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Dr. John Duncan and Dr. David Fish of the Epilepsy Research Group of the Institute of
Neurology, Queen Square, London and Professor David Brooks of the MRC Cyclotron Unit,
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project in the best possible environment. Dr. John Duncan and Professor David Brooks
acted as co-supervisors. John Duncan was enormously generous with his time and
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Stevens, Consultant Radiologist at the National Hospital for Neurology, Queen Square,
reported the vast majority of the MRI studies through which our patients were identified
and assigned to study groups; Dr. David Fish, Professor Simon Shorvon, Dr. Ley Sander
and Dr. Sheelagh Smith of the National Hospital for Neurology generously referred
patients for PET studies; Dr. Jenny Coull and Dr. Paul Grasby of the MRC Cyclotron Unit
provided the normal control data and the software for the Rapid Visual Information
Processing paradigm described in Chapter 11 ; Dr. Harri Jenkins of the MRC Cyclotron

Unit supplied a copy of the software for the Motor Sequence Learning paradigm described
in Chapter 11 ; Dr. Sanjay Sisodiya and Dr. Samantha Free of the Epilepsy Research
Group of the Institute of Neurology undertook the MRI segmentation described in Chapter
9; finally I would like to thank Dr. Karl Friston and his colleagues for their
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these individuals I owe the deepest gratitude.
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and patients. I am profoundly grateful and honoured to have had the privilege of working
with these selfless and generous volunteers. Their contribution was the most important
of all.

Finally, my wife Emma and son Benjamin (born half way through this work) have
endured the absence and unavailability of their husband and father during many evenings
and weekends. The completion of this thesis marks both an end and a beginning; and also
an opportunity to record my love for them. Thank you for your support.

Abstract
Positron emission tomography

(PET)

was

employed

to

investigate

the

central

benzodiazepine receptor (cBZR) system and cerebral blood flow in patients with
malformations of cortical development (MCD) and other syndromes associated with
epilepsy.

Abnormalities of cortical cBZR binding were shown in 11 of 14 patients with MCD; 7
had

abnormalities

beyond

the

lesions

seen

with

high-resolution

MRI.

These

abnormalities consisted of both increases and decreases in cBZR binding.

All six patients with acquired non-progressive cerebral injury had reduced cBZR
binding in the lesion seen on MRI; in 2 cases the region of reduced cBZR was more
extensive. All six patients with dysembryoplastic neuroepithelial tumour had reduced
cBZR density in the region of brain affected on MRI. One subject had a single remote
region of increased cBZR.

Thirteen of 18 patients with extratemporal localisation-related epilepsy and normal
MRI had regions of abnormal cortical cBZR; 10 had regions of increased cBZR, 6 had
regions of decreased cBZR and 3 had both regions of increased and decreased cBZR. Six of
10 patients with unilateral frontal seizure onset had an abnormality in the implicated
frontal lobe.

Five of 10 patients with MCD had abnormalities of MRI volumetry; only these same five
patients had abnormalities of regional grey matter volume using a voxel based automated
technique.

Six of 10 patients with MCD showed regions of cerebral cortex with disproportionate
cBZR binding compared with local grey matter volume by integrating PET and MRI data
at the voxel level.

Changes in cBZR were seen in 10 patients with unilateral RLE and normal MRI in the
cortical-basal ganglia motor system. Some regions showed abnormalities of cBZR
correlating with seizure frequency.

Eight of 10 patients with MCD showed activation of affected brain regions with
appropriate tasks. In addition, there was a significant alteration in the overall activation
pattern in five patients, compared with a normal control group.
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Chapter 1.
Background.

1 .1 . MALFORMATIONS OF CORTICAL DEVELOPMENT

Malformations

of

cortical

development

(MCD)

originate

during

intrauterine

development as a consequence of a variety of inherited and acquired insults, resulting in
a wide spectrum of structural cortical anomalies and clinical syndromes. These
disorders are rare but of importance in epilepsy practice. MCD is seen in 4.3-12.6% of
adult seizure patients referred for magnetic resonance imaging (MRI) [1, 2]. MCD may
underlie the important paediatric epilepsy syndromes West Syndrome and LennoxGastaut

syndrome

[3,

4].

The

detection

of

localised

slow

activity

on

an

electroencephalogram (EEC) should also prompt a search for MCD [5]. Furthermore,
MCD may be present as a second lesion in 15% of patients with the commonest lesion
underlying treatment-resistant localisation-related epilepsy, hippocampal sclerosis
(HS) [6]; this second lesion may in some cases be related to failure to respond to
surgery for HS. Although epilepsy, mental retardation and focal neurological and
cognitive deficits are all well-recognised in patients with malformations of cortical
development, the pathophysiological and neurochemical correlates of this group of
disorders are little studied.

1 .1 .1 Norm al brain d e v e lo p m e n t

The sequence of events in the ontogenesis of the brain in man has been extensively
described [7-9]. The neuroectoderm forming the neural plate appears along the dorsal
midline of the embryo on the 16th day post conception in man. The neural plate folds to
form a tube which is complete by about the 26th day. The rostral portion of the neural
tube differentiates extensively to form the brain. Three primary brain vesicles appear
initially at around day 28 - the prosencephalon, mesencephalon and rhombencephalon.
By about day 35 the first and third vesicles have each matured into two vesicles. The five
secondary brain vesicles comprise the telencephalon (which will become the cortex,
striatum and olfactory system), diencephalon (which will become the thalamus,
hypothalamus and subthalamus), mesencephalon (which will become the midbrain),
metencephalon (which will become the pons and cerebellum) and myelencephalon
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(which will became the medulla oblongata).

The vast majority of neurons and a large number of glial cells are derived by
proliferation of the neuroepithelial cells in the germinal matrix at the ventricular
surface. The rate of cell division in the forebrain ventricular surface germinal zone is
greatest during the second trimester. A great excess of neuroblasts is formed, greatly
more in number than the final number of neurons in the mature brain. Programmed cell
death occurs in the brain as in other tissues during embryonic and foetal life. A major
stimulus to undergo cell death is the failure to form appropriate synaptic contacts [10].
Four anatomically distinct migrations of neuroblasts into their final anatomical
positions have been identified [7]: via the corpus pontobulbare to form the pontine and
medullary nuclei; via the corpus gangliothalamicus to form the basal ganglia and
thalamus; migration in the cerebellum; and migration from the periventricular
germinal matrix to the cerebral cortex. Malformations of cortical development involve
errors in this fourth migration path.

Building on work in the fly Drosophila, a number of proliferation and cell-fate
determination factors are beginning to emerge in man, such as Notch 1, inherited
variably during neuroblast division depending on the orientation of the line of cell
cleavage [11] and Numb, distributed towards the apical area of mitotic cells [12]. The
precise role of these factors in MCD in man remains to be elucidated.

The future cortical neurons migrate in an organised series of waves such that the cells
destined to be in the deepest layers of the cortex migrate first, with more superficial
layers migrating subsequently and passing through the layers of cells already arrived in
order to reach the cortical surface (figure 1.1)[13 ]. The neurons are guided to their
cortical targets by radial glial fibres which span the entire hemisphere from the
ventricle to the pia [7]. This radial migration has been long recognised [14] but more
recently extensive lateral dispersion during migration has been demonstrated [15, 16].
Multiple factors may be responsible for migration. In particular, the mechanisms of
initial attachment of neurons to radial glia and the signals which lead to detachment and
appropriate positioning within the cortical layers have been shown to be crucial in
animal models. In the reefer mouse, which shows a histological pattern somewhat
reminiscent of lissencephaly, failure of detachment of neurons from glia has been
demonstrated [17]. In contrast, in the weaver mutant mouse (which has a cerebellar
migration fault) granule cells fail to attach to radial glia [18]. The processes of adhesion
during

migration

are

apparently

robust

and similar

in different

brain

areas;

hippocampal granule cells migrate normally along cerebellar radial glial fibres in
vitro, and cerebellar granule cells migrate along hippocampal glia, in both cases the
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neuronally expressed surface marker astrotactin appearing critical [19]. Neurons
appear to be committed to specific cortical layers before migration commences [20]. If
attachment to glia has occurred and the cell is already committed to a destination before
migration,

the

cortically-derived

critical

signals for

“stop” signals

ensuring

[21].

A

appropriate

monoclonal

lamination

antibody

to

should

be

neuron-glial

junctional polypeptide (NJPAl) identified the presence of this protein along radial glial
fibres of developing rat cortex. NJPAl immunoreactivity disappeared where radial glial
fibres entered the marginal zone at the distal side of the developing cortex. In the
presence of the antibody, migrating neurons were greatly slowed and tended to detach
from the radial glia, suggesting NJPAl provides part of the mechanism for maintaining
contact between migrating neurons and radial glia. The absence of this factor at the distal
end of radial glial fibres may be part of the “stop” signal [22].

The establishment of the pial-glial barrier is one of the earliest histogenetic events in
neurogenesis. This is accomplished by coordinated interaction among the processes of
radial glia, various extracellular matrix components, and mesenchymal cells at the pial
surface, with the formation of a basement membrane. The pial-glial barrier and the
basement membrane appear to be critical to the migration and final positioning of
neurons and to the differentiation of the laminar cortical pattern within the developing
cortex [23]. Before the migrating future cortical neurons reach the outside of the
developing brain, the outer layers consist of a so-called marginal zone, inside this the
cortical preplate, below this the subplate. Migrating cells penetrate the subplate and
come to rest between the layers of older cells, forming the cortical plate (figure 1.1).
Prominent in the marginal zone are very large neurons called Cajal-Retzius cells.
Cajal-Retzius cells were found evenly distributed throughout the murine cerebral
cortex during development. Neuronal migration has been shown to be dependent on
glutamate receptors; it has been proposed that Cajal-Retzius cells releasing glutamate
may direct migrating neuroblasts toward the marginal lamina, therefore creating the
"inside-out" sequence of cortical development [24]. A secreted factor structurally
related to other known adhesion molecules in the central nervous system, which has been
termed reelin, has been shown to be defective in the reeler mouse; this factor appears to
be confined to Cajal-Retzius cells [25]. Migrating neurons from mice with this defect
fail to penetrate the subplate and accumulate below it producing a lissencephalic-like
cortex. A mouse with similar phenotype, scrambler, has normal reelin; it has been
suggested the defect may be at the putative receptor for reelin [26]. A further defect in
the reeler/scrambler system affects the gene for cdkS, a kinase involved in cell-cycle
regulation [27].

