destined to
be part of the cortex.

Megalencephaly

(Non-neoplastic

The terms megalencephaly and hemimegalencephaly refer to disorders
in which the brain volume is greater than normal (not owing to the
abnormal storage of material); usually, the enlarged brain is
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disorder of
neuronal
proliferation)

accompanied by macrocephaly, or a large head.

Microcephaly

(Non-neoplastic
disorder of
neuronal
proliferation)

The term microcephaly refers to disorders in which the brain volume
is smaller than normal

Dysembryoplastic
neuroepithelial
tumor and
ganglioglioma

Neoplastic proliferative disorders

Lissencephaly

(disorder of
neuronal
migration)

Lissencephaly (smooth brain) refers to the external appearance of the
cerebral cortex in those disorders in which a neuronal migration
aberration leads to a relatively smooth cortical surface. One should
not consider only agyria in making this diagnosis, rather, the full
spectrum includes agyria and pachygyria.

Agyria

(disorder of
neuronal
migration)

Extreme end of lissencephaly (sever lissencephaly) spectrum in which
gyri are completely absent and the brain surface is completely smooth.

Pachygyria

(disorder of
neuronal
migration)

The other end of lissencephaly spectrum (mild lissencephaly), the
brain have a few broad, flat gyri separated by shallow sulci
(pachygyria). The cortex is thick in pachygyria.

Polymicrogyria

(disorder of
neuronal
migration)

Polymicrogyria (many small gyri) is a disorder often considered to be
a neuronal migration disorder, but alternate theories exist regarding
its pathogenesis, The microscopic appearance of the lesion is that of
too many small abnormal gyri. The gyri may be shallow and separated
by shallow sulci, which may be associated with an apparent increased
cortical thickness on neuroimaging. The multiple small convolutions
may not have intervening sulci, or the sulci may be bridged by fusion
of overlying molecular layer, which may give a smooth appearance to
the brain's surface.

Heterotopias

(disorder of
neuronal
migration)

Heterotopias are collections of normal-appearing neurons in an
abnormal location, presumably secondary to a disturbance in
migration. Heterotopias may be classified by their location: subpial,
within the cerebral white matter, and in the subependymal region.
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Tuberous sclerosis

(differentiation
disorder)

Disorders such as tuberous sclerosis, in which both tumor
development and areas of cortical dysplasia are seen, might be a
differentiation disorder. The brain manifestations of this disorder
include hamartomas of the subependymal layer, areas of cortical
migration abnormalities (tubers, cortical dysgenesis), and the
development of giant-cell astrocytomas in upwards of 5% of affected
patients.
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INDEX |

 INTRODUCTION

INTRODUCTION

Focal cortical dysplasia (FCD) is found in approximately one-half of patients with
medically refractory epilepsy. These lesions may involve only mild disorganization of the
cortex, but they may also contain abnormal neuronal elements such as balloon cells.
Advances in neuroimaging have allowed better identification of these lesions, and thus
more patients have become surgical candidates. Molecular biology techniques have been
used to explore the genetics and pathophysiological characteristics of FCD. Data from
surgical series have shown that surgery often results in significant reduction or cessation of
seizures, especially if the entire lesion is resected.
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Focal cortical dysplasia is a significant cause of medically refractory epilepsy. Although
aberrant cortical lamination had been described in epilepsy patients in the past, FCD was
not extensively studied until Taylor, et al.,[50] in 1971 described a series of 10 epileptic
patients with various degrees of cortical dysplasia. The characteristic balloon cells in these
lesions were first described in this report. During the last 35 years, developments in
imaging, electroencephalography, and electrocorticography have allowed more patients
with medically refractory epilepsy to undergo resective surgery. Advances in molecular
biology and physiology have led to a better understanding of the genetics and
pathophysiological characteristics of FCD. We review the pathological features,
pathophysiological characteristics, and genetics of FCD, as well as report on surgical
outcomes in patients with FCD.

 Pathological and Pathophysiological Features

Focal cortical dysplasias are part of an array of disorders described variously as disorders
of cortical development, cortical dysplasias, cortical dysgenesis, or neuronal migration
disorders.[42] Classification of these disorders depends on either their pathological
characteristics or the proposed origin of the pathological elements (for example, neuronal
migration). Histological findings in cortical dysplasia include architectural abnormalities
such as cortical laminar disorganization and columnar disorganization. More severe forms
of FCD are characterized by the presence of abnormal neuronal elements, such as
immature neurons, dysmorphic neurons, giant cells, and balloon cells. Immature neurons
are round homogeneous cells with large nuclei.[42] Dysmorphic neurons have distorted cell
body, axon, and dendrite morphology caused by the accumulation of neurofilaments within
the cytoplasm.[44,45] Giant cells are increased in size but are normal in shape and do not
show an accumulation of neurofilaments.[42,47] Balloon cells are considered a hallmark of
FCD, although they are not present in all patients with FCD. First described by Taylor, et
al.,[50] these cells have an eosinophilic cytoplasm and an eccentric nucleus.
Immunohistochemical studies have shown that balloon cells have both neuronal and glial
characteristics. Many of these cells are immunopositive for vimentin, and others are
immunopositive for glial fibrillary acidic protein, neuron-specific enolase, microtubule-
associated protein, or neuronal-specific nuclear protein.[42,44,45,48]

 Classification of FCD

To further classify the pathological features associated with FCD, a panel of epileptologists
and neuropathologists devised a classification scheme[42] in 2004 that has been widely
adopted. They distinguished two types of dysplasia based on the presence or absence of
dysmorphic neurons or balloon cells. In Type I FCD, there are no dysmorphic neurons or
balloon cells. In Type IA, isolated architectural abnormalities, usually laminar or columnar
disorganization, are found. Type IB is also characterized by architectural abnormalities,
but giant cells or immature neurons are also seen. It is important to note that no abnormal
cells are present in Type I FCD. On the other hand, abnormal neurons are found in type II
FCD. In Type IIA, there are dysmorphic cells but no balloon cells. In Type IIB, both
dysmorphic cells and balloon cells are found.
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Some correlation exists between the neuropathological findings, clinical presentation, and
radiographic findings for these types. Type I FCD can be clinically silent and found in
healthy patients. Indeed, autopsy studies have revealed that FCD is found in about 1.7% of
healthy brains.[6] Some patients with Type I FCD may have cognitive impairment instead
of epilepsy.[42] Magnetic resonance imaging findings associated with Type I FCD may
include focal cortical thickening, reduced demarcation of the gray-white matter junction,
hyperdensity of gray and subcortical white matter on T2-weighted images, hypodensity of
subcortical white matter on T1-weighted images, lobar hypoplasia, and atrophy of the
white matter core.[1,2,11] On the other hand, Type II FCD is more likely to be associated
with medically refractory epilepsy. On MR images, these lesions may be seen as focal areas
of increased cortical thickness, blurring of the gray-white junction, increased signal
intensity on T2 weighted images, or extension of cortical tissue with increased signal
intensity from the surface to the ventricle.[1-3,8,11,26,32] Although different MR findings
are associated with Types I and II FCD, there is significant overlap. Thus, a specific
categorization of FCD cannot be made solely on the basis of MR imaging findings and must
ultimately be based on histological findings.[11]

Figure 1. Focal cortical dysplasia

 Investigation of Mechanisms Leading to Epilesy

Investigation of the mechanisms by which focal cortical dysplastic lesions cause epilepsy is
an active area of research. There is evidence for both an increased excitatory state and
decreased inhibition. Molecular characterization of these lesions has suggested several
potential mechanisms that can lead to hyperactivity of these lesions. One such mechanism
is altered expression of NMDA receptors, which are excitatory glutamate receptors that
conduct calcium. They are composed of heterodimers of two families, NR1 and NR2.[51]
Numerous studies have demonstrated that FCD lesions have an elevated expression of
NR2A/B subunit proteins and their associated clustering protein PSD95 in the dysplastic
neurons and that these substances have a low expression level in normal neuronal
tissues.[15,34,37,53-55] There is some evidence to suggest a correlation between the
elevation of NR2A/B subunit expression and the degree of in vivo epileptogenicity.[37] In
one animal model of FCD, an NR2B receptor antagonist has raised the threshold of
bicuculline-induced epileptic discharge, suggesting that NR2B subunits may have a
functional role in the hyperexcitability of the dysplastic lesions.[16] Nevertheless, the exact
mechanism by which elevation of NR2A/B subunit expression leads to epileptogenicity is
still unclear.
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Another class of glutamate receptors, AMPA receptors, has also been implicated in the
pathogenesis of FCD. AMPA receptors are composed of four subunits (Glu R1-4) and
conduct sodium. AMPA receptors interact with NMDA receptors by removing the
magnesium blockade on the NMDA receptors. Elevated expression of GluR2/3 subunits has
been found in FCD lesions.[23] Increased GluR4 messenger RNA expression has also
shown in FCD neurons.[15] Whether the AMPA receptors contribute to the hyper-
excitability through interaction with the NMDA receptors is unclear at this point.

In addition to hyperexcitability, decreased inhibition is also implicated in the pathogenesis
of FCD. Early studies have shown that parvalbumin and calbindin D28K immunoreactive
neurons, which are inhibitory GABAergic neurons, are absent in dysplastic lesions.[19]
The reduction of GABAergic neurons has been confirmed by Spreafico, et al.,[46] who have
shown that the level of glutamic acid decarboxylase, the rate-limiting enzyme for GABA
synthesis, is greatly reduced in dysplastic regions resected from human patients. These
authors have also reported differences in organization of GABAergic neurons in Types I
and II cortical dysplasia. In lesions of Type I cortical dysplasia, which have no giant
neurons or balloon cells, a reduction in parvalbumin and glutamic acid decarboxylase
immunoreactivity has been found. In contrast, lesions of Type II cortical dysplasia have
shown an overall reduction of parvalbumin, but the giant cells are surrounded by
terminals that are positive for parvalbumin and glutamic acid decarboxylase.[46] This
reduction of GABAergic neurons has also been seen in experimental models of cortical
dysplasia.[43] In contrast, Calcagnotto, et al.,[7] have not found an overall reduction of
glutamic acid decarboxylase expression in Type II dysplastic lesions. Instead, they have
described a reorganization of GABAergic neurons, including parvalbumin-positive and
calbindin-positive interneurons. In contrast to normal tissue, where these interneurons are
found in layer II/III, the interneurons in dysplastic lesions were found to be evenly
distributed in all cortical layers. In addition, they have found effects on GABA transport in
dysplastic lesions, including reduced expression of GABA transporter. The overall effect of
these alterations is reduced inhibitory postsynaptic current frequency in type II cortical
dysplasia tissue. Thus, there is evidence for both increased excitation and reduced
inhibition in various experimental models, as well as in human cortical dysplasia. The exact
role of balloon cells in the production of an epilepsy phenotype is unknown.

 Genetics Of FCD

Focal cortical dysplasia is thought to be a neuronal migration disorder. It lies at the milder
end of the spectrum of neuronal migration disorders that exhibit only focal abnormalities.
The other end of spectrum includes diseases such as lissencephaly, in which there is a
significant reduction of gyri and thickening of gray matter over a large area of the brain.

Although all of these diseases involve neuronal migration as part of their pathogenesis, the
underlying causes of neuronal migration dysfunction in the various disorders may be
different. Lissencephaly, periventricular nodular heterotopia, and subcortical band
heterotopia (double cortex) are single-gene disorders involving proteins that interact with
the cytoskeleton.[14] Lissencephaly, the most severe neuronal migration disorder, is
characterized by a smooth brain surface, marked reduction of gyri, and increased cortical
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thickness.[27] Mutations in five different genes (LIS1, DCX, 14-3-3e, RELN, and ARX)
have been shown to cause lissencephaly.[27] Although mutations in each of these genes
have been associated with lissencephaly, a different phenotype exists depending on the gene
in which the mutation occurs. For example, mutations in DCX and RELN are more likely
to lead to anterior cortex involvement, and mutations in LIS1, 14-3-3?, and ARX are more
likely to lead to posterior cortex involvement.[27] Mutations in DCX lead to a
characteristic subcortical band of heterotopic neuronal elements, and hence the name
doublecortin has been given to the protein encoded by DCX.[27] Each of the proteins
encoded by these genes has some interaction with the cytoskeleton. The LIS1 protein, for
example, interacts with tubulin and suppresses microtubule dynamics.[27] The DCX
protein also has a motif that binds to tubulin and may interact with the LIS1 protein. The
protein encoded by RELN, on the other hand, is an extracellular protein that interacts with
integrin and lipoprotein receptors, which in turn act on downstream protein kinases that
regulate cytoskeletal formation.[27] Mutations in filamin1 have been identified in another
class of disease, periventricular nodular heterotopia, which is characterized by
differentiated neurons inside misplaced nodules.[14] Filamin1 protein has been thought to
be involved in the formation of filopodia, the cell processes that lead and guidea cell's
migration, and disruption of filopodia formation may lead to dysfunction in neuronal
migration.[14] A common theme in all of these disorders is involvement of proteins that
interact with or regulate cytoskeleton formation.

Lissencephaly and periventricular nodular heterotopia are the best studied neuronal
migration disorders. The mechanisms of other diseases are less well understood. Recent
evidence has suggested that mutations in other classes of genes may also cause neuronal
migration disorders. For example, mutations in Emx2, which encodes a transcription factor
involved in forebrain formation, have been found in patients with schizencephaly, although
not in all cases.[20] Schizencephaly is characterized by clefts extending from the pial
surface to the lateral ventricle that are lined with abnormally laminated polymicrogyric
cortex. It is unclear how Emx2 mutations lead to neuronal migration problems in these
patients.

Both congenital and genetic causes have been proposed for FCD. Some evidence supports a
genetic basis for FCD or at least a genetic contribution to its pathogenesis. In two studies,
patients with FCD were noted to have a family history of epilepsy.[35,36] In addition, a
positive family history of epilepsy was found to predict an earlier age at onset of seizures in
patients with FCD.[35] Studies that include larger numbers of patients are needed to
determine whether FCD has a genetic basis or genetic modifiers.

Overlapping clinical and pathological findings have been noted in brains of patients with
tuberous sclerosis and in those of patients with other types of cortical dysplasia. Authors of
several interesting papers have suggested that TSC1 is involved in the pathogenesis of
FCD.[5,17] Mutations in TSC1 are known to cause tuberous sclerosis, which, like FCD, is
characterized by balloon cells, but also has a number of other clinical features.[20] Amino
acid polymorphisms involving exons 5 and 17 in TSC1 and silent base substitutions in
exons 14 and 22 were found in a significantly higher proportion of patients with focal
dysplasia, compared with controls.[5] In addition, loss of TSC1 heterozygosity has been
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noted in focal cortical dysplastic lesions themselves.[5] This loss of heterozygosity is specific
to TSC1, as no genomewide genetic instability has been observed.[17] It is still unclear how
mutation or dysfunction of TSC1 leads to neuronal migration disorder. In a recent study,
however, the protein encoded by TSC1 was found to be part of the mTOR signaling
pathway, a protein kinase pathway involved in cell growth, apoptosis, and cell cycle
regulation.[31] Loss of function of TSC1 affects soma size and dendritic spine
formation.[49] If the formation of some of these neuronal processes is involved in neuronal
migration, this relationship would explain the role of TSC1 in regulation of neuronal
migration; however, the exact mechanism is still unclear.