In humans migration commences around weeks 6-8 [28, 29] and continues prolifically
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until week 16, though marked migration occurs until week 25 and is not complete until
5 months postnatally; migration in the medulla

oblongata is complete by 8 weeks of

intrauterine life, but cerebellar migration continues until at least the end of the first
postnatal year. During the first half of gestation most cells of the germinal matrix
become neurons; in the second half of gestation most of the germinal cells become glia.
Differentiation and migration of glia is characterised by retraction of the radial process
of radial astroglial cells; these cells differentiate into astrocytes, oligodendrocytes and
ependymal cells [30]. However, most astrocytes destined for the cortical layers are
produced in the periventricular germinal zone after the migration of neurons and
themselves migrate into the cortex [31 ]. This process is prolonged compared to neuronal
differentiation and migration; astrocytes of the frontal lobe migrate centrifugally from
28 weeks gestation until 6 years of age [32].

1 .1 .2 . A bnorm al brain d e v e lo p m e n t

The wide range of cerebral malformations can be explained in terms of the stage of
gestation at which the putative error in embryogenesis occurred [28, 29]. Disorders of
neurulation, the formation of the neural tube and major brain vesicles occur earliest, at
approximately 1 -4 weeks. These abnormalities include anencephaly, encephalocoele and
meningomyelocoele. Midline malformations of the forebrain occur later at 4-8 weeks
and include holoprosencephaly, arhinencephaly, septo-optic dysplasia, agenesis of the
corpus callosum and colpocephaly. Errors of neuronal proliferation, especially at 8-20
weeks, may be responsible for hemimegelencephaly and hydranencephaly. The disorders
of neuronal migration are due to errors occurring largely at 6-25 weeks. These
disorders, which will be described in detail below, include the generalised disorders
lissencephaly, band heterotopia and subependymal heterotopia, and focal disorders
pachygyria, polymicrogyria, schizencephaly, focal grey matter heterotopia and focal
cortical dysplasia.

Malformations of cortical development may be seen in association with a variety of
clinical syndromes [29]. These include metabolic disorders such as Zellweger syndrome,
Menke kinky-hair disease, Gm2 gangliosiosis and glutaric aciduria type II; chromosomal
abnormalities including Miller-Dieker syndrome, 17 p 13.3 mutations, trisomy 13, 18
and 21, and deletion 4p; neurocutaneous disorders such as incontinentia pigmenti,
neurofibromatosis I, hypomelanosis of Ito, tuberous sclerosis and epidermal naevus;
neuromuscular disorders including Walker-Warburg syndrome, Fukuyama muscular
dystrophy and

dystrophia myotonica; intrauterine infection with cytomegalovirus,

toxoplasma or syphilis; and environmental agents such as toxins or radiation. Despite

22

these numerous associations, the nature of the aetiological process in malformations of
cortical development frequently remains elusive.

In some human cases, and in many animal models, specific aetiological factors may be
demonstrated. The neuropathological examination of the brains of children prenatally
exposed to methyl mercury revealed dysplasia of the cerebral and cerebellar cortex
[33]. Using MRI, 11 patients with congenital cytomegalovirus infections involving the
brain were retrospectively reviewed. Lissencephaly was found in four patients. Focal
areas of dysplastic cortex, presumably poly microgyria, were found in five patients
[3 4 ].

In the rat, methylmercury induces mitochondrial degeneration in the endothelium of the
cerebral capillaries with subsequent haemorrhages which interfere with neuronal
migration [33]. A wide variety of types of cortical malformation were produced
following focal cortical freezing, electrocoagulation, focal cortical aspiration or gentle
brushing of uncovered meninges, in newborn or 1- to 3 -day-old rats [35]. Similar
procedures from postnatal day 4 onwards, at a time when a reactive astrogliosis is
possible, produced cavitating infarcts and tissue scars rather than malformative lesions.
Lissencephaly was produced in ferrets by toxic exposure to methylazoxymethanol acetate
given to the pregnant female [36]. These lissencephalic ferrets were shown to have
lower seizure threshold and abnormal interictal EEG.

Exposure to a strong alkylating agent on a specific gestational day in the rat gives rise to
histological abnormalities in the cerebral cortex of the rat pups

[37]. These

abnormalities are various, and are accompanied by cognitive defects and a lowered
seizure threshold [38]. Redirected perforant and commissural connections of neurons in
the hippocampus of such rats has been noted [39] in addition to deformed dendrites and
reduced spine numbers on ectopic neurons in the hippocampus [40]. Furthermore,
decreased expression of the GluR2 receptor gene and decreased GABA^ a1 subunit gene
have been detected in this model [41], all of which may be related to increased seizure
susceptibility. Fetal rats exposed to irradiation developed a variety of patterns of MCD.
Experimental rats had prolonged ictal activity on EEG; none of the control rats
demonstrated ictal activity [42].

The mouse Small eye (Sey) manifests a broad spectrum of neuronal migration disorders.
The gene locus is situated on chromosome 2 and is a point mutation in the paired box
(Pax)-6

gene,

which

contains

paired-like

and

homoeobox

domains

and

is a

developmental control gene. Embryogénie studies have shown neurons with swollen and
vacuolated cytoplasm, reduced formation of axons, and vacuolar degeneration in existing
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axons, glial cells and radial glial fibres. Consequently, there is an impairment of the
peripheral migration of putative neurons [43]. Using a neocortical culture, ionizing
radiation in very low doses was shown to slow migration and reduce expression of the
neural cell adhesion molecule N-CAM [44]. LIST, the gene defective in Miller-Dieker
lissencephaly syndrome, encodes a subunit of brain platelet-activating factor (PAF)
acetylhydrolase which inactivates PAF, a neuroregulatory molecule. LIST is strongly
expressed in developing human cortex. The murine homologue, Lisi, is strongly
expressed in developing and adult cortex [45].

Despite considerable evidence of functional abnormalities in experimental models of
MCD, the cortical neurons themselves may be able to function normally despite
malpositioning. In the reeler mouse, the normal intrinsic firing patterns, actionpotential shapes, resting membrane potentials, input resistances, and evoked excitatory
postsynaptic potentials (EPSPs) and inhibitory postsynaptic potentials (IPSPs) imply
that cortical neurons develop the membrane and synaptic properties appropriate to their
function, despite being malformed and mispositioned [46].

The functional anomalies in MCD may therefore be due to abnormal connectivity rather
than abnormal cellular properties. During neuronal maturation, axons are produced by
neurons before dendrites. If a neuron is oriented in the wrong direction following
abnormal migration, the axon direction can shift orientation up to 180°. Dendrites
cannot reorient, and may be greatly abnormal in preterm infants, trisomy 13, other
“unclassified” mental retardation and metabolic encephalopathies, even in the presence
of normal neuroimaging [47, 48]. Transplanted embryonic putative neurons migrate
into areas of neuronal degeneration in adult mouse cortex, subsequently differentiating
into large neurons with correct orientation of dendrites and axons [49]. ^H-thymidine
birthdating studies showed that layer 5 callosal and subcortically projecting neurons
were generated at the same stage of corticogenesis, implying that from early stages of
axon extension, callosal and subcortically projecting cells are distinct classes of neurons
and initiate growth toward class-specific and non-overlapping sets of targets [50].
Malpositioned neurons unable to send an axon to a predetermined target are therefore
likely to produce abnormal connections. Prenatal injury in foetal animals produces non
contiguous distant gyral anomalies including some in the opposite hemisphere [51] and
abnormal connectivity in rat neocortex following prenatal injury has been demonstrated
[52]. Further, the connections demonstrated between heterotopic nodules and other
cortical areas [53] are highly likely to be most abnormal. Additional indirect evidence of
abnormal connectivity is provided by the observation on MRI of distant, even
contralateral, abnormalities of cortical grey matter volume in the majority of patients
with localised MCD [54]. These lines of evidence point to the likelihood of functional
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abnormality in both affected and apparently normal regions of brain in addition to any
localised structural abnormality.

1 .1 .3 . Sp ecific syndrom es o f MCD

1 . 1 . 3 .1 . Lissencephaly and pachygyria

Lissencephaly describes the macroscopic appearance of a brain with absent cortical
sulcation, though preserved major fissures (figure 1.2). Classically, lissencephaly
consists of two types [55]: Type I, with histologically a four layered cortex, widened
ventricles and failure of opercolation; Type II, in which no definite layers of cortex can
be distinguished due to the entirely haphazard cortical architecture. Barkovich has
recently proposed three further types of lissencephaly - microcephalia vera (type III),
radial microbrain (type IV) and diffuse polymicrogyria (type V) [56]. Type I includes
Miller-Dieker syndrome; type II includes Walker-Warburg syndrome. Pachygyria
refers to a brain with diffusely thick cerebral cortex with poor, but not absent,
sulcation. A deletion in chromosome IZplS .S has been demonstrated both in cases of
Miller-Dieker syndrome [57] and isolated lissencephaly [58]. The gene product is a
subunit of brain platelet-activating factor acetylhydrolase

[59].

Persistence of

vimentin immunoreactivity has been detected in lissencephalic cortex [60]; vimentin
expression occurs in normal development only in cells before differentiation into
neuronal and glial lineages, suggesting the error responsible for lissencephaly occurs
before such differentiation and allows persistence of undifferentiated cells in mature
lissencephalic cortex.

A number of features are typical of type I lissencephaly [28, 55, 61 ]. The four-layered
cortex consists of a molecular layer, a disorganised outer cellular layer, a cell-sparse
layer (possibly the result of necrosis) and a thick inner cellular layer. It is likely that
the disruption of migration is at 3-4 months gestation. Other malformations may be
associated, such as cerebellar or callosal agenesis, ventricular enlargement or
heterotopias. Miller-Deiker or Norman-Roberts syndromes may be seen. Patients who
do not fulfil the criteria for these syndromes often have microcephaly, infantile
hypotonia, developmental delay, cognitive impairment and seizures from an early age,
usually infantile spasms. EEG has been variously described as showing “delta-theta”
rhythms [62], “rapid rhythms” [6 2 ] or “slow spike-wave pattern” [6 3 ]. Other
electrophysiological measures may also be abnormal - somatosensory evoked potentials
(SSEPs) recorded in ten patients after stimulation of the median nerve were abnormal
in all [63]. MRI shows an 8-shaped brain with vertical sylvian fissures, absent or
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minimal sulcation, thick cortex, reduced white matter volume with large (foetal-type
rather than hydrocephalic) ventricles and failure of complete inversion of the
hippocampi [64].

Type II lissencephaly is not an intracortical malformation but is the result of massive
glial and neuronal ectopia in the leptomeninges [65]. This results from a failure of
arrest of neuronal migration due to defects in the integrity of the pial/glial barrier. The
resulting cerebral cortex appears entirely disorganised. Type II lissencephaly may be
associated with hydrocephalus, infantile hypotonia, eye malformations,

developmental

delay, severe cognitive impairment and seizures from an early age [62]; EEG shows fast
high-amplitude rhythms in 80% and MRI may show thick cortex, hydrocephalus and
hypomyelination [55, 66].

Clinically, the syndrome of pachygyria is more heterogeneous. Patients with extensive
pachygyria who did not have typical lissencephaly were found to have variable clinical
and EEG features, but this group were almost all severely impaired neurologically,
cognitively and had severe intractable epilepsy. Histology of a cortical biopsy showed
cortical layers 5 and 6 could not be differentiated and that the white matter was poorly
myelinated and contained clusters of heterotopic neurons. This syndrome, a congenital
disorder of neuronal migration, with prolonged survival, may represent a mild form of
lissencephaly; lissencephalic and pachygyric areas may coexist in the same patient [28,
6 6 ].

7 .7 .3 .2 . Subependym al nodular h e te ro to p ia

Subependymal nodular heterotopia consists of clusters of neurons around the ventricles,
representing cells which have failed even to begin migration from the germinal zone
(figure 1.3). Three described series [6 7 -6 9 ] include 8, 13 and 7 patients with this
condition respectively. Between 60 and 100% are bilateral; those few unilateral cases
are predominantly right-sided. The great majority, 66-92% , are female and the
majority have seizure onset after 10yrs. Other associated MCDs are exceptional. EEG is
usually diffusely abnormal or even shows a pattern compatible with generalised
epileptiform

activity.

MRI reveals

material with

cortical grey

m atter

imaging

characteristics surrounding the ventricles. Intelligence is usually normal with no
neurological deficits. Familial cases have been described; in all the pedigrees only
females were affected and in some cases did not have epilepsy [69]. Genetic linkage to
markers in distal Xq28 has been shown [70]. The X-linkage of this disorder partly
explains the phenotype: through the process of Lyonisation, some neurons will be normal
and some abnormal. The normal cells migrate fully to the cortex; the abnormal cells
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remain in the ventricular zone.

Histological studies have shown the presence of highly differentiated neurons with
neuronal-glial relationships indistinguishable from normal grey matter and rich
afferent innervation, though the origin of this innervation remains unclear [70].

1 . 1 . 3 .3 . Band h e te r o to p ia (*"double c o rte x s y n d ro m e ”)

Band heterotopia, or “double cortex syndrome”, refers to the occurrence of a
continuous, usually generalised or sometimes predominantly frontal, layer of material
with macroscopic and MRI characteristics of cortex lying below the real cortex within
the white matter (figure 1.4). Occurrence in males is exceptional [71, 72], though
familial association with lissencephaly in males has been noted [73]. This X-linked
lissencephaly has tentatively been mapped to chromosome Xq22 based on the observation
of a single X-autosomal translocation in a girl [74]. It has been postulated that
lissencephaly results in males because, as in the reeler mouse, no cells penetrate the
subplate to form normal cortex, whereas in females the phenomenon of Lyonisation will
give rise to some normal neurons which form a normal cortex and a population of
affected neurons which accumulate beneath the subplate forming a heterotopic band.

The associated epileptic disorder varies in nature and degree of severity. Patients may
present with infantile spasms, a Lennox-Gastaut syndrome, or other forms of secondary
generalised or multifocal epilepsy [71]; partial seizures are most frequent [72].
Response to medical treatment is variable. Mental retardation is usually mild or
moderate, and only rarely severe. It correlates with the type of epileptic syndrome, and
is greater in patients with more disorganised cortex overlying the heterotopia [71 ]. EEG
may be normal, show widespread theta and focal spikes [72], or even generalised spikewave

[28]. Other MRI anomalies were frequent, particularly loss of sulcation,

ventricular enlargement and prolongation of T2 signal. Thicker bands and more
pachygyria correlated with poorer development and greater likelihood of clinical
presentation with symptomatic generalised epilepsy [72]. Histology showed normal
layers 1-4,

but layer 5 was not seen and layer 6 merged with the U-fibres of white

matter; clusters of ganglion cells were seen beneath. Cortical thickness was usually
normal [28].

1 . 1 . 3 .4 . H e m im egalencephaly

Hemimegalencephaly

is a

brain

malformation

characterized

by

gross

cerebral

asymmetry and MOD. Infants with the condition present with early seizures and severe
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encephalopathy. MRI demonstrates unilateral hemispheric hypertrophy with lateral
ventricle dilatation, abnormal gyral pattern, and a thick cortex on the enlarged side.
There is an inverse relationship between the severity of abnormalities and the size of
the hemisphere [28]. The usual presentation is with seizures in infancy; these may be
unilateral with unilateral neurological signs. Some individuals with normal IQ and
minimal neurologic dysfunction have been reported [28].

The pathology has been described in detail [60]. Tissues from three cases of
hemimegalencephaly causing intractable seizures treated by cortical resection were
studied using immunohistochemical, ultrastructural, and morphometric techniques.
Severe cortical dysplasia was seen in all cases and included lesions best characterized as
hemilissencephaly and polymicrogyria. Blurring of the cortex-white matter junction,
the presence of large neuronal heterotopias, and neuronal cytomegaly were frequent
observations. Immunohistochemical analysis demonstrated cellular colocalization of
astrocytic markers, glial fibrillary acidic protein and vimentin, suggesting the presence
of poorly differentiated cells with multiple phenotypic features.

7 . 7 . 3 . 5 . P o ly m ic r o g y r ia

Polymicrogyria consists of a region of cortex with a disordered gyral pattern with
multiple very small gyri; MRI shows thick cortex resembling pachygyria - the multiple
small gyri often cannot be resolved (figure 1.5). Presentation is very variable and is
often severe if diffuse. The usual histology is probably ischaemic midcortical laminar
necrosis of

layer

5;

superficial to

this

are

normal

layers 2,3

and 4

[28].

Polymicrogyria can be unlayered and may be associated with other anomalies [75];
indeed, polymicrogyria may be the histology underlying hemimegalencephaly. Perfusion
failure due to CMV, toxoplasma, syphilis or maternal hypoxia is suggested as a possible
mechanism [76], though a familial predisposition has been noted [77]. The mechanism
of production of excessive folding has been suggested to be that, with the middle layer of
cortex destroyed, the superficial and deep layers of cortex are opposed to one another and
have markedly different predetermined growth rates [78]. Alternatively, microgyria
formation may be the consequence of brain repair mechanisms occurring during
neuronal migration to the neocortex. Placement of a freezing probe on the skull of
neonatal rats produced four-layered microgyria. Reactive astrocytes and macrophages
arrived in the damaged area within 24 hours of the injury, and repair of the damaged
tissue

peaked within

the first week.

Damaged

radial glial fibres

regrew,

and

supragranular neurons migrated through this damaged area, also within the first week.
The damaged cortex then began to assume its adult-like microgyric appearance [79].
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One clearly recognisable syndrome is the so-called congenital bilateral perisylvian
syndrome

[80] first described in adult twins [81]. This consists of congenital

pseudobulbar

palsy,

intellectual

delay

and

bilateral

opercular

or

perisylvian

poly microgyria. 80% have generalised slow spike-wave and 20% focal EEG discharges
[28]. Only a small minority do not have epilepsy [82]. Patients with similar unilateral
imaging findings have been described [83], one of whom at postmortem examination had
polymicrogyria. Epilepsy and mental retardation were prominent features, with focal
neurological signs in a minority. All had diffuse, multifocal or generalised EEG
abnormality.

1 . 1 . 3 . 6 . S c hize nceph aly

Schizencephaly refers to a cleft in the cortical mantle lined with grey matter in which
the edges of the cleft may (“closed lip”) or may not ( “open lip”) be in apposition to
each other (figure 1.6). The cleft may extend to the underlying ventricle. From an MRI
series, approximately one third were bilateral and one third were open-lip [84]. From
this series, patients with bilateral schizencephalies or large or medium open lip
schizencephalies had significantly worse neurological impairments. Strong similarities
were noted in the patient outcomes and the locations of cortical anomalies of patients
with schizencephaly and those with nonschizencephaly focal cortical dysplasias. Cortex
lining the cleft is usually polymicrogyric [85]; a developmental vascular aetiology of
schizencephaly has been suggested [28, 86]. Some patients with severe schizencephaly
have been shown to have mutations at the EMX-2 locus, a homeobox gene involved in
early embryogenesis of the head [87].

7 . 1 .3 .7 . Focal g r e y m a t t e r h e te ro to p ia

Single regions of subependymal heterotopia may be seen, particularly in the right
hemisphere and around the trigones of the lateral ventricles (figure

1.7)[68].

Subcortical nodules may be associated with focal signs and focal seizures with
appropriately positioned lesions [67]. The white matter and overlying cortex may be
abnormal in some individuals. The ventricle may appear compressed by a mass-like
aggregate of neurons.

1 . 1 . 3 . 8 . Focal c o r tic a l dysplasia

The most extensively described and studied malformation of cortical development is focal
cortical dysplasia (figure 1.8), first described in association with epilepsy [88]. Focal
cortical dysplasia may be associated with hemiplegic dystonia [89] and may underlie
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some cases of autism [90]. In addition, focal temporal neocortical dysgenesis may rarely
be associated with hippocampal malformation [91].

The clinical features of 31 patients with focal cortical gyral anomalies, assumed to be
dysplasia, have been described [92]. Generalised developmental delay was very frequent
in patients with bilateral focal dysplasia, accompanied by a high incidence of bilateral
motor dysfunction and delayed speech. When the dysplasia was unilateral, contralateral
spastic hemiplegia or monoplegia was present in the majority, but dysphasia was
uncommon, even in patients with dysplasia in the frontal lobe of the dominant
hemisphere. Patients with cortical dysplasia were younger at onset of seizures and had a
lower IQ compared with patients with mesial temporal sclerosis [93]. A full-scale
intelligence quotient of less than 80 was found in 13 of a series of 30 patients [94]. A
wide variety of seizure types, usually partial and frequently refractory to drug
treatment, was seen, though some authors emphasise the occurrence of particular
seizure types, notably motor seizures and hemiparesis [92] and epilepsia partialis
continua [94-97]. The epileptic syndrome may, in some cases be relatively benign; 3
patients have been described with complex partial seizures only, a unifocal EEG
abnormality and good response to drug treatment.