Other proteins that have been shown to be altered in FCD neurons are the Notch and Wnt
pathway proteins. These two signaling pathways are known to be involved in neuronal
migration.[12] It is unlikely that patients with FCD have a mutation in the genes that
encode these proteins, as mutations in the genes for the key proteins in these pathways
usually have widespread phenotypes; however, mutations in genes for the regulators of
these genetic pathways may be one cause of FCD. Indeed, it is thought that one mechanism
by which Emx2 mutations cause schizencephaly is through alteration of the Wnt1
expression level.[33]

Indirect evidence from experimental models has suggested that interruption of genetic
material can lead to FCD. For example, application of radiation or methylazoxymethanol,
which both act to disrupt DNA structure, has been used to create models of FCD.[7]

There are several reasons why no single genetic mutation has been shown to cause cortical
dysplasia. First, FCD represents a rather diverse group of neuron structural abnormalities.
As described earlier, FCD can be classified into several types (Types IA, IB, IIA, and IIB)
on the basis of histopathological criteria. A second reason is that most surgical series have
involved only 20 to 60 patients (see later), and these numbers are too low for detection of
most rare events. Third and most important, FCD is unlikely to be associated with a single
gene mutation, as is lissencephaly or periventricular nodular heterotopia. Rather, it is
likely to be associated with subtle polymorphism mutations in the regulatory elements, or
to involve multiple genes, as observed in the case of TSC1. Candidate genes that could
cause FCD are those involved in neuronal migration pathways, such as the Notch or Wnt
signaling pathways.[13] Mutations in these genes that lead to a loss of function, however,
are usually lethal in the embryo. Thus, it is more likely that hypomorphic mutations, or
mutations in the regulatory elements, are associated with FCD. Detecting such mutations is
much more difficult and requires studies involving large numbers of patients. New
mutation analysis methods and new genome investigations such as the International
HapMap Project should shed light on the pathogenesis of FCD.

 Surgery for FCD

Since the report by Taylor, et al., in 1971,[50] FCD has become increasingly recognized as a
cause of medically refractory epilepsy. With advances in neuroimaging and
electrophysiological monitoring, lesions in FCD can be more accurately identified and are
thus more amenable to resection.
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Epilepsy remains the most common presentation of FCD. Approximately one half of
patients with epilepsy have some form of FCD;[6] however, some patients with Type I FCD
may not show symptoms or may show only mild cognitive impairment.

Medically refractory epilepsy is the main reason for surgical intervention in patients with
FCD. Preoperative neuroimaging usually includes high-resolution MR imaging, which can
reveal approximately 60 to 90% of cortical abnormalities in these patients.[4,6,10]
Characteristic findings include an abnormal gyral pattern, increased cortical thickness,
poor gray-white matter differentiation, and increased subcortical signal intensity on T2-
weighted and fluid-attenuated inversion-recovery MR images.[4,6,11] Many patients,
especially those with normal MR imaging findings, undergo additional diagnostic
procedures. Scalp EEG is frequently used and was one of the more important modalities
during early surgical series. Approximately one half to two thirds of patients with
abnormal EEG findings have a regional ictal abnormality.[4,6] In some cases, intracranial
subdural recordings, most commonly with grid arrays, are used. Chronic subdural
recording allows identification of eloquent cortex, in addition to definition of the
epileptogenic region.[6]

The first published description of a surgical series of patients with FCD was by Taylor, et
al.,[50] in 1971. This seminal study included a total of 10 patients, eight of whom had FCD
that was confirmed by histological findings. Six of these patients became seizure free after
surgery.

The first large series was described by Palmini, et al.,[40] in 1991. This series included 26
patients with focal neuronal migration disorders, 12 of whom had definitive FCD. Five of
the 12 patients had lesions confined to one lobe or one area of the brain, and seven had
multilobar involvement. Seven of the 12 patients had complete cessation or excellent
control of seizures after surgery.[39] Seizure control was highly correlated with successful
resection of the entire lesion or at least the majority of the abnormal tissue. Complete
resection did not necessarily predict cessation of seizures, however, as poor control of
seizures remained in some patients despite removal of all of the tissue associated with
epileptiform discharges in EEG or electrocorticography findings. In 1995, Palmini, et
al.,[41] further characterized these patients, as well as additional patients from two other
institutions. In this series of 34 patients, outcome data were available for 27 patients. An
important aspect of this study was the careful documentation of the EEG findings in
patients with cortical dysplasia. Approximately two thirds of the patients demonstrated
characteristic epileptic discharges, including repetitive electrographic seizure activity,
repetitive bursting discharges, and continuous or quasicontinuous rhythmic spiking. In this
expanded series with longer follow up, 75% of the patients who underwent complete
resection of regions associated with abnormal electrical activities had a good outcome, and
the patients in whom some of these areas remained had relatively poor seizure control.
Thus, the concept of combined resection of areas showing radiological and
electrophysiological abnormalities was emphasized.

Several reports on surgical series were published in the 1990s. Hirabayshi, et al.,[24]
compared seizure control after surgery in patients with FCD and patients with mesial
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temporal sclerosis. Only six of 17 patients with FCD became seizure free or almost seizure
free after the surgery, a significantly worse rate of seizure control, compared with the rate
for patients who underwent surgery for mesial temporal sclerosis. Outcome was correlated
with the extent of the pathological lesions. Involvement of tissue outside of the temporal or
frontal lobes was an independent predictor of poor outcome, whereas frontal lesions and
temporal locations were factors favoring a good surgical outcome. Otsubo, et al.,[38]
reported on nine children with FCD who underwent resection between 1987 and 1991.
Three patients became seizure free after the surgery. There was no conclusion about a
relationship between the extent of resection and outcome.Wyllie, et al.,[52] reported results
for 30 patients after surgery for migration disorders. Sixteen patients with extratemporal
epilepsy were available for follow up, 13 of whom either became seizure free or had greater
than 90% reduction of seizure frequency. In this study, 13 patients had Type I FCD
involving the temporal lobe. None of them showed abnormalities on MR images. It is
important to note that 10 of these patients became seizure free after surgery and the other
three reported significant reductions in seizures. Kuzniecky, et al.,[30] described 11
patients who underwent resection for frontocentral malformations. In 10 of the 11 patients,
MR images showed abnormalities. In a group of four patients with frontal involvement,
one patient became seizure free and the other three had significant reductions in seizures.
Three of the five patients with central lesions demonstrated improvement in seizures after
surgery, and the remaining two did not have significant improvement. The authors
emphasized that regions of dysplasia could contain normally functioning tissue, which
would preclude aggressive resection without production of significant neurological deficits.

In the past few years, descriptions of several additional series of patients who underwent
surgery for FCD have been published. It is important to note that many of these studies
have had longer follow-up times and have included the use of more advanced imaging
techniques, compared with earlier studies. Kloss, et al.,[28] have reported on a series of 68
pediatric patients with FCD. Long-term complete seizure control was achieved in
approximately 50% of the patients, and another 20% of the patients had excellent seizure
control. No significant difference in seizure control after surgery was found between the
patients who had Type I FCD and those who had Type II FCD. Again, complete resection
of the lesion was the most important factor for complete seizure control. Hong, et al.,[25]
have described a series of patients with cortical dysplasia who underwent surgery; nine of
these patients had FCD. Complete cessation of seizures was observed in seven of the nine
patients after surgery.

Tassi, et al.,[47] have reported on a series of 52 patients with focal dysplasia who
underwent surgery. In addition to MR imaging and scalp EEG, stereo-EEG was used in
some patients to localize the lesions. Overall, 70% of the patients who underwent resection
experienced excellent outcomes, with cessation of seizures or more than a 90% reduction in
seizure frequency. One interesting observation in this series was that patients with Type II
FCD fared better than patients with Type I FCD. Seventy-five percent of the patients with
Type II FCD had complete cessation of seizures, compared with 62% of patients with Type
IA FCD and 50% of patients with Type IB FCD.
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Kral, et al.,[29] have described 53 patients in whom a diagnosis of FCD was made, 72% of
whom had complete cessation of seizures after surgery and an additional 4% of whom had
no more than two seizures per year after surgery. Identification of structural abnormalities
on MR images was key to predicting seizure outcome. Multilobar involvement was
identified as a predictor of poor outcome in this study. It is important to note that there
was no difference in outcome between the patients with temporal as compared to
extratemporal involvement in this series. This finding is probably partly due to the fact
that most of the extratemporal involvement was in the frontal lobe.

Bautista, et al.,[4] have reviewed their experience with surgical treatment of FCD in adults.
In this large series of 55 patients, 36 patients had temporal lesions, 19 had extratemporal
lesions, and four had multilobar involvement. Most of the patients (87%) showed focal
lesions on MR images, and approximately 60% showed additional pathological features
such as central nervous system infection, hippocampal sclerosis, or low-grade tumor.
Overall, 65% of these patients became seizure free, and 19% had significant improvement.

In contrast, in a series of 39 pediatric patients that has been described by Hader, et al.,[21]
72% of the patients had good seizure control, although there was no significant correlation
between seizure control and imaging characteristics, histopathological findings, or location
of the lesions. It is important to note that 16 patients had incomplete resection of the lesion
and underwent multiple subpial resections. One half of these demonstrated good seizure
control after the procedure. Thus, multiple subpial resections may offer additional benefit,
especially for patients in whom the abnormal tissue cannot be resected due to functional
considerations.

Cohen-Gadol, et al.,[10] have reported their experience with 22 patients with FCD. As in
other series, complete resection with histopathological confirmation of a clean margin
predicted good outcome. Ninety-two percent of patients who underwent complete resection
became seizure free after the procedure, compared with only 43% of the patients who had
margins still positive for FCD. Of the 22 patients, 20 patients harbored abnormalities
identified on MR images. As in other series, the lesion areas with abnormal discharge often
extended beyond the abnormal area identified on MR images. Fauser, et al.,[18] have
correlated the control of seizures after resection with histopathological findings and have
found that patients with Type I FCD fared better than those with Type II FCD. Sixty-three
percent of patients with Type IA and 55% of those with Type IB were seizure free after
surgery, compared with 43% of patients with Type IIA and 50% of those with Type IIB.

Chapman, et al.,[9] have described outcomes for 24 patients who had intractable seizures
and normal MR imaging findings. In 42% of these patients, FCD was found. Overall, 80%
of the patients had a significant reduction in the number of seizures after resection. This
finding suggests that many patients with intractable seizures and normal MR imaging
findings may have FCD and that resection should still be attempted in these patients, as
good outcomes are frequently observed.

Hamiwka, et al.,[22] have reported results of a 10-year follow up of patients who had
cortical malformations and underwent resection. Thirty-one of these patients had FCD.
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Only 32% of the patients remained seizure free over 10 years. Once again, the extent of
resection was the most important factor in determining seizure control outcome.

SUMMARY

Surgery for FCD can benefit many patients, especially if complete resection of abnormal
regions is possible. The preoperative workup should include high-resolution MR imaging,
videotelemetry, and EEG. It is important to recognize that MR imaging findings may be
normal in some cases and that regions of histological FCD may extend beyond the
abnormal areas identified on MR images. Intraoperative monitoring frequently includes
electrocorticography, cortical stimulation for motor mapping, and, sometimes,
somatosensory evoked potentials if the lesion is near the central sulcus. In recent years,
frameless navigation systems have been useful in resection. The best outcomes result when
resection of areas with radiological and electrophysiological abnormalities can be achieved.
When the results from published descriptions of surgical series were combined,
approximately 60% of patients with FCD experienced good seizure control after resection
of the lesion ( Table 1 ). As normal radiological studies do not preclude a diagnosis of
cortical dysplasia, only careful and complete histopathological examination of tissue
removed from patients with pharmacoresistant epilepsy will help to determine the
percentage of cases where FCD exists. Neuroimaging techniques will continue to improve
over time and will likely be more useful for identifying the extent of lesions in the future.
Co-registration of data from high-resolution MR imaging, EEG, magnetoencephalography,
positron emission tomography, and functional MR imaging will allow maximal resection of
the abnormal regions with less morbidity.

Table 1. Summary of Outcomes in Surgical Series of Patients With FCD

Authors & Year
No. of
Patients

% w/ Favorable
Outcome*

Taylor, et
al.,1971

8 75

Palmini, et
al.,1991

12 58

Hirabayshi, et
al.,1993

17 35

Otsubo, et
al.,1993

9 33

Wyllie, et
al.,1994

28 89

Kuzniecky, et
al.,1995

11 64

Palmini, et 27 41
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al.,1995†

Hong, et
al.,2000

9 89

Kloss, et
al.,2002

68 70

Tassi, et al.,2002 52 70

Bautista, et
al.,2003

55 84

Kral, et al.,2003 53 72

Cohen-Gadol, et
al.,2004

22 73

Hader, et
al.,2004

39 72

Chapman, et
al.,2005

10 80

Hamiwka, et
al.,2005

31 32

overall 58

* Favorable outcome includes cessation of seizures and significant reduction(at least 70%) of
seizure frequency.
† This series included some patients
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INDEX

 INTRODUCTION

TUBEROUS SCLEROSIS

Tuberous sclerosis is a hereditable disorder characterized by the development of early in
childhood of hamartomas, malformations and congenital tumours of the CNS, skin and
viscera. The pathological changes of tuberous sclerosis are widespread and include lesions
in the brain, skin, bone, retina, skin and others. Clinically it is characterized by the
occurrence of epilepsy, mental retardation and adenoma sebaceous in various combination.