Computed tomography (CT) is greatly inferior to MRI for the detection of focal cortical
dysplasia [93, 94]; the first MRI description of this condition was ten years ago [98].
The MRI features of 31 patients with focal cortical gyral anomalies, assumed to be
dysplasia, have been described [92]. Focal areas of cortical dysplasia were most common
in the frontal lobes, but were seen in all areas of the brain. The most common MRI
appearances were a thickened, irregularly bumpy cortex with shallow, wide sulci, and a
deep infolding of thickened cortex. High T2 signal intensity may be seen [99] which was
much more frequent in histopathologically more severe lesions [100]. MRI may appear
normal in surrounding areas of cortex which histology shows still to be abnormal
[100]. In a series of 30 patients, some identified by postoperative pathology, magnetic
resonance imaging was superior to computed tomography for identification of the
dysplastic cortical lesions, usually showing cortical thickening with blurring of greywhite interface. In one third, MRI showed only subcortical abnormalities [94]. MRI did
not allow distinction between a number of pathological entities, namely true pachygyria,
focal cortical dysplasia, or the forme fruste of tuberous sclerosis [94]. Compared with
patients with intractable epilepsy due to tumour and mesial temporal sclerosis, patients
with cortical dysplasia showed significantly more frequent extratemporal lesions [93].
In the largest series described, 52 patients with cortical dysplasia who underwent
partial lobectomy for medically intractable seizures [101], the temporal lobe was
involved in 34 patients, frontal lobe in 18, parietal lobe in four, and occipital lobe in
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three. In three patients multiple lobes showed dysplasia. Dysplasia was right-sided in
29 patients and left-sided in 23 patients. Dysplasia was focal in 23 patients, multifocal
in four patients, and diffuse in 25 patients[101 ]. Focal cortical dysplasia is often
located in the central and insular regions in 50-70% of patients [94, 97, 102, 103].

In an extensive retrospective review of 94 cases [104], the EEG features of cases with
localised cortical dysplasia were very variable. The EEG could be normal even when the
cortical dysplasia was extensive. An EEG with very high amplitude rhythmic activity was
found to have high specificity for severe cortical dysplasia but low sensitivity. Abnormal
fast activity was not specific and was seen with very diverse pathologies. The EEG showed
interictal abnormalities extending beyond the boundary of the lesion on MRI in 17 of 30
patients, indeed sometimes into the opposite hemisphere of patients with unilateral
lesions [94]. Compared with patients with intractable epilepsy due to tumour and mesial
temporal sclerosis, patients with cortical dysplasia showed significantly more frequent
non-epileptiform

EEG abnormalities

[9 3 ].

An

ictal

or

“ictal-like”

pattern

of

continuous spikes recorded at electrocorticography (ECoG) in 21 of 32 patients with
dysplasia but no patients with cortical tumours has been described [100]. Moreover,
these abnormalities were recorded directly over the dysplastic region; abnormalities
recorded in the tumour patients were in surrounding cortex. This provides evidence for
the intrinsic epileptogenicity of focal cortical dysplasia. The occurrence of rhythmic
epileptiform discharges on scalp EEG, in association with continuous electrical
discharges on ECoG, is highly specific for cortical dysplasia [105].

Three main histologic patterns of cortical dysplasia were observed in the largest
described series [101]: (1 ) a cortical laminar architectural disorganisation and/or
malalignment of neurons, (2 ) clusters of atypical neurons and glia within the cortex,
and (3 ) a hypercellular molecular layer with increased numbers of neurons and glia;
these patterns occurred with similar frequency. In many patients more than one pattern
of dysplasia was identified. Coexistent tumours were present in a quarter of the patients,
including ganglioglioma, dysembryoplastic neuroepithelial tumour,

and low-grade

astrocytoma. Tuberous sclerosis was very unusual, present in less than 10%. However,
an earlier series described the “forme fruste” of tuberous sclerosis occurring as
frequently as typical cortical dysplasia [94]; the former may show more marked
cytoarchitectural anomalies and subpial clusters of giant astrocytes. An emphasis has
been placed on the presence of eosinophilic “balloon cells” in deep grey and subcortical
white matter. These “balloon cells” were positive for glial fibrillary acidic protein
(GFAP), neurofilaments, and protein gene product (PGP) 9.5 [99]. The presence of such
cells has been incorporated into one of a variety of grading systems [100]: Grade I area

of cortical

dyslamination;

Grade

II -

dyslamination

plus giant

polyploid
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“dysplastic” neurons; Grade III - grade II plus “balloon cells” or other cells showing
characteristics intermediate between glia and neurons. The similarity of these cells to
the gemistocytic astrocytes of tuberous sclerosis prompted the coining of the phrase
“forme fruste of tuberous sclerosis”.

Other more complex scoring systems for

histopathological diagnosis exist [106].

More sophisticated in vitro examinations have revealed further features of dysplastic
cortex. Using GFAP and synaptophysin as markers of glial and neuronal differentiation
respectively in resected specimens from children with infantile spasms, both glial and
neuronal features of the balloon cells in cortical dysplasia have been shown [107]. A
strong abnormal increase in immunoreactivity to the high and medium molecular mass
neurofilament epitopes was seen in hypertrophic neurons of cortical dysplasia [108].
These neurofibrillary accumulations in cerebral cortical dysplasia share some common
antigens with the neurofibrillary tangles of Alzheimer’s disease, namely tau and
ubiquitin,

but do not demonstrate immunoreactivity to

paired helical filaments

antiserum.

A patient suffering from epilepsia partialis continua resistant to antiepileptic drugs
underwent focal surgical resection of a lesion [95]. The histological examination
revealed focal cortical dysplasia. Surrounding areas showed decreased numbers of
neurons, astrocytosis and proliferation of capillaries, compatible with chronic tissue
necrosis. Subpopulations of local-circuit neurons were examined with parvalbumin,
calbindin D-28k and somatostatin immunocytochemistry.
dysplasia

contained

immunoreactive

cells

abnormal
were

immunoreactive

distributed

at

Focal areas of cortical

neurons.

random

and

Huge

parvalbumin-

resembled

axo-axonic

(chandelier) and basket neurons. Abnormal calbindin D-28k-immunoreactive cells
were

reminiscent of

double-bouquet

neurons and

multipolar cells.

Very

large

somatostatin-immunoreactive cells were seldom observed in the dysplastic foci. On the
other hand, areas of tissue necrosis displayed massive reduction of immunoreactive cells
and

fibres.

Abnormalities

in the

morphology

and

distribution

of

local-circuit

(inhibitory) neurons observed uniquely in this study of focal cortical dysplasia may
have a pivotal role in the appearance and prolongation of electrical discharges and
continuous motor signs in human focal epilepsy. Additionally, this study demonstrates
that regions of increased inhibitory interneurons and regions with a decreased density of
such cells may be seen in patients with focal cortical dysplasia.

Application of 4-aminopyridine (a convulsant drug) gave rise to spontaneous seizure
like discharges in resected human dysplastic neocortex, but not in normal neocortex in
temporal lobectomy specimens from patients with MS, probably due to abnormal local
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connectivity allowing neuronal recruitment and synchronisation [109].

In resected

cortical dysplasia both laminar distribution and density of catecholaminergic tyrosinehydroxylase immunoreactive neurons was altered in the dysplastic area and fibre
density increased in surrounding areas [110]. Catecholamines may contribute towards
limiting seizure propagation [111, 112].

1 . 1 . 3 . 9 . Dy se m br yo p la s tic n e u ro e p i th e li a l tu m o u r

Dysembryoplastic neuroepithelial tumour (DNT) is a recently described brain mass
lesion with distinctive pathological features and a favourable prognosis (figure 1.9). It
shares some features with dysplastic lesions and may have a developmental origin. The
usual presentation is with treatment-resistant complex partial seizures of long standing
[1 1 3 -1 1 6 ]. Onset of epilepsy is usually in childhood [113, 114, 116] although
presentation in the fifth decade has been described [115]. Normal IQ is usually found,
but EEG is usually abnormal: localised slow activity and interictal spiking were seen in
the substantial majority, being usually more extensive than or distant to the lesion
[1 1 3 ].

CT may be normal, show calcification [113], or show cystic hypodense lesions with
slight contrast enhancement [116]. MRI is superior, allowing other characteristics to
be defined: DNT was predominantly intracortical, although there may also be white
matter involvement [113]. In temporal lobe cases, MRI showed that the lesion involved,
or was in close proximity to, mesial temporal structures in the great majority [113].
Other MRI features included circumscribed hyperintensity on T2 weighted images,
hypointensity on T1 weighted images, and cyst formation [113, 116]. Deformities of the
overlying cranium have also been observed [116].

Local surgical resection is usually extremely effective, bringing seizure freedom to 12
of 14 patients in one series [113], although the outcome is less good on longer follow-up
of temporal lobe lesions, especially if the hippocampus remains. Histopathological
characteristics included a heterogeneous composition in all cases with calcification and
dysplastic features being particularly prominent [1 1 3 ]. Typical focal cortical dysplasia
may be seen in areas of cortex distant to the DNT [117]. Differential diagnosis includes
oligodendrogliomas, mixed gliomas, and gangliogliomas [114]. Features of the DNT that
are useful in making the distinction include a multinodular and multicystic appearance,
the presence of both neuronal and glial (oligodendrocytic and astrocytic) components
with little if any cytologic atypia, the presence of accompanying cortical dysplasia, and
the

lack of an arcuate vascular pattern

[114].

Two

multifocal cases showed

periventricularly located tumour with nodular extension to the periphery, suggesting an
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origin from subependymal germinal matrix with nests of primitive neuroblasts arrested
in their embryonal migration [115], although such multifocal cases are unusual. In one
series of 14 cases, six tumours were frontal, six were temporal, one was parietal, and
one was occipitoparietal [116]. In a larger series of 16, the lesion involved the
temporal lobe in all but one patient where it was in the cingulate gyrus [113]; one of
these patients did not have epilepsy.

1 .1 .4 . T re a tm e n t o f m alform atio ns of co rtic al d evelo p m en t

7 .7 .4 .7 . Drug t r e a t m e n t

Very little data exist- describing outcome in patients with MCD with regard to
antiepileptic drugs. Response to medical treatment in ten patients with band heterotopia
was variable, although one patient became seizure-free with valproate alone [71]. 60%
of patients with bilateral perisylvian dysplasia were refractory to drug treatment [80].
Four patients with hemimegalencephaly were also noted to be intractable [118]. The
largest series included 79 patients [119]; however, the numbers in any one diagnostic
group were small.