Tuberous sclerosis (TS) is one of the most common phakomatoses. Its occurrence is around
1-20:500,000 births 1, and Donegani et al. 2, based on autopsy records, estimate its
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prevalence at 1:10,000. Ahlsen et al. 3 in a study carried out in Sweden on a population up
to 20 years old, observed a prevalence of 1: 12,900 with a peak of 1:6,800 in the 11-15-year
age group. TS is inherited as an autosomal dominant disorder with high penetrance and
variable expressivity, with no racial or sexual predilection. As many as 60% of cases have
been described as sporadic, resulting from spontaneous genetic mutations in the offspring
of healthy parents.4 The number of true sporadic cases is now decreasing as the parents of
affected children undergo ocular fundoscopy and renal and cardiac echography.5 TS, like
every phakomatosis, can be defined as a primary cytologic dysgenesis.6 The genetic
disorder has been identified, with the TSCI and TSC2 genes localized respectively on
chromosome 9 band q 34.3 and chromosome 16 band p 13.3.7,8 Nevertheless, a specific
molecular marker that would allow recognition of the asymptomatic and quasi-
asymptomatic cases has not yet been found.9 TS is a multiorgan disease (skin, retina, lungs,
heart, skeleton, and kidneys) involving the embryonic ectoderm, mesoderm, and endoderm.
The central nervous system (CNS) is always affected, and CNS disease is often the first
indicator of the disorder.10 The primary anomaly of TS is an abnormal differentiation and
growth of the neuronal and glial cells, associated with migration anomalies and
disorganization of the cortical architecture, formation of tumor-like cell clusters
[hamartias or hamartomas according to Gomez 11], and rarely neoplasia. The presence of
cell dysplasia, however, differentiates phakomatoses from CNS malformations.6

 Genetic causes

TSC is inherited in an autosomal dominant pattern. An affected parent has a 50% chance
of transmitting the disease to offspring. There are a significant number of sporadic
mutations, estimated to occur in approximately two thirds of cases. 9

Two genes, TSC1 and TSC2, have been identified. TSC1 is located on chromosome 9 and
was identified in 1997. This gene encodes for the protein hamartin. The protein tuberin is
encoded by the gene TSC2. TSC2, located on chromosome 16, was the first TSC gene
discovered in 1993. Approximately 50% of cases are due to TSC1, and the remaining 50%
are due to TSC2. Of sporadic cases, 75% are due to a mutation in the TSC2 gene.9

Table 1. Genetics of tuberous sclerosis

Gene Gene Location Gene
product Comment

TSC1 Chromosome 9 Hamartin Recent findings support the hypothesis that the
TSC2 gene and perhaps the TSC I gene act as tumor
suppressors. When the TSC mutation occurs, the
defective gene product of the TSC mutation is
unable to suppress the tumor growth caused by a
random somatic cell mutation that produces an
oncogene stimulating the formation and growth of
hamartomas.9

TSC2 Chromosome 16 Tuberin
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At the present time, TSC is a clinical diagnosis, because genetic testing currently is not
routinely available. Genetic mutation analysis is available on a research basis. Family
members may also be tested on a clinical basis if a mutation is detected. Information
regarding this topic is available at the following website: www.geneclinics.org

Criteria for germline mosaicism have recently been outlined. Parents who have no evidence
of either major or minor criteria of TSC and also have 2 or more children affected with
TSC are said to meet the criteria for germline mosaicism. For this reason, parents who
have none of the manifestations of TSC but do have 1 child affected with TSC should be
counseled about a 1-2% chance of having another child affected with TSC. The incidence
of germline mosaicism is estimated to be approximately 10-25%. 9

RADIOLOGICAL PATHOLOGY OF TUBEROUS SCLEROSIS

Pathologically tuberous sclerosis is characterized by the presence of Cortical tubers.
Subependymal nodule, Giant cell astrocytoma, White matter lesions and Deep white matter
lesions.

Table 2. Pathology of tuberous sclerosis

Pathology Comment
Cortical
tubers

They involve gray matter and contiguous white matter. Sometimes two or
more adjacent gyri are affected. They may cause gyral broadening and
thickening. At histologic examination the laminar architecture of affected
cortex is completely disorganized. Normal neurons and normal glial cells
are scanty and abundant undifferentiated neuroepithelial cells and atypical
neuron-like cells are observed, with rare clusters of abnormal bizarre glial
cells. The subcortical white matter adjacent to a cortical tubers is
abnormal, and is usually with defective myelination of neural fibers and
gliosis.13 The cortical tubers surface is smooth but becomes depressed due
to degenerative phenomena with cellular loss in the affected cortex.
Dystrophic calcifications are infrequently present in cortical tubers

Subependymal
nodule

Typically located in the subependymal walls of the lateral ventricles,
usually bilateral and mainly at the foramina of Monro. subependymal
nodules have never been observed in the third ventricle.9,11 Their number
and size are quite variable. Subependymal nodules contain the same kind
of cell abnormalities as cortical tubers, but with very many large, bizarre
glial cells, fusiform cells, and undifferentiated neuroectodermal cells.
However, neuron-like cells are scant. Much vascular and fibroglial stroma
with accumulations of calcium deposits is often found. Focal hemorrhages
and necrosis have also been reported.9,11,16

Giant cell
astrocytoma

Subependymal Giant-Cell Astrocytomas are clinically and
histopathologically benign.20 They grow slowly, have no surrounding
edema, are noninvasive, and rarely show malignant degeneration.21 There
are no qualitative histopathologic differences between subependymal
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nodules and Subependymal Giant-Cell Astrocytomas. Like subependymal
nodules, Subependymal Giant-Cell Astrocytomas contain large amounts of
undifferentiated giant cells or abnormally differentiated cells resembling
astrocytes or spongioblasts, together with a few abnormal neurons. The
fibrovascular stroma contains dystrophic calcifications and cystic or
necrotic areas of degeneration.22 Subependymal Giant-Cell Astrocytomas
may originate from subependymal nodules located near the foramen of
Monro. Recent findings support the hypothesis that the TSC2 gene and
perhaps the TSC I gene act as tumor suppressors. When the TSC mutation
occurs, the defective gene product of the TSC mutation is unable to
suppress the tumor growth caused by a random somatic cell mutation that
produces an oncogene stimulating the formation and growth of
hamartomas.9

White matter
lesions

Radial curvilinear bands, straight or wedge-shaped bands, and nodular
foci were found. Radial white matter lesions run from the ventricle through
the cerebral mantle to the normal cortex or cortical tuber, wedge-shaped
white matter lesions have their apex near the ventricle and their base at the
cortex or at the cortical tuber, and nodular foci are located in the deep
white matter. White matter lesions are composed of clusters of dysplastic
giant and heterotopic cells, with gliosis and abnormal nerve fiber
myelination.1 These anomalies are almost identical to those of the inner
core of the cortical tubers. The site, shape, and histopathologic findings of
white matter lesions confirm that TSC is a disorder of both histogenesis
and cell migration.

Deep white
matter lesions

These are focal, single or multiple lesions, always in the deep or
periventricular white matter.9

 Cortical tubers

In tuberous sclerosis, the most common
clinical presentation is seizure, occurring in
more than 80% of cases. 9 The brain
characteristically reveals multiple nodules
("tuber") in the crest of cerebral gyri. The

nodules are generally most abundant in the frontal lobe. The involved cortex is firm in
consistency and shows some blurring of the junction between the cortex and white matter.
Histologically, the subpial area is thickened by proliferating astrocytes that may be large
and bizarre with abundant processes. Laminar organization of the cortex is obscured by
numerous large, irregularly oriented neurons with coarsely granular Nissl substance. In
addition, there are, large cells with abundant, pale cytoplasm and large, round nuclei with
prominent nucleoli. These cells are free of Nissl substance and some seem to be of astrocytic
lineage because of their GFAP immunopositivity. They are more frequently found in the
white matter, occasionally arranged in clusters. Overall, these features are not dissimilar to
those of cortical dysplasia of Taylor. In tuberous sclerosis, however, severe gliosis may be
noted in the subpial area. 9

Tuberous sclerosis histopathological features
are not dissimilar to those of cortical dysplasia.
In tuberous sclerosis, however, severe gliosis
may be noted in the subpial area.
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Figure 1. Postmortem specimens showing cortical tubers, the affected gyri are abnormally
broad and flat.
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Figure 2. A,B CT scan precontrast and C, CT scan postcontrast study, D,E,F precontrast
MRI T1 images, G,H,I MRI T2 images. Notice the calcified cortical tuber in the left frontal
region. The tuber is hyperdense in CT scan studies and hypointense on the MRI T2 studies
(due to calcification). The precontrast T1 hyperintensity observed in the subcortical white
matter in (E,F,G) could be due to defective myelination. The cerebral cortex appears
lissencephalic and pachygyric especially over he frontal lobes. The cortical tubers surface is
smooth but depressed due to degenerative phenomena with cellular loss in the affected
cortex. The subcortical white matter adjacent to the cortical tubers shows the
characteristic radial white matter lesions, they are wedge-shaped white matter lesions with
their apex near the ventricle and their base at the cortex or at the cortical tuber. These
white matter lesion are hyperintense on the T2 MRI images and hypointense on the MRI
T1 images. They can also be seen as hypodense regions in CT scan studies. Radial white
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matter lesions are dysplastic heterotopic neurons seen as migration lines running though
the cerebral mantle to a normal cortex or a cortical tuber. Subependymal nodules are also
seen in (F) forming what is called candle guttering.

Cortical tubers involve gray matter and contiguous white matter. Sometimes two or more
adjacent gyri are affected. They may cause gyral broadening and thickening. On MRI, the
affected cortex is frequently pseudopachygyric, but the gray matter does not show signal
abnormalities on both short and long TR SE images. At histologic examination the laminar
architecture of affected cortex is completely disorganized. Normal neurons and normal
glial cells are scanty and abundant undifferentiated neuroepithelial cells and atypical
neuron-like cells are observed, with rare clusters of abnormal bizarre glial cells.6 The high
cortical cellularity implies a free water loss in gray matter, and this explains the normality
of the MR signal.12

Figure 3. MRI T1 images (A,B,C,D) and MRI T2 images (E,F). A case of tuberous sclerosis,
notice that cortical tubers have broad, irregular, and slightly depressed surface and most
marked in the frontoparietal regions. The brain is lissencephalic and pachygyric. Also
notice the characteristic radial white matter lesions, they are wedge-shaped white matter
lesions with their apex near the ventricle and their base at the cortex or at the cortical
tuber. These white matter lesion are hyperintense on the T2 MRI images and hypointense
on the MRI T1 images. Radial white matter lesions are dysplastic heterotopic neurons seen
as migration lines running though the cerebral mantle to a normal cortex or a cortical
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tuber. The precontrast T1 hyperintensity observed in the subcortical white matter in (E)
could be due to defective myelination or hypercellularity (Normal neurons and normal glial
cells are scanty and abundant undifferentiated neuroepithelial cells and atypical neuron-
like cells are seen as migration lines running though the cerebral mantle to a normal cortex
or a cortical tuber, these neurons might have a high nuclear to cytoplasmic ratio, with little
extracellular water resulting in precontrast T1 hyperintensity and T2 hypointensity)

However, the subcortical white matter MR signal is abnormal adjacent to a cortical tuber,
and is usually hyperintense on long TR SE images. This is due to defective myelination of
neural fibers and gliosis.13 The subcortical white matter in newborns and very young
infants appears hyperintense on TIWI and hypointense on T2WI. This can be explained by
a greater amount of free water in the unmyelinated white matter compared to the inner
core of the cortical tubers.14 The cortical tubers surface is smooth but becomes depressed
due to degenerative phenomena with cellular loss in the affected cortex. Dystrophic
calcifications cause marked focal hypointensity on T2WI. 11This is not common in cortical
tubers. Signal enhancement on TIWI after GD-DTPA administration is reported in less
than 5% of cases.15 Follow-up MRI might show an increase in the number and/or size, or
increase of signal enhancement after GD-DTPA of cortical tubers.

Figure 4. Postmortem specimens
showing cortical tubers with flat
surface

 Subependymal nodule

Typically located in the subependymal walls of the lateral ventricles, usually bilateral and
mainly at the foramina of Monro. subependymal nodules have never been observed in the
third ventricle.9,11eir number is quite variable in each patient, and their size from a few
millimeters to over I cm. subependymal nodules contain the same kind of cell abnormalities
as cortical tubers, but with very many large, bizarre glial cells, fusiform cells, and
undifferentiated neuroectodermal cells. However, neuron-like cells are scant. Much
vascular and fibroglial stroma with accumulations of calcium deposits is often found. Focal
hemorrhages and necrosis have also been reported.9,11,16
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Figure 5. Postmortem specimens showing cortical tubers in A and subependymal tubers in
B

Figure 6. CT scan precontrast
showing subependymal calcified
nodules projecting into the
ventricular cavity (candle
guttering)
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Figure 7. MRI T1 images
showing cortical tuber, radial
white matter lesions and
subependymal nodules forming
candle guttering. The cerebral
cortex appears lissencephalic and
pachygyric especially over he
frontal lobes.

The brain is usually normal in size, but several or many hard nodules occur on the surface of the
cortex or along the subependymal covering of the ventricular system. These nodules are smooth,
rounded or polygonal and project slightly above the surface of the neighboring cortex. They are
whitish in colour and firm.

Figure 8. CT scan precontrast in two cases of tuberous sclerosis showing subependymal
noncalcified nodules projecting into the ventricular cavity (A,B) and a calcified nodule at
the foramen of monro (C)

On MRI, the subependymal nodules appear
to impinge on the ventricular cavity from the
subependymal walls. Their signal depends
mainly on the presence and amount of
mineral deposits. If calcifications are
widespread, subependymal nodules are very
hypointense in all pulse sequences,
occasionally surrounded by a hyperintense

rim on long TRI; otherwise, they are usually isointense to white matter on short TR and
slightly hyperintense on long TRI.9,12 Calcifications are rare in newborns and infants,
making diagnosis difficult both by CT and MRI.14 However, in children over I year and in

Histopathologically, the nodules are
characterized by the presence of a cluster of
atypical glial cells in the center and giant cells
in the periphery. The nodules are frequently, but
not necessarily, calcified. These nodules
occasionally give rise to giant cell astrocytoma
when they are large in size.
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adults, calcification of the stroma is usual, and CT, owing to its greater ability to detect
calcium, has been considered best for assessment of subependymal nodules.17 Nevertheless,
MR gradient echo pulse sequences with short flip angle are equally useful because of the
magnetic susceptibility of calcified lesions, which appear profoundly hypointense.18 After
contrast medium, subependymal nodules do not enhance on CT, whereas on MRI they
show nodular or annular hyperintensity.16 This may be due to higher MRI sensitivity and
also to enhancement of uncalcified gliovascular stroma after GD-DTPA administration,
while the calcified component remains markedly hypointense.15

The tuberous sclerosis nodules are variable in size and might attain a huge size. On sectioning
the brain, sclerotic nodules may be found in the subcortical gray matter, the white matter and the
basal ganglia. The lining of the lateral ventricles is frequently the site of numerous small nodules
that project into the ventricular cavity (candle gutterings). Sclerotic nodules are characteristically
found in or near the foramen of monro and commonly induce hydrocephalus. The cerebellum,
brain stem, and spinal cord are less frequently involved.

Figure 9. (A,B) In tuberous sclerosis the lining of the lateral ventricles is frequently the site
of numerous small nodules that project into the ventricular cavity (candle gutterings) (blue
arrows in A). Also notice cortical tubers (black arrow in A)

 Giant cell astrocytoma

The subependymal giant cell astrocytoma (SGCA) is another low-grade (WHO grade 1)
astrocytic neoplasm. 13 This neoplasm is most commonly seen (>90%) in association with
clinical or radiologic evidence for tuberous sclerosis. 13 Tuberous sclerosis is an autosomal
dominant phakomatosis, characterized by disseminated hamartomas of the CNS, kidneys,
skin, and bone. True neoplasms also occur, with approximately 15% of patients developing
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SGCA. The tumor is sometimes called the intraventricular tumor of tuberous sclerosis. The
lesion usually presents in the teens or 20s.

Subependymal Giant-Cell Astrocytomas are clinically and histopathologically benign 20.
They grow slowly, have no surrounding edema, are noninvasive, and rarely show
malignant degeneration.21 There are no qualitative histopathologic differences between
subependymal nodules and Subependymal Giant-Cell Astrocytomas. Like subependymal
nodules, Subependymal Giant-Cell Astrocytomas contain large amounts of
undifferentiated giant cells or abnormally differentiated cells resembling astrocytes or
spongioblasts, together with a few abnormal neurons. The fibrovascular stroma contains
dystrophic calcifications and cystic or necrotic areas of degeneration.22 Subependymal
Giant-Cell Astrocytomas may originate from subependymal nodules located near the
foramen of Monro.

Figure 10. Close-up view of the frontal horn of
the left lateral ventricle, showing a giant cell
astrocytoma filling the anterior horn in a 15-
year-old boy with tuberous sclerosis.

On MRI, uncalcified Subependymal giant-cell astrocytomas are isointense to white matter
on short TR images: calcified components are hypointense. On long TR images the signal
increases in the parenchymal component of the lesion, whereas calcifications become
profoundly hypointense on T2WI. Serpentine, linear, or punctate signal voids believed to
be due to dilated tumor vessels. 9 Subependymal Giant-Cell Astrocytomas enhance on CT
after iodinated contrast medium administration, whereas subependymal nodules do not
increase in density. This was believed to be due to a breakdown of the blood-brain barrier
in the Subependymal Giant-Cell Astrocytomas 14, and therefore CT was considered best for
differential diagnosis. Both Subependymal Giant-Cell Astrocytomas and subependymal
nodules located at the foramen of Monro show nodular enhancement on MRI after GD-
DTPA.15 Recent findings support the hypothesis that the TSC2 gene and perhaps the TSC I
gene act as tumor suppressors. When the TSC mutation occurs, the defective gene product
of the TSC mutation is unable to suppress the tumor growth caused by a random somatic
cell mutation that produces an oncogene stimulating the formation and growth of
hamartomas.
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Figure 11. Giant cell astrocytoma.

Figure 12. Subependymal giant
cell astrocytoma. Axial T1-
weighted gadolinium-enhanced
MR image (A) and postcontrast
CT scan (B) show a well-
demarcated intraventricular
mass in the left frontal horn at
the foramen of Monro. The
lesion is growing into the
ventricle as a polypoid lesion,
attached to the head of the
caudate nucleus.

Grossly the lesion is a well-demarcated mass. It is almost always in the lateral ventricle,
near the foramen of Monro. The lesion is fixed to the head of the caudate nucleus but does
not spread through it. As the name implies, an intact layer of ependyma covers the tumor.
Thus cerebrospinal fluid dissemination and spread through the brain are not typical.
Histologically the lesion contains giant cells that have been variously described as
astrocytes, neuronal derivatives, or something in between. The histology is distinctive and
may suggest not only this particular tumor, but also the association with tuberous sclerosis
that is so common. Calcification is frequent. 9
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Figure 13.
Subependymal
giant cell
astrocytoma.

The appearance of SGCA on imaging studies is usually typical, characteristic, and almost
pathognomonic. First, most patients show other features of tuberous sclerosis, including
cortical tubers and subependymal modules. Second, the tumor location is almost unique-
intraventricular, near the foramen of Monro, and attached to the head of the caudate
nucleus. Enhancement is often present on both CT and MR. Calcification is common and
may be in the form of irregular chunks and nodules. The lesion has a polypoid shape as it
protrudes into the lumen of the lateral ventricle. Secondary changes of hydrocephalus,
from obstruction of the foramen of Monro, are frequent. Ventricular enlargement may be
unilateral (on the side of the tumor) or bilateral.

 White matter lesions

Radial curvilinear bands, straight or wedge-
shaped bands, and nodular foci are found.
Radial white matter lesions run from the
ventricle through the cerebral mantle to the
normal cortex or cortical tuber, wedge-
shaped white matter lesions have their apex
near the ventricle and their base at the
cortex or at the cortical tuber, and nodular
foci are located in the deep white matter.

White matter lesions are composed of clusters of dysplastic giant and heterotopic cells, with
gliosis and abnormal nerve fiber myelination.1 These anomalies are almost identical to
those of the inner core of the cortical tubers. Therefore, on MRI, the white matter lesions
are similarly hyperintense on long TR and isointense or hypointense on short TR images.
No signal enhancement with GD-DTPA contrast WAS found. The site, shape, and
histopathologic findings of white matter lesions confirm that TSC is a disorder of both
histogenesis and cell migration. Heterogeneous gray structures in the white matter without
calcification may also be present. 9

White matter lesions are dysplastic heterotopic
neurons seen as migration lines running from
though the cerebral mantle to a normal cortex or
a cortical tuber. They are wedge-shaped with
their apex near the ventricle and their base at
the cortex or at the cortical tuber. Gliosis is
commonly present in white matter lesion of
tuberous sclerosis. 9

www.yassermetwally.com

Professor Yasser Metwally
www.yassermetwally.com

172



 Deep white matter lesions

These are focal, single or multiple lesions, always in the deep or periventricular white
matter. On MRI they are isointense to the cerebrospinal fluid in all pulse sequences,
sometimes surrounded by a hyperintense rim on T2WI, without mass effect.

Table 3. Summary of radiological signs in tuberous sclerosis

MRI or CT scan of the brain

 An MRI of the brain is recommended for the detection and follow-up of cortical tubers,
Subependymal nodule, and giant cell astrocytoma. Perform MRI during the initial
diagnostic work-up and also every 1-3 years in children with TSC. The MRI may be
performed less frequently in adults without lesions and as clinically indicated in adults
with lesions. Also, perform an MRI in family members if their physical examinations are
negative or not definitive for a diagnosis. MRI is preferred over CT scan due to improved
visualization and no risk of radiation with repeat examinations.

 Cortical tubers, best detected on T2-weighted images, often occur in the gray-white
junction. On T2-weighted images, they have increased signal and often are in wedged
(tuber) or linear shapes (radial migration lines). Conversely, they have decreased signal
uptake on T1-weighted imaging. Previously thought to be pathognomonic, they no longer
are considered specific for TSC since isolated cortical dysplasia may have a similar
radiographic appearance. There appears to be a correlation between the number of tubers
on MRI and severity of mental retardation or seizures.

 Subependymal nodules (SEN) are located in the ventricles and often become calcified.
The lesions are detected best by CT scan, although they sometimes are noted on MRI or
plain film if calcified. They give a candle-dripping appearance.

 Subependymal nodule may grow and give rise to a giant cell astrocytoma. A giant cell
astrocytoma may cause obstruction with evidence of hydrocephalus or mass effect in
some patients. These lesions usually appear in the region of the foramen of Monro, are
partially calcified, and often are larger than 2 cm. Detection of a giant cell astrocytoma is
slightly more sensitive with MRI than CT scan.

 Tuberous sclerosis as a disorder of neuronal cell proliferation, differentiation and
migration

Tuberous sclerosis is a primary cell dysplasia resulting from embryonic ectoderm,
mesoderm, and endoderm anomalies. In the CNS they involve neuroepithelial cells, which
also show disordered cell migration and organization. All the lesions are hamartias or
hamartomas, and histologic differences among them are slight and quantitative; therefore,
all of these lesions may change with time. The arrest of cell migration at different stages
explains the different sites of the various anomalies. Subependymal nodules and
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periventricular white matter anomalies reflect a failure of migration, white matter lesions
an interruption, and cortical tubers an abnormal completion of migration with disordered
cortical architecture. Subependymal giant-cell astrocytomas are the only neoplastic
growth, and they derive from subependymal nodules that have some proliferative potential.
9

Disorders such as tuberous sclerosis, in which both tumor development and areas of
cortical dysplasia are seen, might be a differentiation disorder. The brain manifestations of
this disorder include hamartomas of the subependymal layer, areas of cortical migration
abnormalities (tubers, cortical dysgenesis), and the development of giant-cell astrocytomas
in upwards of 5% of affected patients. Two genes for tuberous sclerosis have been
identified: TSCI (encodes for Hamartin) has been localized to 9q34 61, and TSC2 (encodes
for Tuberin) has been localized to 16pl3.3 .61

Table 4. Tuberous sclerosis as a disorder of neuronal cell proliferation, differentiation and
migration

Pathology Comment
Subependymal nodules and periventricular
white matter anomalies.

Failure of migration.

White matter lesion An interruption of migration.
Cortical tubers. An abnormal completion of migration with

disordered cortical architecture.
Subependymal giant-cell astrocytomas ( the
only neoplastic growth)

They derive from subependymal nodules
that have some proliferative potential.

 Overview of normal neuronal migration

At the most rostral end of the neural tube in the 40- to 41 -day-old fetus, the first mature neurons,
Cajal-Retzius cells, begin the complex trip to the cortical surface. Cajal-Retzius cells, subplate
neurons, and corticopetal nerve fibers form a preplate.62 The,neurons generated in the
proliferative phase of neurodevelopment represent billions of cells poised to begin the trip to the
cortical surface and to form the cortical plate. These neurons accomplish this task by attaching to
and migrating along radial glial in a process known as radial migration or by somal translocation
in a neuronal process.63 The radial glia extend from the ventricle to the cortical surface. In the
process of migration, the deepest layer of the cortical plate migrates and deposits before the other
layers. Therefore, the first neurons to arrive at the future cortex are layer VI neurons. More
superficial layers of cortex then are formed-the neurons of layer V migrate and pass the neurons
of layer VI; the same process occurs for layers IV, III, and II. The cortex therefore is formed in
an inside-out fashion.63,64,65
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A possible mode of movement in neuronal migration on glia would be the attachment of the
neuroblast to a matrix secreted by either the glia or the neurons. The attachment of the neuron
would be through integrin receptors, cytoskeletal-linking membrane-bound recognition sites for
adhesion molecules. That attachment serves as a stronghold for the leading process and soma of
the migrating neuron. Neuron movement on radial glia involves an extension of a leading
process, neural outgrowth having an orderly arrangement of microtubules. Shortening of the
leading process owing to depolymerization or shifts of microtubules may result in movement of
the soma relative to the attachment points. This theory of movement of neurons also must
include a phase of detachment from the matrix at certain sites, so that the neuron can navigate
successfully along as much as 6 cm of developing cortex (the maximum estimated distance of
radial migration of a neuron in the human). Finally, the movement of cells must stop at the
appropriate location, the boundary between layer I and the forming cortical plate. Therefore,
some stop signal must be given for the migrating neuron to detach from the radial glia and begin
to differentiate into a cortical neuron. Perhaps that signal is reelin, a protein that is disrupted in
the mouse mutant Reeler and is expressed solely in the Cajal Retizius cells at this phase of
development. 62,67-69
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 INTRODUCTION

 RADIOLOGICAL
PATHOLOGY OF
TUBEROUS SCLEROSIS

INTRODUCTION

Tuberous sclerosis complex (TSC) is an autosomal-dominant disorder characterized by the
formation of hamartomatous lesions in multiple organ systems. It is the second most
common neurocutaneous syndrome after neurofibromatosis type 1 and has been
recognized since the late 1800s. Although the disease has complete penetrance, there is also
high phenotypic variability: some patients have obvious signs at birth, while others remain
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undiagnosed for many years. In addition to skin lesions, TSC patients develop numerous
brain lesions, angiomyolipoma (AMLs), lymphangiomyomatosis (LAM) in the lungs,
cardiac rhabdomyomas, skeletal lesions, and vascular anomalies, all of which are well seen
with medical imaging. Our knowledge of TSC genetics and pathophysiology has expanded
dramatically in recent years: two genetic loci were discovered in the 1990s and recent
elucidation of TSC's interaction with the mTOR pathway has changed how we manage the
disease. Meanwhile, medical imaging is playing an increasingly important role in the
diagnosis, management, and treatment of TSC. We provide an update on the genetics and
pathophysiology of TSC, review its clinical manifestations, and explore the breadth of
imaging features in each organ system, from prenatal detection of cardiac rhabdomyomas
to monitoring rapamycin therapy to treatment of AMLs by interventional radiology.

Tuberous sclerosis complex (TSC) is the second most common phakomatosis after
neurofibromatosis type 1 [1] and is characterized by the formation of histologically benign
hamartomas and low-grade neoplasms in multiple organ systems. It has a prevalence of
about 1 in 6,000 newborns and affects approximately 1.5 million people worldwide,
occurring in all races and both genders equally. TSC is an autosomal-dominant disorder
with high penetrance and variance [2]; obvious signs might be present at birth, while in
other patients it eludes diagnosis for decades. Almost all patients with TSC have numerous
cutaneous stigmata [3, 4], some of which can be subtle. The vast majority of patients have
brain lesions [3] and, although these can cause seizures, learning difficulties, behavioral
problems, and autism, only 50% of TSC patients have below average intelligence [5]. Most
patients have renal lesions [6], which cause complications in about 10%. Cardiac tumors
are usually clinically silent, although they occasionally cause obstruction and arrhythmias
[7]. Fewer TSC patients have clinically evident lung disease, and still fewer have vascular
complications. Skeletal lesions go largely unnoticed. All of these lesions are very well
visualized by medical imaging.