In generalised disorders,

partial seizures were occasionally

controlled with a variety of drugs and infantile spasms were also occasionally controlled,
but generalised seizures were intractable. In localised disorders, spasms were often well
controlled but partial seizures were more resistant.

7 .7 .4 .2 . Surge ry

Surgical treatment in epilepsy may take one of three possible strategies: local resection
of

a

putatively

epileptogenic

lesion;

corpus

callosotomy,

to

prevent

seizure

generalisation, which is used as a palliative treatment in patients with severe drop
attacks; and hemispherectomy, used to remove very extensive lesions. All of these
methods have been used in the treatment of MCD, though the accounts are largely
anecdotal except in patients with focal cortical dysplasia.

Treatment of pachygyria by anterior callosotomy has led to “considerable improvement”
of the epilepsy [120]. Callosotomy in band heterotopia may lead to considerable
reduction of drop attacks [71 ].

Hemimegalencephaly causing intractable seizures has been treated

by resective

hemispherectomy [60] though functional hemispherectomy may be of more value in
children with dysgenesis [121]. One series described 10 of 11 children becoming
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seizure-free after hemispherectomy for intractable seizures; cognitive and motor
problems also improved [122].

Six patients with grey-matter heterotopias have been reported undergoing surgery
[123]. Good outcome correlated only with resection of coincident HS in one patient and
resection of a localised heterotopion in another; the remainder fared badly.

Surgical resection has been undertaken in schizencephaly with improvement in seizure
frequency noted [124], although this is generally only feasible if the patient already has
a hemiparesis or is very young.

Local resection of focal cortical dysplasia is much more widely described. Of 24 postsurgical resection patients

only 10 achieved good or excellent outcome; the variable

most strongly correlated with surgical outcome was the amount of lesion removed [125].
Specifically there was no significant correlation between the amount of excision of the
epileptogenic area as judged by scalp electroencephalography and electrocorticography
studies, and surgical outcome. Other series note better outcomes: the oldest series [88]
included 50% of patients with lesions in the temporal lobe, some with histology at the
mild end of the spectrum and noted 75% improved by surgery: a more recent series
[126] included only patients with temporal lobe lesions, none of whom had severe
histology and found 90% were improved by surgery. In a separate series of 17 patients
with cortical dysplasia who had surgical resection for medically intractable partial
epilepsy, compared with two groups of surgically treated patients with intractable
epilepsy due to tumour and HS, patients with cortical dysplasia showed significantly less
favourable surgical outcome for seizure control [93]. Surgical outcome related to the
extent of pathology but not to the histological abnormality. Lesions outside the temporal
and frontal lobes were correlated with poor surgical outcome, as were generalised
interictal EEG abnormalities, which may reflect extensive or multiple lesions. Ictal
intracranial recordings were not useful for presurgical evaluation of cortical dysplasia

[ 100].
Multiple subpial transection,

employed

in patients where some

or all of the

epileptogenic zone cannot be resected because it lies in a vital cortical area, has been
reported to show worthwhile improvement in seizure frequency in a small number of
patients with focal cortical dysplasia [127].
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1 .2 . STRUCTURE OF THE NORMAL CEREBRAL CORTEX

1 .2 .1 . N eocortex
The adult human cerebral cortex consists almost entirely of neocortex, phylogenetically
the most recently evolved cortical area. More ancient cortical regions are the
paleocortex (the lateral pallium in amphibians, lateral olfactory area of the uncus in
man) and archicortex (medial pallium in amphibians, hippocampus in man) [128].
Neocortex contains neurons which may be divided into three categories: projection
neurons, which connect directly to subcortical centres; association neurons which
connect with other neurons in the cortex of the same hemisphere; and commissural
neurons which project to the opposite hemisphere, mostly through the corpus callosum.

Histologically, typical neocortex contains six layers (figure 1.10), although there are
considerable variations in relative cells numbers and cortical thickness in different
cortical areas. [128, 129]. The most superficial layer, layer 1 or the molecular layer,
is largely a synaptic field containing dendrites of pyramidal cells and cells of Martinotti
(having the principal characteristic of an axon projecting towards the superficial
cortical surface) from other layers and axons from ipsilateral cortex, contralateral
cortex and the thalamus. A few horizontal cells of Cajal and stellate cells (interneurons)
are seen. The external granular layer or layer 2 contains many small pyramidal cells
and stellate cells. The dendrites of these cells largely run into layer 1 and the axons into
deeper cortical or subcortical areas. Layer 3, the external pyramidal layer, largely
contains typical pyramidal cells which project into the white matter as association,
projection or commissural fibres. The internal granular layer, layer 4, contains a large
number of stellate cells whose input comes substantially from the thalamus. These cells
in turn synapse with dendrites of layer 5 and 6 cells, with cells of Martinotti and also
with each other. Layer 5 contains pyramidal cells (such as Betz cells in the motor
cortex) and some stellate cells and cells of Martinotti. The lowest layer, layer 6 or the
multiform layer, contains mostly fusiform cells, mostly projecting into the white
matter.

The functional organisation of the neocortex (figure 1.10) at the level of cellular
circuits is beyond the scope of the thesis. In brief, the cortex receives afferents largely
from other cortical regions and from the thalamus. Thalamic afferents synapse in all
cortical layers, but especially layers 1 to 4, in particular layer 4 where the profuse
afferents may be seen as the outer line of Baillarger. This is particularly prominent in
striate cortex and termed the line of Gennari. Axons of the larger pyramidal and fusiform

36

cells form efferents which enter the white matter. Large numbers of intracortical
interneurons are present, particularly the small pyramidal cells of layer 2 and the
stellate cells of layer 4. The overall cortical organisation is in the form of minute
vertical units or columns, particularly well-demonstrated in sensory, especially
visual, areas [130]. The localisation of different functions to different cortical areas has
been demonstrated through the effects of lesions in man, experimental animal studies
involving lesioning and stimulation and through functional imaging in man.

1 .2 .2 . Hippocam pus

The hippocampal formation includes the dentate and parahippocampal gyri, up to the
entorhinal cortex which is outside the hippocampal formation in the lateral olfactory
area, in addition to the hippocampus (figure 1.11). This structure is sometimes called
Ammon's horn and has been divided histologically into four subregions (Cornu Ammonis
(CA) 1 -4). The ventricular surface of the hippocampus is a layer of white matter called
the alveus which is continuous with the fornix posteriorly and contains efferent and
afferent axons. The hippocampal archicortex contains three layers; the molecular layer,
continuous with the outer layer of neocortex; the pyramidal cell layer, continuous with
neocortical layer 5, containing pyramidal cells with dendrites extending into the
molecular layer and axons passing through the alveus to the fornix; and the polymorphic
cell layer, similar to neocortical layer 6, containing neurons projecting through the
fornix and others with axons projecting into the molecular layer [128].

The major input is via the perforant path to the dentate gyrus. In the dentate gyrus the
pyramidal cells of the hippocampal pyramidal cell layer are replaced by granule cells.
Efferent “mossy” fibres from these cells terminate mostly in CAS of the hippocampus;
pyramidal cells of CAS project via Schaffer collaterals to CA1. The neurotransmitter of
these pathways is glutamate. The principal inhibitory cell is the basket cell, providing
both feed-forward and feedback inhibition via GABA. Pyramidal cells project from the
hippocampus via the alveus to end in the subiculum and via the fornix to the septum and
mamillary bodies. The subiculum projects, amongst other areas, to the entorhinal
cortex, creating a loop involving the hippocampus.

37

1 .3 . THE GABAERGIC SYSTEM

1 .3 .1 . GABA, GABA receptors and benzodiazepine receptors
GABA is the dominant inhibitory neurotransmitter in the mammalian brain, and exerts
its actions through GABA^, GABAg and the more recently described GABA^ receptors.
Small changes in GABA-mediated inhibition have profound changes in neuronal
excitability, and a wide range of pharmacological drugs that modify GABA receptors,
particularly GABA^^ receptors, are used clinically as anaesthetic agents, anxiolytics and
anticonvulsants. It has been estimated that approximately 17% of the synapses in the
mammalian brain are GABAergic [131]. GABA is formed by the conversion of glutamate
to GABA by glutamic acid decarboxylase (GAD). Following release into the synaptic cleft,
GABA is removed by uptake into neurons and glia. GABA is metabolised by GABA
transaminase to succinic semialdehyde [132].

The GABAg receptor [1 3 3 ] is part of the seven-transmembrane spanning, G-proteincoupled receptor superfamily. The GABAg receptors are coupled to calcium (Ca2+) and
potassium (K+) channels via G-proteins and second messenger systems [134]. The drug
baclofen, used to reduce spasticity, acts via the GABAg receptor [133]. GABAg receptors
on postsynaptic membranes activate a slow outward K+ current, resulting in a relatively
slow, weak and prolonged inhibition. Presynaptic GABAg receptors activate slow Ca^+
currents which impair release of neurotransmitters of all kinds from vesicles.

GABAq receptors are stimulated by cis-4-aminocrotonic acid but not by the ligands of
the GABAa and GABAg receptors. Following molecular studies they have been localised to
subpopulations of retinal neurons, and are composed of the p-subunits, pi and p2 [1 3 5 ].
The presence of the p2 subunit outside the retina indicates that GABA^ receptors are also
present in the spinal cord, optic tectum, cerebellum and hippocampus. GABA^ receptors
are integral membrane channels that stabilise the resting potential of the cell by
increasing the membrane conductance to chloride (Cl ). Inhibition mediated at the GABA^
receptor occurs with lower concentrations of GABA and is longer lasting then via the
GABA^ receptor [1 36].

GABAy^ receptors are membrane-spanning, ligand-gated Cl- ion channels [1 37], which
are targeted by many pharmacological agents in addition to GABA, including several
clinically important drugs [138]. These agents interact with several distinct binding
sites on the GABA^ receptor to allosterically modulate the GABA-induced Cl- ion flux.
Drugs that act in this manner include benzodiazepines,

barbiturates and some

anaesthetics (including etomidate and propofol), although interaction with the GABAy^
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receptor may not be responsible for the full pharmacological effect of these substances.