The broad spectrum of pathology seen in TSC is reflected in the expansive history of its
elucidation. The disease was first reported in 1862 by Friedrich von Recklinghausen. He
described an infant with cardiac rhabdomyomas and sclerotic brain lesions who died
shortly after birth, but he did not appreciate how the lesions were related [8]. In 1880,
Désiré Bourneville documented the neurologic symptoms of an infant with hard mass
lesions in the cortex of the brain that he likened to hard potatoes, coining the term
"tuberous sclerosis." The association of these neurologic abnormalities with skin lesions
was made a decade later by John Pringle who described adenoma sebaceum in a patient
with mental retardation [9]. During the next century, it became better understood that
TSC encompassed abnormalities of the skin, central nervous system (CNS), heart, lungs,
kidneys, bones, and blood vessels [10], and the full spectrum of the disease was summarized
by Gomez et al. [8, 11] 25 years ago. In the last decade there have been many advances in
the molecular genetics and understanding of the pathophysiology of TSC, including the
mechanism of action of the TSC1 and TSC2 gene products and benign metastasis of
smooth muscle cells causing lymphangiomyomatosis (LAM) [7].
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 Genetics

TSC is an autosomal-dominant disorder caused by a mutation in either the TSC1 or TSC2
gene [12, 13]. These genes act as tumor suppressors, and a mutation to each allele at one of
these loci is required for tumorigenesis, analogous to Knudson's hypothesis of
retinoblastoma oncogenesis [14]. For a patient to express TSC, two mutational events
occur: the first is a germ line mutation (spontaneous or familial), resulting in a loss of
heterozygosity (LOH) at the TSC1 or TSC2 allele [15-18]; subsequent somatic mutations of
the remaining allele result in the phenotype of TSC. Somatic mosaicism [19] can result in a
less severe phenotype or a so-called forme fruste variation of the disease [20]. Similarly, it
has been discovered that some cases of supposed sporadic TSC1 and TSC2 mutations
actually represent inherited defects in nonaffected parents with gonadal mosaicism [20, 21].
TSC1 and TSC2 are found on chromosome 9p and 16q, respectively [12, 13]. TSC1 encodes
for a protein called hamartin, which is smaller and thought to help stabilize the gene
product of TSC2, tuberin. Hamartin and tuberin form a heterodimer that functions as a
tumor suppressor by inhibiting the mTOR kinase cascade. Modulating mTOR activity is
important in regulating cell growth and proliferation. Dysfunctional gene products from
altered TSC1 or TSC2 gene loci lead to increased activation of mTOR kinase, which then
results in disorganized cellular overgrowth and abnormal differentiation [15, 22]. Perhaps
because it has a more important role in mTOR regulation, mutations of TSC2 lead to a
more severe phenotype [23-25]. TSC1 mutates spontaneously less often than TSC2 and is
thus more common in familial cases, but, overall, 70% of TSC mutations are spontaneous,
with TSC2 mutations more than three times as common as TSC1 mutations [25].

Although LOH at the TSC loci leads to upregulation of mTOR and subsequent
disorganized cell growth, other proposed mechanisms of tumorigenesis do not involve LOH
at TSC1 or TSC2, but instead are predicated on the dissociation of the TSC heterodimer,
leading to its inactivation. Dissociation of the TSC heterodimer occurs after
phosphorylation by various kinases [26]. One important kinase that inactivates the TSC
complex is extracellular signal-regulated kinase (ERK) [27], which has been shown to be
integral in the formation of subependymal giant cell astrocytomas (SEGAs) and some
cardiac rhabdomyomas [28, 29].

 Clinical manifestations

The clinical picture traditionally associated with TSC is Vogt's triad: epilepsy, mental
retardation, and facial angiofibromas. This triad is actually seen in only 30-40% of TSC
patients; about half of patients have normal intelligence [7]. The presentation of TSC is so
variable that some patients are only diagnosed by genetic testing or careful screening after
a child or sibling presents with more severe symptoms. For the purposes of this review, the
clinical manifestations of TSC are discussed as they relate to imaging findings in the
sections that follow, organized by organ system, but a brief discussion of the cutaneous
manifestations and diagnostic criteria of TSC is merited.

 Cutaneous manifestations
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There are many cutaneous stigmata of TSC and they are seen in almost all patients with
the disorder [30-32]. The most common and earliest skin finding in TSC is multiple
hypopigmented macules (also called ashleaf spots) [31, 32], which are seen in more than
90% of patients before 2 years of age [31]. Hypopigmented macules are not specific for
TSC, but a patient with large numbers of such lesions is more likely to have TSC; a Wood's
lamp might be needed to see hypopigmented macules. Several other stigmata are said to be
near pathognomonic for TSC, including adenoma sebaceum. This name was first coined by
Pringle and is actually a misnomer because the lesion has no sebaceous glands. The lesion is
a hamartoma composed of connective and vascular elements and is properly termed an
angiofibroma [33]. Angiofibromas form discrete pink papules on the malar region of the
face in 70% of TSC patients. Closely related lesions are also found on the forehead of most
TSC patients and are termed "forehead plaques." Shagreen patches are thick, rubbery
plaques with a pebbly texture composed of raised connective tissue nevi [32, 34], and are
found on the nape of the neck and lumbosacral trunk of 50% of TSC patients. Many older
children and adults with TSC have fleshy, raised fibromas around or under the nail bed
termed periungual fibromas [34]. Although not cutaneous lesions, dental pits, gingival
fibromas, and retinal white patches are also commonly seen in TSC [7]. Less common and
less specific lesions also include café-au-lait spots, molluscum fibrosum pendulum, and skin
tags.

 Diagnosis

The diagnosis of TSC can be difficult because the manifestations are so varied and few
signs are specific. For that reason, a set of criteria has been proposed to help clinicians
reach a diagnosis. The criteria were revised in

1998 and distinguish between major and minor features. Patients are evaluated and said to
have definite, probable, or suspected TSC based on the presence of these criteria (Table 1).
Medical imaging is heavily relied upon for most of the major and several of the minor
criteria. Genetic testing is also available.

 Neurologic manifestations and imaging findings

Neurologic manifestations of TSC are the most common cause of morbidity and mortality
in TSC patients. They include seizures, developmental delay, behavioral problems, and
autism [35, 36]. Seizures are the most common symptom and occur in 90% of TSC patients.
About 50% have mental retardation and these children are more likely to have a TSC2
mutation [5, 7]. Mild to moderate autism is also very common in TSC and present in 25-
50% of patients [36]. TSC-associated autism is seen with equal predominance in males and
females, as opposed to the male predisposition of autism observed in the general
population. It is unclear whether autism is a direct or indirect result of TSC; it might be
secondary to temporal lobe tubers or epileptiform foci [36]. Brain imaging findings of TSC
include cortical and subcortical tubers, white matter abnormalities, subependymal nodules,
and SEGAs.
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Table 1. Major and minor features of TSC. The diagnosis is considered definite in the
presence of two major features or one major and two minor features. A probable diagnosis
of TSC is given if there is one major and one minor feature, and TSC is suspected if a
patient has one major feature or two or more minor features.

 Cortical and subcortical tubers

Tubers are variably epileptogenic hamartomas that exhibit disorganized cortical
lamination. They are formed during embryogenesis and are seen in 90% of TSC patients.
The masses can be cortical or subcortical and expand the overlying gyri (Fig. 1). Their
gross appearance resembles potatoes, which, with their hard texture, lends the name
tuberous sclerosis to this disorder. Pathologically, the hamartomas contain glial and
neuronal elements such as atypical giant astrocytes, maloriented neurons, and bizarre giant
cells [15]. On CT imaging, tubers are low in attenuation and usually do not enhance [37,
38]. About half calcify [37], which is well seen on CT images and sometimes even on skull
radiographs. On MRI, the lesions have low T1 signal and high T2 or FLAIR signal, unless
they are calcified, in which case there can be significant signal loss and blooming artefact
[37, 38]. The MRI pattern is reversed in young infants, in whom the surrounding
unmyelinated brain has increased water content [39]. The imaging characteristics of tubers
are also altered when they develop cyst-like changes. Cystic tubers have low T1 and high
T2 signal centrally. FLAIR sequences typically show central signal loss with a high signal
peripheral rim. The cause of these cystic changes is unknown but might reflect cellular
degeneration. It is more commonly seen in children younger than 7 [40]. Proton
spectroscopy of tubers generally demonstrates decreased Nacetyl aspartate (NAA) and
increased myo-inositol. The former is thought to reflect a reduction of neurons, and
increased myo-inositol might be caused by gliosis or immature neurons [41, 42].

Recently, advanced imaging techniques such as diffusion tensor imaging (DTI) and
positron emission tomography (PET) have shown promise in localizing more epileptic
tubers. DTI is an MRI technique that provides information regarding both the magnitude
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and the direction of water diffusion within a voxel. This is helpful in TSC patients because
cortical and subcortical tubers have abnormal cortical architecture and altered axonal
integrity, properties that can result in higher apparent diffusion coefficients (ADC) and
lower fractional anisotropy (FA) in the lesions compared to normal white matter [43].
Tubers with significantly higher ADCs and lower FA have increased epileptogenic
potential compared to other lesions [44, 45]. Thus DTI provides incremental information
beyond morphologic MRI findings alone. Similarly, large areas of FDG-PET
hypometabolism within tubers correlate with increased epileptogenicity more so than
tumor size alone [46]. PET using alpha-[11C]methyl-L-tryptophan (AMT) is also helpful in
identifying epileptogenic foci in TSC [45]. Tubers that have increased AMT uptake are
more epileptogenic than tubers without increased AMT uptake; selective resection of such
lesions improves the success of epilepsy surgery [47]. Magnetoencephalography also shows
promise in improving precise localization of epileptic foci for surgical resection in TSC
patients [48, 49].

Figure 1 Child with cortical and subcortical tubers. Unenhanced CT image (a) and axial
FLAIR MR image (b) demonstrate a large subcortical tuber in the left frontal lobe (large
arrow) merging with underlying white matter abnormality. Multiple smaller tubers (small
black arrows) have a similar CT appearance. These smaller hamartomas, as well as
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another in the left posterior whiter matter (b white arrow) have a cystic appearance with
low-signal intensity centrally and a rim of increased FLAIR signal peripherally. Another
child has diffuse mineralization of a left frontal hamartoma that appears as poorly defined,
hazy increased attenuation on the CT image (c) and shows corresponding signal loss on the
T2-W image (d)

 White matter abnormalities

White matter abnormalities of TSC consist of radial glial bands and periventricular cyst-
like lesions (Fig. 2). Radial glial bands extend from the ependymal surface of the ventricle
to the cortex, sometimes terminating in a subcortical tuber [50]. Although the lesions are
classically linear and referred to as bands, they can also be wedge-shaped and even
tumefactive [51]. The bands are present in more than 80% of TSC patients and represent
heterotopic neuronal and glial elements that arrested during cortical migration [51]. CT
usually fails to demonstrate these lesions, but they are very well seen by MRI. They have
similar signal characteristics to cortical tubers, with low signal on T1-W images and high
signal on T2-W images. The lesions are best seen with FLAIR and rarely enhance [51, 52].
Small white matter cysts are seen in almost half of TSC patients, and their etiology is
unknown [53]. They are low attenuation on CT images and isointense to CSF on all MRI
pulse sequences; these lesions do not enhance [53].

 Subependymal nodules

Subependymal nodules (SENs) are hamartomatous lesions that dot the ependymal surface
of the lateral ventricles (Fig. 2). The lesions are isointense to gray matter on MR images.
SENs calcify in 90% of cases and therefore bloom secondary to dephasing artefact on MR
images and are easily seen on CT images. It has been suggested that CT is useful in
identifying SENs in undiagnosed family members with subtle symptoms of TSC [37].
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Figure 2. White matter abnormalities and SENs in TSC. a Coronal T2-W image shows
abnormal increased signal extending from the ependymal surface of the ventricle through
the white matter of the right frontal lobe (white arrow). This is a radial glial band and is in
continuity with a subcortical tuber in the frontal lobe (upper black arrow). Another tuber
is present in the ipsilateral temporal lobe (lower black arrow). White matter cysts in the
left periventricular white matter (black arrows) follow CSF signal intensity on all
sequences, where they are bright on T2-W images (b) and suppressed on FLAIR images (c).
SENs (white arrows) are also present, dotting the ependymal surface of the ventricles.
These are partially calcified, causing some signal loss on the MR images. d Calcification
within SENs is better seen on CT images as high-attenuation nodules along the ventricular
surface in another patient

 Subependymal giant cell astrocytomas

SEGAs are low-grade neoplasms that arise near the foramen of Monro in 10-15% of
patients with TSC [37] (Fig. 3). They have a mixed glioneuronal lineage [54] and some
investigators have reported subtle genetic changes that might account for their growth.
These findings suggest that classifying SEGAs as astrocytomas is not completely correct
[55]. Nevertheless, on imaging these lesions appear similar to SENs; consideration that one
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is dealing with a SEGA should be made if the lesion is greater than 5 mm, incompletely
calcified, or enhances [56]. Because almost all of these lesions enhance, for practical
purposes, SEGAs are diagnosed by size greater than 10 mm, demonstrable growth, or the
production of symptoms of hydrocephalus. A lesion is termed a "probable SEGA" if it
could cause obstruction based on its size or location [55]. Suspected SEGAs should be
followed by MRI at least every year [56, 57] because hydrocephalus has been reported in
40% of TSC patients with SEGAs [56].

Figure 3. Enlarging SEGA in a child with headache. a Axial enhanced T1-W image shows
two small enhancing masses at the bilateral foramina of Monro, left (white arrow) larger
than right (black arrow). b Enhanced T1-W image obtained 10 months later shows interval
growth of the left SEGA (white arrow) causing mild ventricular enlargement. Difference in
slice angle causes the right SEGA to appear smaller and reveals another enhancing lesion
more posterior on the right (black arrows)

 Conclusion

The understanding of TSC pathogenesis and genetics continues to grow, and despite
available genetic testing, medical imaging continues to play an important role in its
diagnosis. This role will probably expand as more and more subtle cases of TSC are
discovered, and certainly, as more patients undergo treatment, imaging will play an even
more important role. TSC characteristically involves multiple disparate organ systems, and
therefore patients are often followed by several subspecialists, often leaving the radiologist
as the only common consultant. This underscores the need for medical imagers to
appreciate the depth and breadth of imaging abnormalities in this fascinating disease as
well as to understand the clinical management of TSC patients. Table 3 provides a brief
guide to the clinical and imaging findings discussed in this review.
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INTRODUCTION

Encephalotrigeminal angiomatosis classically includes the presence of cutaneous vascular
portwine nevus of the face, contralateral hemiparesis or hemiatrophy, glaucoma, seizures
and mental retardation.
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The syndrome is a neurocutaneous syndrome (phakomatosis) characterized by a facial
port-wine nevus (a capillary malformation), seizures, and mental retardation (1). Central
nervous system manifestations include a leptomeningeal venous malformation (“angioma”)
and cerebral hemiatrophy, which are typically, though not always, ipsilateral to the facial
nevus. Calcifications are seen in the atrophic cortex deep to the venous malformation.
Absence of cortical veins with centripetal venous drainage into enlarged medullary veins or
anomalous deep veins in Sturge-Weber syndrome has been described in the angiographic,
computed tomographic, and MR literature (2–10). These enlarged deep veins typically
drain into the galenic venous system and likely represent collateral veins rather than
primary vascular abnormalities. Dural venous sinus and galenic venous occlusions have
also been documented with conventional and MR angiography in patients with Sturge-
Weber syndrome (3, 6–10), and they may modify the pattern of centripetal venous
drainage.

 Pathology

This syndrome is also called encephalotrigeminal or encephalofacial angiomatosis, and
typically consists of capillary hemangioma in the upper portion of the face, Leptomeningeal
angiomatosis, and cerebral calcification. The brain has an anomalous proliferation of
leptomeningeal veins, showing clustering of veins with a somewhat irregular thickened
wall. The underlying cerebral cortex shows numerous calcospherites, particularly along its
superficial layers. Two abutting calcified cortices around a sulcus may exhibit a tram
track-like radiologic appearance. The involved cortex is frequently atrophic, showing
neuronal loss and gliosis. As in tuberous sclerosis, seizures are the most common
manifestation in Sturge-Weber syndrome, occurring in 71 % to 89% of patients.

It has been suggested that stepwise clinical deterioration in patients with Sturge-Weber
syndrome might be caused by cerebral venous hypertension resulting from sluggish venous
drainage through the leptomeningeal angioma (9). Probst (9) hypothesized that the latter
might be further exacerbated by progressive occlusion of deep veins with resultant
centrifugal rerouting of deep cerebral venous drainage into the already overburdened
angioma. Slowing and diminution of regional cerebral blood low has been demonstrated by
using radionuclide and xenon inhalation techniques in these patients (9, 11). On the basis of
the postulate that these findings might be caused by progressive venous thrombosis,
antiplatelet therapy was administered in one series of patients and resulted in stabilization
of neurologic function (12).

Isolated nonvisualization of cortical veins, deep veins, and dural venous sinuses on
conventional or MR angiography in patients with Sturge-Weber syndrome does not
establish whether these veins are aplastic, hypoplastic, thrombosed, or occluded by
processes such as intimal hyperplasia or other nonthrombotic diseases. Without follow-up,
these findings also do not prove a progressive venoocclusive process in Sturge-Weber
syndrome.
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Figure 1. Sturge-Weber Syndrome (or disease) is a congenital vascular malformation
affecting the head, face, and brain. The primary process appears to be faulty development
of the venous drainage for the cerebral capillary bed. A similar process affects the skin,
eye, and the soft-tissues of the head. Development of the brain usually proceeds to a normal
size, but after birth, there is progressive atrophy of the affected hemisphere(s). The disease
is usually unilateral, but bilateral cases can occur. Typically the patient presents at birth
with a "Port Wine Nevus" - a reddish-brown or pink discoloration of the face, often
following the distribution of the trigeminal nerve. Intracranially, ipsilateral to the facial
nevus, there is abnormal circulation that leads to 1) cerebral dysfunction; 2) electrical
instability (seizures); and 3) cerebral cortical atrophy. Seizures usually present within the
first two years of life. Typically the occipital lobes are affected first, and most severely, but
the disease may also involve the parietal and temporal lobes, and (rarely) the frontal lobe.

The observation of venous abnormalities in this neonate suggests that the venous pathology
in Sturge-Weber syndrome might commence in utero and progress postnatally. A
thrombotic Aetiology as the cause of progressive nonvisualization of veins in patients with
Sturge Weber syndrome could not be proved, suggesting that nonthrombotic venoocclusive
processes might play a role in the pathophysiology of Sturge-Weber syndrome. Indeed,
abnormal veins with walls thickened by a layer of hyalinized connective tissue or fibrosis
have been noted at pathologic examination within the leptomeninges and subcortical white
matter of patients with Sturge-Weber syndrome. (9)

The occipital lobes are affected most often, but lesions may affect the temporal or parietal
lobes. Atrophy is characteristically unilateral and ipsilateral to the facial nevus.
Leptomeningeal angiomatosis with small venules filling the subarachnoid spaces is a
common finding. Calcifications of the arteries on the surface of the brain is very common
and frequently extend to involve the intracerebral microvascular system. The trolley-track
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or curvilinear calcifications seen on skull x ray is due to calcification of the outer cortex or
vascular calcification.60

Figure 2. Sturge- Weber Syndrome: The brain has an anomalous proliferation of
leptomeningeal veins, showing clustering of veins with a somewhat irregular thickened
wall. The underlying cerebral cortex shows numerous calcospherites, particularly along its
superficial layers.

Figure 3. Plain x ray skull in two patients with sturge weber syndrome, notice the trolley-
track sign with curvilinear calcification which is due to cortical or vascular calcification
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Figure 4. Sturge Weber
syndrome: Right parietal
occipital pial angioma that
enhances with contrast
administration (A). The
underlying cortex is atrophic and
MR imaging demonstrates
decreased signal intensity
throughout the atrophic cortical
mantle, which may be due to
hemosiderin deposition.
calcification, or both (B).

Given the noninvasive nature of conventional MR and MR venography, it should be
feasible to study a larger group of patients with Sturge-Weber syndrome to determine if
there is a relationship between clinical deterioration and progressive venous occlusion, and
to what extent venous thrombosis contributes to venous occlusion in these patients. If
thrombosis is established as a significant contributor to the disease process, clinical trials
that use antiplatelet medications could be guided by periodic MR venographic evaluation.
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INTRODUCTION

The original proband was a boy referred to Dr. Wilder Penfield by Dr. Ed Fincher of
Emory University in Atlanta because of intractable focal motor seizures. The boy
eventually developed a hemiparesis, and serial pneumoencephalograms showed progressive
enlargement of the contralateral ventricle. At the time, there was much discussion about
whether the progressive nature of the neurologic disorder could be explained by the effect
of the seizures alone or whether he had a progressive underlying neurologic disease. The
finding of inflammatory changes in resected brain tissue suggested a viral encephalitis and
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militated towards the diagnosis of a progressive disorder, then termed chronic encephalitis
and epilepsy.

CLINICAL MANIFESTATIONS

In the majority of instances, Rasmussen's syndrome develops in childhood, most commonly
between the ages of 1 and 10 years; in one series of 48 patients, the median age at onset was
5 years (Oguni et al 1992). There is no major difference in incidence between the sexes. In
about 50% of patients, the onset is preceded by an inflammatory episode (eg, an upper
respiratory tract infection, otitis media, or tonsillitis) occurring in the previous 6 months.
In the majority of children, the first sign of the condition is often the development of
generalized tonic-clonic seizures, although simple partial or complex partial seizures occur
as the initial seizure type in a significant proportion of the children. Status epilepticus is
common and is the presenting feature in about 20% of patients.

Seizures are usually refractory, with little response to standard antiepileptic drugs (Dubeau
and Sherwin 1991). It is common for a variety of seizure types to develop over a period of
time, with the seizures becoming increasingly severe and frequent. Focal motor seizures
occur in about three quarters of patients at some time. Epilepsia partialis continua
eventually occurs in about 50% of children, usually within 3 years of onset (Oguni et al
1992).

When partial seizures occur, they almost invariably involve the same side of the body.
Todd's paresis is relatively common, and in the early stages of illness, hemiparesis is
postictal and transient. Exceptionally, hemiparesis occurring at this stage may be
permanent. With progression of the disease, fixed neurologic deficits, including visual field
deficits and hemiparesis (usually to the extent of the child losing fine finger movements and
developing a hemiparetic gait), gradually ensue after a period varying from 3 months to 10
years from the onset of the epilepsy (Oguni et al 1991).

Progressive intellectual impairment is also a feature of the condition, sometimes occurring
or worsening in association with a deterioration in seizure control and sometimes
apparently independent of seizure activity. As in the case of focal neurologic deficits,
intellectual deterioration commonly occurs over a number of years, though sometimes over
months. Speech deficits (including dysphasia and dysarthria) and cortical sensory loss are
also features of the disease, depending on which hemisphere is involved.

Despite the fact that the initial course of the illness is generally one of relentless
progression, it is relatively unusual for it to cause death. Instead, the disease process
eventually appears to burn itself out, usually at a stage at which there is moderate to severe
neurologic deficit and intellectual impairment. As further progression of these deficits
stops, the seizures often become less frequent and less severe.

Rasmussen's original description of chronic localized encephalitis reported an
inflammatory process, with marked perivascular cuffing by round cells in both the cortex
and white matter. Diffuse patchy inflammatory changes were seen in the cortex and white
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matter, with prominent microglia in addition to small round cells and occasional
polymorphonuclear cells. There was loss of nerve cells, some spongy degeneration, and
hypertrophy of the astrocytes, which were also increased in number.

Figure 1. Histologic features of the biopsied brain tissue in Rasmussen's syndrome consist
of glial nodules and perivascular cuffing of mononuclear inflammatory cells. In addition,
neuronal loss and gliosis are seen in the later stage of disease. Glial nodules and
perivascular mononuclear cell cuffing are typically observed in viral encephalomyelitis,
raising the possibility of a viral etiology in Rasmussen's syndrome.

Figure 2. Rasmussen's syndrome. The
brain shows a striking pattern of cerebral
atrophy confined to the right hemisphere
with right ventricular enlargement, the
right temporal pole had been previously
surgically removed.
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Figure 3. Rasmussen's syndrome. The brain shows a striking pattern of cerebral atrophy
confined to the right hemisphere with contralateral (left) cerebellar atrophy; the right
temporal pole had been previously surgically removed. A, shows the basal surface of the
brain after removal of the brainstem and cerebellum; B, shows the right lateral aspect with
atrophic right cerebral hemisphere and normal right cerebellar hemisphere; C, shows the
left lateral aspect with normal left cerebral hemisphere and atrophic left cerebellar
hemisphere.

Figure 4. Rasmussen's syndrome. A, shows atrophy of the cerebral cortex and white
matter, and atrophy of the right thalamus, subthalamic nucleus, lenticular nucleus, tail of
the caudate and hippocampus with secondary enlargement of the right ventricular system.
B, shows atrophy of the left cerebellar hemisphere and left dentate nucleus.

This description has been expanded by Robitaille, who reviewed the pathological specimens
of 48 patients in the Montreal series (Robitaille 1991). He describes the features of the
disease as the presence of microglial nodules, often displaying neuronophagia (mainly in
the medium-sized pyramidal cells of the external pyramidal layer), and perivascular cuffs
of small lymphocytes and monocytes. In the more active cases, he notes that the round cells
fill the Virchow-Robin spaces and extend into the neuropil, forming microscopic clusters or
larger aggregates. Spongiosis is particularly seen in association with inflammatory changes.
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He notes the frequent presence of multifocal neuronal loss in the inflamed cortex, especially
in the superficial and intermediate cortex. The smaller foci tend to coalesce into large areas
of structural collapse surrounded by inflammatory changes and sprouting capillaries,
which causes the area to resemble granulation tissue. Subarachnoid adhesions are not
infrequently seen.

Robitaille classifies the pathological specimens into four groups, according to the features
of disease activity. Group 1 includes those with the most pathologically active disease. The
features seen in these specimens are those of an ongoing inflammatory process, with
numerous microglial nodules, with or without neuronophagia, perivascular round cells,
and glial scarring. Included in Group 2 are those with "active and remote disease",
indicated by the presence of several microglial nodules, cuffs of perivascular round cells,
and at least one gyral segment of complete necrosis and cavitation including full-thickness
cortex. Group 3 has less active "remote" disease, with pathological appearances of
neuronal loss and gliosis, moderately abundant perivascular round cells, and only a few
microglial nodules. Finally, Group 4 consists of those specimens showing non-specific
changes, with few or no microglial nodules and only mild perivascular inflammation but
with various degrees of neuronal loss and glial scarring.

ETIOLOGY

Since the original description of Rasmussen's encephalitis was published, the underlying
cause has been the source of much speculation (Antel and Rasmussen 1996). The most
likely mechanisms have been postulated as a chronic viral infection, an acute viral infection
leading to a local immune response, or an independent autoimmune process, not linked to
infection.

Both the clinical aspects and the pathological features of the disease are strongly in favour
of an underlying infective cause, as evidenced by the close resemblance of the clinical
picture to that seen in Russian spring-summer tick-borne encephalitis, described by
Kozhevnikov (Kozhevnikov 1991).

Numerous attempts have been made to demonstrate viral particles or genetic evidence of
viral material in specimens from patients with Rasmussen's encephalitis. Although there
have been a number of positive results, it usually has not been possible to reproduce these,
and the situation remains unresolved. Friedman and colleagues describe a 3-year-old child
with hemiplegia, hemiconvulsions, and epilepsy in whom biopsy showed an encephalitic
picture of perivascular cuffing with mononuclear cells, and electron microscopy of brain
cells showed viral crystals resembling those of enteroviruses (Friedman et al 1977). Walter
and Renella report two patients with chronic encephalitis and epilepsy in whom biopsy
showed histological features of encephalitis, and in situ hybridization showed the Epstein-
Barr virus genome in intranuclear central cores within the encephalitic infiltrations
(Walter and Renella 1989). This raised the possibility of a role for the Epstein-Barr virus in
the pathogenesis of Rasmussen's encephalitis. Power and colleagues carried out in situ
hybridization for CMV on brain biopsy specimens from 10 patients with Rasmussen's
encephalitis and 46 age-matched control patients with other neurologic diseases (Power et
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al 1990). They found CMV genomic material in seven of the ten patients with Rasmussen's
encephalitis and in only two of the control patients. Probes of herpes simplex virus and
hepatitis B were negative in all patients, although this work has been criticized (Gilden and
Lipton 1991; Root-Bernstein 1991). From the same group, McLachlan and colleagues also
demonstrated the CMV genome in neurons, glia, and endothelial cells of blood vessels by in
situ hybridization in brain specimens from three patients who developed chronic
encephalitis and epilepsy in adulthood (McLachlan et al 1993).

Similar assessments for hepatitis B, herpes simplex, and Epstein-Barr virus genome were
negative in these patients. Viral antibody titres in the serum and CSF samples were
normal, and no viral inclusions or antigens were found in resected brain tissue. Jay and
colleagues studied pathological specimens from ten patients with chronic encephalitis and
intractable seizures by immunohistochemistry for HSV-1, HSV-2, and CMV as well as by
the polymerase chain reaction for viral DNA sequences (HSV1, HSV2, and CMV) (Jay et al
1995). They also assessed eight non-epileptic patients with pathologically-demonstrated or
clinically-suspected encephalitis and five specimens from patients with epilepsy but without
encephalitis. Using polymerase chain reaction, CMV was present in six and HSV-1 in two
of ten epilepsy patients with chronic encephalitis. CMV was demonstrated by in situ
hybridization in two of the six patients positive for CMV by polymerase chain reaction.
Immunochemistry was negative for viral antigens in all cases. None of the patients without
encephalitis were found to have viral sequences by polymerase chain reaction, whereas two
of the eight patients with encephalitis but without epilepsy did show CMV sequences. The
authors suggest that in situ hybridization might miss some cases.

In contrast, Rasmussen reports negative standard viral studies (or positive reactions only
to herpes simplex and measles virus in low dilution, which is of doubtful clinical
significance) (Rasmussen 1978). And Mizuno and colleagues used immunoperoxidase stains
against ten viral antigens on brain specimens from two patients with Rasmussen's
syndrome and found all to be negative (Mizuno et al 1985). Furthermore, Farrell and
associates were unable to detect CMV using immunostaining with anti-CMV antibodies in
their three patients with Rasmussen's encephalitis (Farrell et al 1991).