When GABA binds to the receptor it increases the neuronal membrane conductance for Clwhich results in the membrane becoming hyperpolarized and therefore less excitable
[138]. Both high and low-affinity GABA^^ binding sites exist, responding to nanomolar or
micromolar concentrations of GABA or its antagonists respectively, and may represent
different conformational states of the same receptor [139]. GABA has its physiological
action by working on the low-affinity sites and therefore it requires micromolar
concentrations of GABA or its analogues to activate the GABA^ binding site. The GABA^
receptor is composed of multiple subunits. Benzodiazepines such as diazepam and
flunitrazepam act at specific high-affinity benzodiazepine binding sites on brain
membranes closely associated with GABA^ receptors [140]. Stimulation of these
receptors increases the frequency of the Cl- channel opening [141].

Binding of

benzodiazepines to these bindings sites shows an excellent correlation between the
clinical effects and the affinity for the binding sites, and these are therefore assumed to
be the "central" benzodiazepine receptors (cBZR) from which the clinically important
affects of benzodiazepine exert their action [142]. "Peripheral" BZR sites are found on
the outer mitochondrial membrane of many tissues, but are pharmacologically distinct
from the GABA^^ receptor-associated benzodiazepine binding sites and do not bind many
typical benzodiazepines including flumazenil [143]. There are at least two distinct cBZR
binding sites related to the GABA^ receptors, known as BZ1 and BZ2 [144]. Another
group of compounds is believed to act by interacting with the cBZR to reduce the GABAinduced Cl- ion flux, and are referred to as "inverse" BZR agonists. BZR antagonists, such
as flumazenil, interact with the cBZR and do not influence the GABA induced Cf ion flux,
but antagonise the actions of cBZR receptor agonists and inverse agonists. In addition to
the cBZR, other distinct subunits of the GABA^ receptor include the picrotoxin binding
site, the barbiturate binding site, the steroid binding site, the avermectin B la binding
site and the zinc binding site among others.

Molecular cloning of the GABAy^ receptor has shown at least eighteen genetically distinct
subunit subtypes including six a, four p, four y, one ô, one e and two p-subunits [1 3 5 ,
137, 146, 147]. The molecular architecture of the GABA^ receptor consists of a variety
of combinations of these subunits. Five subunits are necessary for the formation of the
Cl- ion channels; potentially several thousand different structural combinations are
possible, although it appears that far fewer are found as native GABAy^ receptors in the
brain [148]. A functional GABAy^ receptor depends upon the presence of 2a, 2p and either
a Y or a Ô [149]. Certain preferred subunits a 1 , p2 and y 2 are widely distributed in the
brain, while others are expressed in specific regions, such as aS and pi in the
hippocampus and cerebellar cortex [1 5 0 -1 5 2 ]. The extensive structural heterogeneity
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of GABAy^ receptors may point to a functional heterogeneity, which might in the future be
exploited pharmacologically. The potential diversity of GABAy^ receptor function is
presently being analyzed using recombinant GABAy^-receptors, which consist of various
subunit combinations. These studies point not only to variations in the affinity of GABA,
depending on the type of subunit combination, but also to differences in the affinities and
intrinsic efficacies of benzodiazepine receptor ligands [153].

Although the action of benzodiazepines as psychotropic drugs had been recognised
previously, the presence of a specific BZR was not described until 1977, using
homogenised membranes from rat brain cells, [154]. Closely following on from this,
benzodiazepine receptors were also shown to be present in high densities in the cerebral
and cerebellar cortical regions of the human brain [155]. Monoclonal antibodies to a and
p subunits of the GABAy^ receptor were shown to have a very similar distribution to
labelling with ^H-flumazenil, a neutral antagonist at the cBZR, in the rat olfactory
bulbs, cerebral cortex, ventral pallidum, globus pallidus, hippocampus, dentate gyrus,
substantia

nigra,

geniculate

nuclei,

inferior

colliculus,

cerebellum,

reticular

formation, spinal cord, and retina. In contrast, no receptors could be detected in white
matter, pineal, pituitary, adrenals, and superior cervical ganglia. Sex and age had no
effect on the distribution of the

cBZR. Only among the cerebellar layers was there a

conspicuous difference between the staining intensity for GABAy^ subunits and the
radiolabeling for cBZR [156]. In postmortem human brain the same close correlation
between the immunohistochemical and radiohistochemical findings was observed [156].
At the electron microscopic level, the immune reaction product was localized to pre- and
postsynaptic membranes of axodendritic and axosomatic synapses [156].

Benzodiazepines interact with components of neuronal membranes to modify excitability
in three different ways; a high affinity central receptor (dissociation constant, K^, of 3
nM) linked to the GABAy^ receptor enhances the inhibitory action of GABA by increasing
the number of openings of Ch channels produced by a given concentration of GABA, which
correlates with anticonvulsant and anxiolytic activity; a lower affinity membrane site
(K d 100 nM to 1 piM) limits repetitive firing as observed in isolated neurons (in a
manner similar to the action of phenytoin or carbamazepine), probably involving an
increase in the population of sodium channels in the inactive state; a lower affinity site
(K q 45 jiM) in presynaptic terminals decreases voltage sensitive Ca^+ conductance and,
by limiting Ca^+ entry, decreases neurotransmitter release [157]. The physiological and
pharmacological relevance of the two lower affinity benzodiazepine binding systems is
unclear.
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Autoradiographic studies have added more information to the understanding of the
distribution of cBZR within the central nervous system. The striking absence of cBZR
density in the subcortical white matter was noted and, in addition, the variation within
the Brodmann layers, with the highest densities in layers 3 and 4 of the cerebral cortex
was demonstrated [158]. In an extensive autoradiographic study using ^H-flunitrazepam
[1 5 9 ] the distribution of benzodiazepine receptors was mapped within the human brain.
The highest density of receptors was found in the cerebral cortex, hippocampus, nucleus
accumbens, amygdala and mamillary bodies. Intermediate levels were found in the basal
ganglia, cerebellum and thalamus. Low levels were found in the brainstem nuclei. Sex
and age had no effect on the distribution of the

benzodiazepine receptors. This

distribution correlates well with that found by positron emission tomography (PET).
PET studies have also shown the binding of ^^C-flumazenil did not change significantly
with age [160].

1 .3 .2 . GABAergic neurons

The cerebral cortex contains four different types of GABAergic cells, which represent a
subpopulation of interneurons. Basket cells project to the soma and proximal dendrites
of the pyramidal cells, and are predominantly seen in layers 3 and 5 of the cortex.
Chandelier cells which synapse on the initial axon segment of the pyramidal cells, are
most numerous in layer 3. The double bouquet cells are chiefly found in layers 2 and 3
and to a lesser extent layer 5 and synapse onto the spines and fine dendritic branches of
the pyramidal cells. The fourth type of interneuron, the clutch cell, does not synapse on
pyramidal cells but onto the spiny stellate cell of layer 4 [161].

The

interneurons

contain

various

peptides,

including

parvalbumin

(basket

and

chandelier cells) and calbindin D-28k (double bouquet cells). These are calciumbinding proteins and, although the exact role these proteins play is uncertain, it has
been suggested that they are involved in intracellular calcium buffering, preventing the
intracellular calcium rise and therefore may provide resistance to degeneration.
Excitotoxicity may be due to calcium entry into cells, which then activates enzyme
systems and indirectly causes the production of free radicals. Therefore, if cells contain
calcium buffering proteins, it may be a factor in making them less vulnerable to
excitotoxic damage [162]. Parvalbumin immunoreactive interneurons have been shown
to be present in all areas of the neocortex, apart from layer I and in the cerebellar
Purkinje cells and hippocampus in the rat brain [1 6 3 ]. In addition parvalbumin is
virtually only found in GABA containing cells, and can therefore be considered to be a
protein marker for these cells [163].

The role of GABAergic interneurons is undoubtedly complex and not yet fully elucidated.
The basic set of cortical neurons described above are probably connected as a basic
circuit which is repeated innumerable times in each cortical layer with many
modifications appropriate to specific output neuron properties [506]. Recent work,
reviewed in detail [507], suggests that GABAergic inhibitory interneurons have a major
role in the synchronisation of neuronal acticity and are involved in the generation of
large-scale network oscillations. In essence, GABAergic interneurons probably dictate
the excitability of groups of principal cells of similar function, permitting both
controlled normal activity and plastic reorganisation. One potential neurochemical
mechanism involved in plastic reorganisation was proposed by Hendry and Jones
[508,509]. They suggested that downregulation of GABA and GABA^ receptors led to the
unmasking of latent intracortical horizontal connections [510]. In this way, for
example, latent intracortical connections within a cortical locus deprived of afferent
input, such as might occur following a localised retinal lesion producing a scotoma
[509], would be released from inhibition and allow adjacent cortical loci to drive the
de-afferented cortical locus. This might account, for example, for the perceptual filling
in of scotomas [509] i.e. small blind spots in the visual field are not perceived as such,
but are perceptually “filled in”. GABAergic neurones have also been suggested to
underlie the maintenance of motor maps in the primary motor cortex (M l) [511].
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1 .4 . MECHANISMS OF EPILEPTOGENESIS

In vivo and in vitro models of epileptic disorders in animals have provided many insights
into the mechanisms by which seizures may arise. The largest amount of data is derived
from studies of limbic, particularly hippocampal, epilepsy in rodents. It must be
prudent to apply caution in extrapolating from rodent limbic epilepsy to extratemporal
localisation related epilepsy in man, although data from neocortical epilepsy models in
rodents demonstrates that many limbic mechanisms also apply in the neocortex. The
most pertinent models are those from neocortical epilepsies in primates. Moreover,
particularly relevant information may be derived from in vitro studies of resected
surgical specimens and from in vivo investigations in man. The subsequent section will
follow this logic, initially describing some general principles and terminology, then
describing epileptogenesis in the normal rodent hippocampus and other rodent limbic
epilepsy models. Following this, a description of epileptogenesis in normal rodent
neocortex

is set out.

Subsequently,

neocortical epilepsy models are described,

culminating with primate models. These models primarily address local cortical
mechanisms; a growing attention to cortical-subcortical networks in epileptogenesis is
next described. Finally, data derived from man is discussed.