Vinters and colleagues studied brain tissue from epileptic children with chronic (usually
Rasmussen-type) encephalitis (Vinters et al 1993). They extracted DNA from specimens of
brain tissue and used polymerase chain reaction with primers specific for CMV, varicella
zoster, herpes simplex, Epstein-Barr virus, and human herpes virus 6 genes. They found
evidence of low levels of CMV and Epstein-Barr virus genes in most brain specimens from
encephalitis patients, and in several brain specimens from patients without encephalitis.
The signal strength for both CMV and Epstein-Barr virus was much lower in the brains of
patients with epilepsy than in the brains of AIDS patients with CMV encephalitis or brain
lymphoma. The authors conclude that the small amounts of Epstein-Barr virus and CMV
genes suggest that herpes virus infection of the brain did not directly cause Rasmussen' s
encephalitis.

Atkins and colleagues studied ten biopsy and resection specimens from seven patients using
biotinylated double-stranded DNA probes to CMV, herpes simplex virus, and Epstein-Barr
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virus (Atkins et al 1995). Electron microscopy was also carried out on two samples, and one
was evaluated using standard immunoperoxidase techniques. However, they were unable
to identify any evidence of viral material. The likely role of viruses in the pathogenesis of
Rasmussen's encephalitis has been reviewed by Asher and Gajdusek (Asher and Gajdusek
1991).

Andrews and colleagues suggest that immunopathogenetic mechanisms are important in
Rasmussen's encephalitis (Andrews et al 1990). They carried out extensive studies on the
hemispherectomy specimen from a child with Rasmussen's encephalitis and found
widespread cerebral vasculitis with immunofluorescence staining for IgG, IgM, IgA, C3
and C1q. There was also ultrastructural evidence of vascular injury, in addition to severe
cortical atrophy with marked neuronal loss. The child had elevated serum antinuclear
antibody titres and cerebrospinal fluid oligoclonal bands.

PATHOPHYSIOLOGY AND PATHOGENESIS

Perhaps the most exciting recent development in our understanding of the etiology of
Rasmussen's encephalitis has been the establishment by Rogers and colleagues of a link
between circulating antibodies of a ligand-gated ion channel receptor of the central nervous
system in rabbits and a progressive encephalopathy with epileptic seizures (Rogers et al
1994). These workers report that two out of four rabbits who were immunized with GluR3
fusion protein in order to generate subtype-specific antibodies to recombinant GluR
proteins developed seizures. Microscopic examination of the rabbit brains demonstrated
chronic inflammatory changes consisting of microglial nodules and perivascular
lymphocytic infiltration mainly in the cerebral cortex, as well as lymphocytic infiltration of
the meninges. Rogers and colleagues reasoned that these changes probably occurred as a
result of an autoimmune process directed against GluR3 and went on to look for these
antibodies in four patients with pathologically confirmed Rasmussen's encephalitis. For
controls, they used age- and sex-matched children with epilepsy, age and sex-matched
children without CNS disease, children with active CNS inflammation, other children with
epilepsy, and normal children. Immunoreactivity to GluR3 fusion protein was found in
sera from two children with Rasmussen's encephalitis, and one child also showed weak
immunoreactivity to GluR2 fusion protein, but the fourth child did not show
immunoreactivity to any tested antigen. Only one control showed weak immunoreactivity
to GluR3 that was different from the serum GluR immunoreactivity seen in individuals
with Rasmussen's encephalitis. The GluR immunoreactivity appeared to correlate with
disease activity, in that the three children with immunoreactivity had progressive disease
or ongoing seizures, whereas hemispherectomy had been performed several years earlier in
the child with no immunoreactivity, resulting in clinical stability and freedom from
seizures.

As a result of these findings and the implication that the disease process might be related to
circulating antibodies, Rogers and colleagues carried out plasma exchange in one of the
children with Rasmussen's encephalitis who showed immunoreactivity and who was
seriously ill (Rogers et al 1994). The result of the plasma exchange was a decrease in
seizures and improvement in neurologic status, but the improvement was short-lived, with
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further deterioration over the following 4 weeks. The same team later reported the finding
that the antibodies found in Rasmussen's encephalitis actually activate the receptor, raising
the possibility that the antibodies might directly trigger seizures by overstimulating the
glutamate receptors (Twyman et al 1995). The fact that Rasmussen's encephalitis
sometimes appears to follow a blow to the head or systemic illness has led to their
proposition of a model for the development of Rasmussen's encephalitis. In their model, the
insult causes a breach in the blood-brain barrier, which, in individuals with autoantibodies
to GluR3, could allow the entry of these antibodies to the brain, causing activation of the
receptors and subsequent seizures. The result is a vicious circle in which more rifts would
be caused in the blood-brain barrier as a result of the seizures.

Alternatively, the GluR3 antibodies may arise as a result of the initial central nervous
system damage, thus leading to further damage.

EPIDEMIOLOGY

Rasmussen's syndrome is a rare disorder which, as far as is known, is not more prevalent
in any population group. Diagnosis is dependent on the degree of neurologic sophistication
in the country or area where the patients live.

DIFFERENTIAL DIAGNOSIS

The clinical changes of Rasmussen's encephalitis, like the pathological changes, are non-
specific, particularly in the early stages, and several other conditions can present in a
rather similar manner. MELAS is one such condition, with the clinical features of episodic
vomiting, recurrent strokes, and partial seizures that are frequently associated with
prolonged migrainous manifestations and often develop into epilepsia partialis continua
(Dvorkin et al 1987). Cortical dysplasia may cause intractable partial epilepsy (Andermann
et al 1987), though only occasionally with epilepsia partialis continua. Tuberous sclerosis
may cause similar symptoms (Andermann et al 1987), as may tumors (Rich et al 1985),
cerebral vasculitis (Mackworth-Young and Hughes 1985), and Russian spring-summer
encephalitis (Kozhevnikov 1991).

DIAGNOSTIC WORK-UP

Non-specific abnormalities of the cerebrospinal fluid have been found in 50% of patients
with Rasmussen's syndrome. These include minor increases of the white cell count, a
modest increase in the protein content of the spinal fluid, and a first-zone or mid-zone
abnormality in the colloidal gold curve (Rasmussen and Andermann 1991). Oligoclonal or,
occasionally, monoclonal bands have been found in some patients, but again this has not
been consistent (Dulac et al 1991; Grenier et al 1991).

 Radiology

The earliest patients to be reported with focal seizures due to chronic localized encephalitis
were studied using pneumoencephalography (Rasmussen et al 1958). One of the patients,
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studied 5 months after the onset, had a normal pneumoencephalography. The second child,
who presented with right-sided focal seizures followed by the development of a right
hemiparesis, also had a normal pneumoencephalography early in the disease, but by 2
years after the onset, there was definite enlargement of the left lateral ventricle. Another
pneumoencephalography performed 3 years later showed more marked evidence of
atrophy of the left cerebral hemisphere, and by the following year, there was marked
destruction of the left hemisphere with slight enlargement of the right lateral ventricle. The
third patient described in the paper similarly had a normal pneumoencephalography early
in the disease, with evidence of worsening hemispheric atrophy as the disease progressed.

With the development of more sophisticated methods of imaging the brain, it has become
possible to examine the changes is more detail. The advent of CT scanning confirmed the
development of progressive hemiatrophy, usually beginning in the temporoinsular region,
causing enlargement of the temporal horn and Sylvian fissure and eventually progressing
to involve the remainder of the hemisphere in the majority of patients (Tampieri et al
1991). These authors examined the CT scans of 15 patients diagnosed since 1974 and found
hemiatrophy of variable severity in 11, diffuse cerebral atrophy in 2, and normal scans in 2
who were examined early in the course of the disease. They noted that the progression of
the hemiatrophy could be very rapid, becoming severe in less that 24 months. They also
noted that the contralateral ventricle could become enlarged in time. This may be due to
Wallerian changes and perhaps to the effect of seizures and trauma. The contralateral
atrophy was never comparable to that involving the affected hemisphere.

Figure 5. CT scan showing right hemispherical atrophy with ventricular dilation

There have also now been several reports of MRI findings in patients with Rasmussen's
encephalitis. Tampieri and colleagues describe two patients who both showed hemiatrophy
and abnormal, high-intensity signal on proton density and T2-weighted images in
accordance with gliosis in one child (Tampieri et al 1991).
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Tien and colleagues report the results of neuroimaging in four young patients who had
undergone various combinations of CT, xenon CT, and MR scans, and PET (Tien et al
1992). Two patients had rather unremarkable CT studies but had xenon CT scans showing
selectively decreased cerebral blood flow to the affected hemisphere. A third patient had
CT and MRI scans showing marked atrophy of the affected hemisphere, with decreased
fluorodeoxyglucose tracer uptake in that hemisphere. The fourth patient's CT and MR
scans showed severe hemispheric atrophy, with appearance of gliosis in the basal ganglia
region and the periventricular area. Zupanc and colleagues describe a patient with typical
features of Rasmussen's encephalitis in whom repeated MRI scans, with and without
gadolinium, were normal, except one that was carried out approximately 5 months after
seizure onset (Zupanc et al 1990). This MRI demonstrated increased signal intensity in the
white and grey matter of the left temporal lobe and a small cortical area of the left parietal
lobe on the T2-weighted images, which is suggestive of edema. Similar findings of
hemispheric atrophy and signal change have been reported by other authors (Aguilar et al
1996; Yacubian et al 1997).

Figure 6. Rasmussen's encephalitis
with hemiatrophy and ventricular
dilatation

Nakasu and colleagues report serial MRI findings of Rasmussen's encephalitis in a 12-year-
old boy who underwent biopsy and treatment with immunoglobulins (Nakasu et al 1997).
No abnormality was seen on the initial scans carried out 1 year after the onset of seizures.
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But 11 months later, a high intensity lesion was seen in the left frontal cortex; this lesion
rapidly spread into the white matter and then gradually regressed after biopsy and
immunoglobulin therapy. Five months after the biopsy, another high intensity lesion was
seen adjacent to the previous one, despite good seizure control at the time. Radiologists who
are not aware of the clinical problem often interpret the signal changes observed in the
MRI as being due to vascular abnormalities; therefore, it is essential to present the history
and findings to the radiologist before the images are analyzed.

Cendes and colleagues performed MRS in three patients with Rasmussen's syndrome
(Cendes et al 1995). They measured the relative resonance intensity of N-acetylaspartate to
creatine, an index of neuronal loss or damage, for various regions in the brain. They
demonstrated decreased relative N-acetylaspartate signal intensity over the entire affected
hemisphere, including both cortex and white matter; the decrease in intensity was most
prominent in the anterior periventricular region. There was a tendency for the signal loss
to be worse in patients with longer duration of disease. Follow-up scans after 1 year showed
progression of the changes. The authors also note that the changes on MRS were more
widespread than the structural changes seen on MRI but did not affect the contralateral
hemisphere. Two of the patients had epilepsia partialis continua during the follow-up scans
only; these patients showed increase in lactate resonance intensity, suggesting that the
lactate accumulation resulted from repetitive seizures rather than from the disease process
itself.

Peeling and Sutherland performed MRS on tissue from patients undergoing surgical
treatment for Rasmussen's encephalitis (Peeling and Sutherland 1993). They found that the
metabolite concentrations varied with the severity and extent of the encephalitis, with the
markedly abnormal tissues having decreased N-acetylaspartate, glutamate, cholines, and
inositol. The decrease in the levels of N-acetylaspartate and glutamate was greater than in
gliotic hippocampal tissue, suggesting the possibility that in vivo MRS might be helpful in
diagnosis and in the assessment of results for various forms of immunological treatment.

Figure 7. Rasmussen's encephalitis

Several authors have reported the results of functional imaging in patients with
Rasmussen's encephalitis. English and colleagues describe five children with Rasmussen's
encephalitis in whom SPECT imaging demonstrated an area of hypoperfusion and
hypometabolism corresponding to the anatomical localization of the epileptogenic foci
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found by clinical assessment, EEG, and CT (English et al 1989). In all cases, the SPECT
showed a more extensive area of abnormality than CT, and in two patients undergoing
sequential studies, the SPECT reflected the patients' changing clinical condition.

Figure 8. Rasmussen's encephalitis. Coronal
FLAIR image demonstrates encephalomalacia in
the left frontoparietal region with abnormal signal
in the left paracentral lobule and exvacuo
dilatation of the left lateral ventricle in a patient
with pathologically proven Rasmussen's
encephalitis.

Hwang and associates report PET and SPECT studies in patients with Rasmussen's
encephalitis (Hwang et al 1991). One child was studied with 99Tc-HMPAO SPECT,
showing an increase in cerebral blood flow in the left temporal lobe ictally and a wider
decrease interictally in the left temporal, frontal, and parietal lobes. Five patients
underwent 18-FDG-PET scanning, which usually showed a regional decrease in the local
cerebral metabolic rate in the utilization of glucose, widely distributed over the affected
hemisphere and extending beyond the frontal and temporal lobes. However, within the
regional hypometabolic zone were one or two more foci of localized increase in metabolic
rate, which, in some cases, coincided with focal epileptogenic activity as determined by
electrocorticography at surgery.

Figure 9. Focal decrease of FDG uptake in the right frontal cortex
(arrows) in the early stage of Rasmussen's syndrome. An MR
image was normal at this time. The diagnosis was later confirmed
by histology.

Burke and colleagues describe a patient with Rasmussen's syndrome in whom Tc-99m
HMPAO SPECT produced grossly abnormal results at a time when the MRI scan showed
no structural abnormality, suggesting that Tc-99m HMPAO SPECT might be helpful in
early diagnosis of the condition (Burke et al 1992). Aguilar and associates describe an 8-
year-old girl with epilepsia partialis continua due to Rasmussen's encephalitis involving the
left side of the body who underwent ictal and interictal 99mTc HMPAO-SPECT (Aguilar
et al 1996). In the ictal period this showed increased cerebral blood flow in the right
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hemisphere, particularly the Rolandic area and the temporal lobe, whereas in the interictal
period a decreased flow was seen in the same regions. Yacubian and colleagues also report
a focal increase in regional cerebral blood flow in four patients presenting with epilepsia
partialis continua at the time of the HMPAO injection, and extensive cortical
hypoperfusion in four other patients who received the injection during the interictal state
(Yacubian et al 1997). These authors report abnormalities of cerebellar function in six
patients, two of them with structural damage.