1 .4 .1 . G eneral prin cip les and te rm in o lo g y

The cerebral cortex is composed of local circuits which have both inhibitory and
excitatory connections, and inputs from distant areas which also may be inhibitory or
excitatory. In simple terms, anything disturbing the balance of excitation and inhibition
can give rise to a seizure [164]. In order to interpret animal models it is necessary to
describe the correlation between in vitro phenomena and seizures. The clinical
investigative hallmarks of epilepsy are the ictal seizure discharge (which accompanies a
seizure) and the interictal spike discharge recorded by EEG. An early clue to the
mechanism of focal epileptic seizures was that neurons in the hippocampus can show
paroxysmal depolarisations; many neurons in a local region can show this phenomenon
simultaneously due to recurrent excitatory connections between pyramidal cells; this
activity is synchronised with an EEG spike [165]. The interictal discharge represents
the synchronous, large depolarisaton (the depolarising shift), accompanied by bursts of
action potentials, of thousands of neurons in the locality of the spike recorded on the
scalp surface EEG; this is followed by a hyperpolarising potential [166]. Neurons
surrounding the focus are inhibited [167]. If a seizure is to develop, the postdepolarising shift

hyperpolarisation gradually disappears,

to

be

replaced

by a

depolarisation with superimposed small depolarisations resembling small depolarising
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shifts occurring synchronously in many neurons; the EEG shows afterdischarges [166].
The afterdischarges become longer wih each interictal discharge until a seizure appears.
Many insults can, in animal models, lead to this characteristic sequence of epileptic
events. It is also noteworthy that the majority of neurons involved as a seizure develops
and spreads are normal.

The depolarising shift is regarded to be predominantly a synaptic phenomenon [166]
resulting from an amplification of the normal excitatory post-synaptic potentials. This
amplification could have many origins. It could result from loss of inhibition,
potentiation of the excitatory post-synaptic potential [168, 169], or a variety of other
mechanisms modulating the efficacy of receptor function [166]. There may be abnormal
intrinsic properties of the neuron: significant differences in the ratios of sodium
channel subtype mRNAs have been found between normal and epileptic human brains
[1 7 0 ].

The development of synchronous firing of many neurons is essential for the further
development of seizure activity. Synaptic excitation through recurrent collaterals is
possible both in hippocampus and neocortex [171]. Excitatory projections to other
brain areas may also spread seizure activity. Further, it is possible that extracellular
ion changes may lead to increased excitability of some neurons and ephaptic interactions
[172].

Recruitment

may

also occur or

be

facilitated

by

lateral

diffusion

of

neurotransmitter to influence neighbouring neurons [173]. Finally, there is some
evidence for the direct electrical coupling of some cortical neurons [174].

The transition to seizures in acute focal models involves a loss of the post depolarising
shift hyperpolarisation, possibly by frequency-dependent desensitisation which may
arise through presynaptic feedback by GABA acting via GABAg receptors [176] and/or
via increases in intracellular chloride and extracellular potassium which affect ion
channels in a manner leading to reduction of inhibitory postsynaptic potentials [176].
Thus epileptic

activity

is permitted to

spread

into surrounding

normal

brain.

Subcortical networks may act as seizure gating areas.

1 .4 .2 . Sp ecific m odels

Many

models of

localisation-related

epilepsy

and

partial

seizures exist;

their

appropriateness in relation to differing syndromes of human epilepsy is difficult to
establish. Moreover, the findings from different models (and even from different studies
in the same model) may be contradictory in terms of mechanism. There follows a
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description of the most influential models, starting with rodent limbic models,
progressing through rodent neocortical models to primate neocortical models, models of
cortical-subcortical networks, and finally to evidence from man.

7 .4 .2 .7 . Normal hippocampus

The development of a hyperexcitable hippocampus able to support epileptiform bursting
requires an imbalance between GABA^^-mediated inhibition and N-methyl-D-apartate
(NMDA)-mediated excitation. Once bursting is established, hippocampal plasticity
allows bursting to be maintained even if the excitation is withdrawn, both in the rat
dentate gyrus [177, 178] and the CA3 region of the guinea-pig hippocampus [179]

The GABA,^ mechanisms shown by these experiments to be crucial to preventing
abnormal excitability are mediated via inhibitory interneurons. These interneurons may
themselves be inhibited by GABAg mechanisms, resulting in an overall increase in
excitation. In rat hippocampal slices, granule cell firing was induced by perforant path
stimulation; recurrent inhibition was induced by pairing the perforant path stimulus
with a preceding mossy fibre stimulus and was mediated through GABA^ receptors
[178]. Baclofen strongly suppressed recurrent inhibition and converted the perforant
path-evoked response to an epileptiform response because its disinhibitory effect on the
interneurons was substantially greater than its suppressive effect on synaptic excitation
- in other words, inhibition of the inhibitory mechanism was excitatory.

In summary,

these

experiments

demonstrate

that

normal

tissue

can

support

epileptiform activity if the balance between GABA^^-mediated inhibition and NMDAmediated excitation is disrupted. These results are pertinent not only to the mechanisms
by which focal epileptiform activity arises but also to the mechanism by which normal
cortex surrounding an epileptic focus may become involved in epileptic discharges.

1 . 4 . 2 . 2 . Kindling

Kindling refers to the process by which repeated subconvulsive electrical stimulation to
a region of the brain in a living, freely-moving animal gives rise to a sustained increase
in excitability such that progressively more severe seizures arise with repeated
stimulation; ultimately, spontaneous seizures may occur. Many brain areas may be
kindled in a variety of species [180]. In animals kindled at various sites of the limbic
system the pattern of development of kindling and the nature of the seizures is very
similar, regarded as analagous to complex partial seizures in man [180]; neocortical
stimulation produces a rather different pattern with motor seizures. Kindling models
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generally show a repense to conventional antiepileptic drugs such as phénobarbital,
phenytoin, carbamazepine, valproic acid, diazepam, and clonazepam [181].

The dependence of kindling on GABA^ mechanisms can be demonstrated by drug
treatments in such animals. Progabide, acting at GABA^ receptors,

[1 82,

183],

SKF89976A, a GABA uptake inhibitor, [182] and vigabatrin, an inhibitor of the GABA
catabolic enzyme GABA-transaminase,

[182, 184] all suppress kindling. In contrast,

baclofen, a selective GABAg receptor agonist, does not show anticonvulsant effects [182,
183].

Attempts have been made to clarify the nature of the GABA^-dependent mechanisms in
kindling. In the rat kindling model of epilepsy, quantitative radiohistochemistry has
shown increased GABA^ and BZR on somata and dendritic trees of dentate granule cells at
approximately 24hrs after the last seizure [185]. Further, certain GABA^ receptor
subunit messenger RNAs (mRNAs) were increased in all hippocampal areas following
kindling [1 86]. In a rat olfactory bulb kindling model, ^H-diazepam revealed a bilateral
increase of benzodiazepine receptors in the olfactory bulb and an ipsilateral increase in
the

hippocampus were

observed

[187].

It

could be

hypothesised that

in the

hyperexcitable hippocampus produced by kindling, impaired GABAy^-mediated inhibition
is reflected by an up-regulation of GABA^ receptors. It has recently been argued [188]
that central cortical postsynaptic neuroreceptors are always fully saturated whenever
transmitter is released into the synapse; hence, an increase in inhibition (increased
magnitude of IPSP) could only be acheived by increasing the number of postsynaptic
receptors. Evidence for such an increase on dentate granule cells following kindling has
been obtained [188].

Excitatory mechanisms have also been investigated. An antagonist of NMDA receptors
(MK-801, non-competitive channel blocker) suppressed the development of kindling
[189]. NMDA receptor function is enhanced in hippocampal dentate granule cells during
kindling [190]. Also, CA3 pyramidal cells from kindled rats were more sensitive to
NMDA than control cells; this was argued to be due to an increased number of NMDA
receptors [191]. An increase in the amplitude of both the slow NMDA and fast non-NMDA
receptor-mediated components of glutamatergic transmission accompanied by a decrease
in GABA^-mediated

inhibition

has

been

found

using

whole-cell

current-clamp

techniques [192]. Further, a long-lasting decrease in the inhibitory effect of GABA on
glutamate excitatory responses has been found in hippocampal pyramidal cells from a
kindling model [193]. In vivo microdialysis found

progressive increases in glutamate

release as kindling progressed [194]. In amygdala kindled rats the GluR2 subunit of the
a-am ino-3-hydroxy-5-m ethyl-4-isoxazole propionic acid (AMPA) receptor, which is
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uniquely responsible for controlling calcium permeability, was significantly reduced in
the amygdala and piriform cortex following kindling, potentially allowing calciumrelated excitotoxicity [195].

In summary, the epileptogenic effect of kindling can be simplified to a process of
enhancement of at least partly NMDA-dependent excitatory mechanisms coupled with a
reduction in inhibitory mechanisms via GABA^ receptors. The finding of elevated
GABA^/BZR density is fairly consistent in granule cells of the dentate gyrus, though
GABAergic interneurons (the presynaptic source of GABA) may be reduced in number.
Consistent changes in NMDA receptor numbers have not been observed.

1 . 4 . 2 . 3 . I n t r a v e n t r i c u l a r kainic aci d

In adult rats, intraperitoneal or intraventricular administration of kainic acid, a
glutamic acid analogue and potent neurotoxin, induces persistent seizure activity that
results in electrographic alterations and neuropathology that closely resemble human
temporal lobe epilepsy.

Intracellular recordings of evoked bursts of action potentials made from rat hippocampal
CA1 pyramidal cells in slices where the CA3/CA4 region had been lesioned using kainic
acid showed that the bursting activity is largely due to a loss of inhibition mediated by
GABA^ receptors [196]. Using GAD immunocytochemistry, no acute or chronic decrease
in numbers of CAT interneurons or in qualitative characteristics of the pericellular
distribution of their terminals in CAl was found. In vitro autoradiography showed an
increase in GABA;^ receptor density in CAl [197]. lontophoretic application of GABA to
the soma and dendrites of CAl pyramidal cells indicated that there had been no change in
the efficacy of the postsynaptic GABA receptors on these cells [198]. These data indicate
that the elements necessary for inhibition are still present in CAl, despite lesioninduced hyperexcitability,

but a transient disconnection between

inhibitory and

excitatory elements in CAl, or a loss of normal afferent drive from CA3 onto some CAl
interneurons, or both, has occurred.

In the CA3/CA4 area, the hippocampal region most vulnerable to neurodegeneration after
kainate acid treatment, expression of GluR2 (the AMPA/kainate receptor subunit that
limits Ca^+ permeability) and GluR3 was decreased markedly at 12 and 24 hr, such that
increased formation of Ca^+-permeable AMPA/kainate receptors in the CA3/CA4 area
might lead to glutamate excitotoxicity. Also, GABAy^ a l subunit expression was decreased.
In the dentate gyrus, concomitant increases in GluR2 and GluR3 expression were
observed; GABAy^ a l

subunit expression was not detectably altered. These findings
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indicate that kainate seizures modify hippocampal glutamate and GABA^^ receptor
expression

in a cell-specific

manner and that

these

changes could

result

in

excitotoxicity [199].