 EEG changes

Several authors have studied EEG changes in Rasmussen's encephalitis. The largest study
to date has been that of So and Gloor, who describe the findings in 339 EEGs and 58
electrocorticograms carried out in 49 patients with Rasmussen's encephalitis (So and Gloor
1991). Analysis of all the preoperative EEGs showed a variety of abnormalities. All but one
of the 47 patients for whom preoperative EEGs were available had some abnormality of
background activity (either slowing beyond age-adjusted limits or irregularities in the
morphology and frequency of waveforms), usually asymmetrical. In the later EEGs, the
majority showed some abnormality bilaterally, but predominant on one side. All EEGs
showed abnormal slow wave activity, and 44 of the 47 patients had evidence of interictal
epileptiform discharges. Frequently, there were multiple independent foci lateralized over
one hemisphere. Bilateral multiple independent discharges were seen in one third of
patients but were usually predominant over one side. Almost half of the patients showed
bilaterally synchronous spike and wave or sharp and slow wave discharges. Clinical or
subclinical seizures were recorded in 32 patients, but although the onset could usually be
lateralized to one hemisphere, it was rare for seizures to have a strictly localized
electrographic onset. Electrocorticography usually showed widespread regions involved in
interictal epileptiform activity, and if several seizures were studied, it was common to find
multiple independent sites of seizure onset. The evolution of the EEG during the course of
the disease process was also studied. Those patients with early disease who had not yet
developed hemiparesis were more likely to show unilateral disturbance of background
activity. As the disease progressed bilateral abnormalities became more common. EEG
epileptiform abnormalities generally became more widespread with time, and some
patients showed the development of independent epileptiform abnormalities over the
contralateral hemisphere. Capovilla and colleagues also studied the evolution of the EEG
from the onset of the disease in a single patient (Capovilla et al 1997). They noted focal
delta activity over the left temporal region without spikes, at a time when the MRI was
normal, and ongoing seizure activity was absent. They hypothesize that the presence of
such changes in the absence of structural abnormality on imaging should prompt
consideration of the diagnosis of Rasmussen's encephalitis even before the development of
the classical clinical features. Andrews and colleagues studied two patients with
pathologically confirmed Rasmussen's encephalitis and circulating GluR3 antibodies
(Andrews et al 1997). The two patients were treated with plasma exchange and
immunosuppressive treatment with intravenous immunoglobulins; high-dose steroids were
also given to one patient. Repeated EEG monitoring showed that the EEG abnormalities
present before plasma exchange improved during plasma exchange but worsened
afterwards, apparently reflecting the change in clinical status.
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PROGNOSIS AND COMPLICATIONS

The initial course of Rasmussen's encephalitis is frequently characterized by rather non-
specific clinical features, and it may be months or even years before the diagnosis becomes
apparent. Oguni and colleagues divide the clinical course into three stages (Oguni et al
1992). In the first stage, seizures are mainly simple partial attacks with somatosensory or
motor signs, and complex partial seizures without automatisms (with or without epilepsia
partialis continua in each case). During the later part of the first stage, they note that
seizures gradually become more frequent, and that the hemiparesis, initially postictal and
transient, slowly becomes more permanent. In the second stage, there is a further increase
in seizures with the development of more apparent fixed neurologic signs and increasing
disability. Eventually, there seems to be a tendency for the disease activity to burn itself
out, so that in the third stage there is a diminution in seizure frequency and severity,
without further progression of the neurologic signs (which by this time would commonly
include moderate to severe hemiparesis, a visual field defect, and a variable degree of
intellectual and language impairment that ranged from mild to severe). The relentless
progression of Rasmussen's encephalitis at the onset has led to the introduction of various
medical treatments (Dulac et al 1991; DeToledo and Smith 1994; Hart et al 1994; Andrews
et al 1996; McLachlan et al 1996), none of which have been entirely successful, and the
suggestion that surgical treatment (particularly hemispherectomy, which does appear to
halt the disease process in the majority of patients) should be carried out sooner rather
than later (Vining et al 1993).

MANAGEMENT

In their protocol of high-dose steroid and immunoglobulin treatment for children with
Rasmussen's encephalitis, Hart and colleagues suggest the diagnosis of chronic encephalitis
in children who develop epilepsia partialis continua and meet at least one of the following
criteria (Hart et al 1994):

(1) Progressive neurologic deficit at the beginning or after the onset of epilepsia partialis
continua but before the start of treatment

(2) Progressive hemispheric atrophy on CT, MRI, or both, with or without density or signal
abnormalities

(3) Presence of oligoclonal or monoclonal banding on CSF examination

(4) Biopsy evidence of chronic encephalitis Children without epilepsia partialis continua
but with focal epilepsy and biopsy evidence of chronic encephalitis (who might in addition
meet criteria 1, 2 or 3) were also considered to have the diagnosis.

Because of the relentless progression of Rasmussen's encephalitis in the majority of
patients and because of the rarity of the condition, which makes clinical trials difficult,
clinicians have tried a variety of treatments on an empirical basis. Although
hemispherectomy appears to be successful in arresting the disease process in the majority
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of patients, the consequent neurologic deficits cause reluctance to carry out this procedure
until a hemiparesis already exists.

There has long been debate as to whether the progressive neurologic deficits in
Rasmussen's encephalitis are secondary to ongoing seizure activity or if they are an
independent effect of the encephalitic process. The initial attempts at treating Rasmussen's
encephalitis concentrated on the quest for seizure control. The pharmacological treatment
of 25 patients with Rasmussen's encephalitis at the Montreal Neurological Institute was
analyzed by Dubeau and Sherwin who found that all had received polytherapy, often at the
expense of significant morbidity as a result of toxic or other adverse effects (Dubeau and
Sherwin 1991). Of the seizure types most commonly seen in patients with Rasmussen's
encephalitis (partial motor, complex partial, and secondarily generalized tonic-clonic
seizures), the secondarily generalized tonic-clonic seizures were most likely to respond to
treatment.

Most other treatments directed at aborting the disease have relied on the assumption that
the cause is either infective, probably viral, or the result of an autoimmune process.
Examples of such treatments include antiviral treatments including the use of ganciclovir,
zidovudine, high-dose interferon, high-dose steroids and immunoglobulins, and plasma
exchange.

DeToledo and Smith used zidovudine to treat a 4-year-old child with epilepsia partialis
continua, progressive aphasia, and right hemiparesis after the seizures had failed to
respond to conventional antiepileptic drugs and ACTH (DeToledo and Smith 1994).
Zidovudine was given for 62 days but was eventually discontinued because of
granulocytopenia. Seizures stopped and neurologic deterioration was arrested for
approximately 21 months within 6 weeks of the onset of treatment. Unfortunately when the
patient relapsed, with seizures affecting the previously uninvolved left hemibody, side-
effects prevented further treatment with zidovudine. Zidovudine was also used in three
patients by Shorvon and colleagues (Shorvon, personal communication). But the
improvement was, unfortunately, short-lived and unsustained.

Because of the fact that CMV had been implicated in the pathogenesis of Rasmussen's
syndrome, the effect of ganciclovir was assessed in four patients by McLachlan and
colleagues (McLachlan et al 1996). The CMV genome was sought in three of these patients
and found in two. One child with very frequent seizures, which developed over 3 months,
became seizure-free 5 days after the onset of treatment; there was also resolution of focal
neurologic signs, cognitive function, and EEG changes. Two other patients treated 34 and
72 months after disease onset showed some improvement, whereas in the fourth patient
there was no benefit.

Early reports of the use of corticosteroids (including dexamethasone, prednisone, and
ACTH) in Rasmussen's encephalitis were not encouraging (Gupta et al 1984; Piatt et al
1988). However, Dulac and colleagues, who were among the first to try high-dose steroids
in children with Rasmussen's encephalitis, produced some promising results (Dulac et al
1991). They treated five children with three intravenous infusions of 400mg/m2 of
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methylprednisolone, one every other day, followed by oral prednisone (2mg/kg per day) or
hydrocortisone (10 mg/kg per day) tapered off over 3 to 24 months. epilepsia partialis
continua ceased in three cases within 1 month of the start of treatment, with the EEG
improving dramatically in two of the three plus one other child. Progression of motor and
cognitive impairment stopped in all of the children, though only one showed a clear
improvement, from a state in which she was bedridden and mute to one in which she could
walk and talk. However, two of the patients relapsed within a few months of the cessation
of treatment.

As a result of this success, other authors tried this and other immunosuppressive
treatments (Walsh 1991; Hart et al 1994). Several reports have documented improvement
in intractable epilepsy of other etiologies treated with gamma-globulin (Pechadre et al
1977; Laffont et al 1979; Ariizumi et al 1983). Furthermore, Walsh describes a 12-year-old
boy with Rasmussen's syndrome in whom treatment with six infusions (200 mg/kg) of
intravenous immunoglobulin over a period of 3 months showed improvement both in
neurologic dysfunction and also in seizure control during the course of the treatment and
for several months afterwards (Walsh 1991).

Hart and colleagues describe 19 patients treated with high-dose steroids, immunoglobulins,
or both (Hart et al 1994). Two (both biopsy-proven) had developed Rasmussen's syndrome
in adulthood, whereas the rest were children. The diagnosis was confirmed by biopsy in all
but three of the patients. Because the patients were treated at different centers, the
treatment protocols varied. Seventeen patients received treatment with steroids, usually
oral steroids, although six patients received intravenous methylprednisolone at some stage,
and one child received ACTH injections over 4 weeks. Two patients received intravenous
immunoglobulins alone, whereas seven patients received both high dose steroids and
intravenous immunoglobulins. Seven patients showed no improvement in seizure frequency
following treatment with steroids. Two patients showed an improvement of 25% or less,
whereas eight showed at least a 50% reduction in seizure frequency. With the exception of
two patients, the frequency of seizures increased within days or weeks of steroid
withdrawal. Side effects were common and often prominent. Seven of the nine patients
treated with intravenous immunoglobulin showed definite improvement in seizure control,
at least initially. This was not maintained in three patients. Any improvement in neurologic
deficit in these patients was only transient and accompanied improved seizure control,
except in one instance wherein the hemiparesis improved disproportionately to the
improvement in seizure control. It seems likely that treatments such as these might have
maximum effect early in the onset of disease. In this study a considerable proportion of the
patients had been ill for several years before treatment (fourteen already had mild
hemiparesis and another four had evidence of intellectual deterioration), and this may be
responsible for the rather poor results.

Hart and colleagues suggest protocols for the treatment of patients with intravenous
immunoglobulins or high-dose steroids (Hart et al 1994). With respect to intravenous
immunoglobulin, the recommended treatment is 400 mg/kg per day by intravenous
infusion on 3 successive days, with a single further infusion of 400 mg/kg at monthly
intervals if improvement occurs. If no improvement is seen, treatment with steroids is
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recommended, with the initial course consisting of intravenous methylprednisolone (400
mg/m2 of body surface) given as three consecutive infusions on alternate days. Subsequent
infusions consist of single infusions at monthly intervals for the first year, bi-monthly
intervals for the second year, and tri-monthly intervals for the third year, unless serious
side-effects supervene. The treatment is accompanied by oral prednisolone starting at 2
mg/kg per day, reducing very gradually over a period of months depending on clinical
response, with the total duration of oral steroid treatment usually being 1 to 2 years.

Another patient with symptoms highly responsive to repeated courses of
immunosuppressant treatment is described by Krauss and colleagues (Krauss et al 1996).
They describe a woman who had developed her first symptoms, partial and secondarily
generalized seizures, at the age of 15, and had gone on to develop typical features of
Rasmussen's encephalitis. Brain biopsy was also consistent with this diagnosis. Treatment
with immunoglobulins at the age of 29 produced no change in her seizure control or
aphasia, but intravenous methylprednisolone brought about a dramatic improvement in
her seizures and neurologic deficits. Oral steroids were ineffective, and treatment with
intermittent cyclophosphamide was insufficient to contain her symptoms. She was also
treated with plasmapheresis, though the effect was unclear. Her serum and CSF were
negative to antibodies to GluR3 by both immunoblot and immunocytochemical analysis of
cells transfected with GluR3 cDNA, suggesting an alternative immune-mediated process in
some patients with chronic encephalitis.

Intraventricular alpha-interferon has also been tried in Rasmussen's encephalitis (Maria et
al 1993; Dabbagh et al 1997), on the basis that not only do interferons have
immunomodulating activity, such as enhancement of the phagocytic activity of
macrophages and augmentation of the specific cytotoxicity of lymphocytes for target cells,
but they also inhibit virus replication in virus-infected cells. The 3 year old child described
by Dabbagh and colleagues had epilepsia partialis continua and a right hemiparesis and
was mute at the time of treatment (Dabbagh et al 1997). She was given three doses of
3,000,000 units of INF-alpha through an Omaya reservoir in the first week on alternate
days, two doses per week in the second and third weeks, and weekly doses for the fourth
through sixth weeks. She had a significant reduction in seizures but relapsed to baseline 3
weeks after stopping treatment. However, she did respond to further courses of treatment,
and at the time of the report, more than 12 months after the onset of treatment, she
remained seizure-free with treatments every third week. The patient described by Maria
and colleagues also showed improvement in the control of his epilepsy and neurologic
deficit with INF-alpha in the short term (Maria et al 1993).

Andrews and colleagues describe the use of plasma exchange in four patients with clinical
and pathological features of Rasmussen's encephalitis, two of them previously described by
Rogers and colleagues (Rogers et al 1994; Andrews et al 1996). Three of the patients had
repeated, dramatic, transient clinical improvements shown by reduced seizure frequency,
rapid control of status epilepticus, and improved neurologic function. Two of these patients
had evidence of active inflammation on pathological examination; the third had chronic
changes (though autoantibodies were present). The fourth patient, who also had
pathological evidence of active inflammation, had a more muted response to repeated
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plasma exchange. The authors draw attention to the known complications of plasma
exchange (infection, anaemia, coagulopathy, etc.) and to its expense. They also suggest
certain situations in which plasma exchange might prove particularly helpful, as in, for
example, status epilepticus in Rasmussen's encephalitis and the evaluation of patients prior
to surgery, when residual function may be unmasked by the reduction in seizure frequency
brought about by the plasma exchange. Andrews and colleagues also suggest a protocol,
advocating five to six single volumes of plasma exchange initially, with albumin and saline
replacement, spread over 10 to 12 days, with an infusion of 1g/kg of intravenous
immunoglobulin being given to the patient the day after (Andrews et al 1996). They
recommend that subsequent plasma exchange be given on the basis of clinical need because
of recurrent seizures, perhaps every 2 to 3 months on average. They believe that interval
treatment with immunosuppressive agents might limit expense in addition to prolonging
the improvement after each plasma exchange.

Despite the promise shown by these treatments in a few patients, at present none has shown
itself to reliably affect the course of the disease. Surgical treatment has been tried in a
number of patients. Limited focal resection carried out early in the disease appears to be of
little lasting benefit (Rasmussen and McCann 1968). There seems to be a consensus of
opinion that functional hemispherectomy is a reasonable option when the patient has
developed hemiparesis and homonymous hemianopia (Rasmussen 1983). However, some
groups believe that since hemispherectomy is the only procedure that apparently stops
progression of the disease, it should be considered as an early option, without awaiting the
development of maximal hemiparesis (Vining et al 1993).
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