In addition to functional changes, this model reveals some important structural changes.
In rats treated with kainate, collateral sprouting of mossy fibres (the axons of granule
cells, a major input to hippocampal CA3) has been observed [200-202 ]. Epileptogenic
lesions causing partial deafferentiation of the dentate gyrus or other hippocampal
structures

are followed by a regenerative process of the mossy fibres, which may

provide anatomically abnormal excitatory connections. This phenomenon has been seen
in animal models and in human temporal lobe [203]. These structural changes
presumably result from changes in gene expression; certainly increased expression of
the proto-oncogene c-fos is observed [204], though the role of this gene is not
established. In rats with two copies of a null mutation for c-fos there was marked
protection against mossy fibre sprouting and seizure development [205]. The mossy
fibre sprouting is associated with an early (within 90 mins of kainic acid exposure)
expression of mRNA for the growth-associated pepetide GAP-43 in granule cells; this
gene expression, mossy fibre sprouting and subsequent seizures are all blocked by
administration of MK-801 or pentobarbital within 55 mins of kainic acid exposure
[206]. Intraventricular infusion of a synthetic peptide mimic of a nerve growth factor
domain that interferes with the binding of neurotrophins to their receptors resulted in
significant inhibition of mossy fiber sprouting [207]. Other cells also are damaged;
Immunohistological studies showed a decrease in the number of somatostatin positive
non-pyramidal cells in the CAl area [198]. Dramatic protection against the cell losses
seen in this model has been conferred by knockout of both copies of the p53 tumour
supressor gene [208].

In summary, the kainic acid-treated rat model reveals the important mechanism of
synaptic reorganisation via mossy fibre sprouting, such that abnormal recurrent
excitatory circuits are produced resulting in abnormal hyperexcitability. This is
accompanied by an increase of GABA^^ density. A loss of inhbitory action is seen however,
perhaps due to a functional disconnection of GABAergic interneurons, possibly related to
the loss of somatostatin-positive cells.

1 . 4 . 2 . 4 . Previous limbic s t a t u s e p i le pt ic us

Prolonged electrical stimulation of the perforant path may give rise in the rat to a
period of limbic status epilepticus and subsequent chronic spontaneous seizures. In this
model, extended electrographic monitoring in the hippocampus revealed spontaneous
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recurrent paroxysmal discharges, persistent interictal spiking and fully developed
electrographic seizures [209].

Hippocampal slices demonstrated an increased excitability relative to slices from
control animals as evidenced by epileptiform bursting in increased extracellular
potassium and decreased extracellular calcium [209]. Changes in paired pulse inhibition
elicited in CAT pyramidal cells was studied in this model with a protocol known to reflect
the potency of inhibition mediated by GABA^ receptors, showing a profound and enduring
disturbance

of GABA-mediated

inhibition

[2 0 9 -2 1 1 ].

The

possibility that

CAl

inhibitory neurons (basket cells) were hypofunctional or "dormant" due to a loss of
excitatory input to inhibitory cells from damaged CA3 pyramidal cells was tested by
stimulating the contralateral perforant path in order to activate the same CAl basket
cells via different inputs. Contralateral stimulation evoked CAl pyramidal cell pairedpulse inhibition immediately in the previously stimulated hippocampus [211]. To
demonstrate the same effect more directly, inhibitory postsynaptic potentials were
elicited in CAl pyramidal cells by activation of basket cells; responses from rats
previously undergoing status were compared to those from control animals not
electrically

stimulated.

Inhibitory

postsynaptic

potentials

evoked

indirectly

by

activation of terminals that excited inhibitory interneurons were reduced in the
epileptic tissue, whereas inhibitory postsynaptic potentials evoked by direct activation
of basket cells, when excitatory neurotransmission was blocked, were not different from
controls [212]. These results provide support for the "dormant basket cell" hypothesis.

In further studies, granule cell pathophysiology was seen only in animals that exhibited
a loss of adjacent dentate hilar mossy cells and hilar somatostatin/neuropeptide Yimmunoreactive

neurons.

GABA-immunoreactive

dentate

basket

cells

(the

local

inhibitory interneurons) survived despite the extensive loss of adjacent hilar neurons.
However, parvalbumin immunoreactivity, present normally in a subpopulation of
GABA-immunoreactive dentate basket cells, was absent on the stimulated side, which
could represent decreased parvalbumin synthesis in surviving basket cells or a loss of a
specific subset of inhibitory cells [211, 213].

In summary, rats undergoing electrical stimulation leading to prolonged limbic status
epilepticus show a loss of functional inhibition clearly due to functional underactivity of
inhibitory interneurons, possibly due to a loss of specific somatostatin-positive cells.

1 . 4 . 2 . 5 . Normal ne o co rte x

As in the hippocampus, epileptiform excitatory activity is constrained in the neocortex
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by GABAergic inhibitory interneurons acting on pyramidal cells via GABA^j^ receptors
[214, 2 1 5 ].

A series of meticulous studies of the induction of hyperexcitability in the normal cat
striate cortex by convulsant drugs has recently been reviewed [216]. Through minute
attention to the laminar positioning of microinjections and recording electrodes, it was
shown that the principle excitatory interneuron of neocortex (the spiny stellate neuron
of layer 4) was the crucial initial cell involved in the development of excitability after
the application of penicillin or bicucculine and that the action of this cell is modulated by
GABA. These cells receive a heavy afferent projection form the thalamus. Blockade of
glycine by stryzhnine was effective in layers 2 and 3 via local cortical networks [217].

In summary, GABA^ mechanisms and glycine are responsible for inhibitory influences in
neocortex; GABAergic mechanisms are more generally implicated. This mechanism does
not need to be completely lost in order for seizures to arise. This parallels the finding
from hippocampus in which epileptiform activity can be produced despite preserved
inhibitory activity.

1 . 4 . 2 . 6 . Penicillin and bicuc ulline in r a t n e o c o r t e x

At low concentrations, both penicillin and bicuc ulline specifically block GABAergic
inhibitory synaptic transmission in brain tissue acting via GABA^ receptors. Direct
application of these agents to neocortex evokes an acute epileptic focus.

Afterpotentials were analyzed in penicillin foci of the rat motor cortex in vivo using
intracellular recording techniques [218].

Part of the afterpotential is chloride-

dependent, probably representing a GABA^ response. Surprisingly, the Ch-dependent
potential can be depolarising, possibly due to intracellular Ch accumulation, which
might favor transition to ictal discharges [218].

In summary, partial blockade of GABA^^ receptors may give rise to an acute epileptic
focus in this model. A mechanism by which continued opening of GABA^-dependent Ch
channels may paradoxically contribute to the sustained depolarisations leading to a
seizure has been revealed.

1 . 4 . 2 . 7 . GABA withdrawal syndrome, r a t ne o co rte x

A few days of localized application of GABA into the somatomotor cortex of rats induces,
upon withdrawal, the appearance of epileptogenic activity with maximal electrographic
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expression circumscribed to the infused site. This GABA-withdrawal syndrome lasts for
several days [219]. The paroxysmal discharges induced by withdrawal from unilateral
GABA application are accompanied by myoclonus of the body territory corresponding to
the infused area.

The effect of an NMDA receptor blockade was evaluated in this model [220]. Bursting
properties and morphology of neurons were also analyzed in slices. The noncompetitive
NMDA antagonist phencyclidine was administered systemically before discontinuation of
the

GABA

infusion.

Phencyclidine

prevented

the

development

of

seizures;

if

phencyclidine was injected after GABA discontinuation it failed to suppress seizures.
Most neurons studied showed paroxysmal depolarization shifts to white matter
stimulation or intracellular depolarizing current injection. Morphologically, these cells
were large, spiny pyramidal neurons localized in layer 5 of the sensorimotor cortex.
Application to the slices of a selective antagonist of NMDA receptors reduced the
amplitude and the duration of paroxysmal depolarization shifts [220].

In summary, this model contains many features familiar from hippocampal models,
particularly the opposing roles of GABA* and NMDA receptors acting on pyramidal cells.

1 . 4 . 2 . 8 . Cobalt focus

Cortical implantation of cobalt metal in the rat, cat, monkey, rabbit and gerbil gives
rise to intermittent and paroxysmal seizures [221].

Of note in this model is strong evidence for the development of a secondary or “mirror”
focus in the homotopic area of the contralateral hemisphere. This focus shows vigorous
independent spike activity [222].

GABA and its synthetic enzyme GAD, are both at normal levels prior to the development
of seizures, are significantly decreased during the period of seizures, and return toward
control values at a time when seizures are no longer apparent. There is no change in
postsynaptic GABA^ receptor density (Bm^J prior to seizures, a significant increase in
B^ax during seizure activity, and a return toward normal when seizure activity has
terminated [223]. Changes in putative inhibitory interneuron numbers are inversely
related to these receptor binding changes [224].

However,

contradictory

results have

been

obtained:

Benzodiazepine,

GABA,

and

picrotoxinin receptor bindings were measured in different brain areas using ^h flunitrazepam, ^H-muscimol and ^ss-t-butylbicyclophosphorothionate respectively as
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ligands, and the values were compared with glass-implanted controls. In the focal area,
all the specific receptor bindings decreased and Scatchard analysis showed a decrease in
the number of binding sites without any effect on binding affinity. No change was seen in
the binding characteristics of the other areas studied [225].

Abnormalities of the cholinergic system have been demonstrated in this model.
Significant

reductions

of

both

the

acetylcholine

synthetic

enzyme

choline

acetyltransferase and in the degradative enzyme acetylcholinesterase were seen in both
primary and secondary foci during the period of peak epileptic activity. Moreover, the
cholinesterase inhibitors physostigmine and diisopropylfluourophosphate were highly
effective anticonvulsants.

Alterations of the cortical noradrenergic system in chronic cobalt epileptogenic foci in
the rat have been documented [111]. These changes include a decreased density of
noradrenergic terminals in the focus and a decreased concentration of noradrenaline. The
homotopic area showed no changes, however. Facilitation of focal cobalt-induced epilepsy
after lesions of the noradrenergic locus coeruleus system [112] has also been noted.

Cobalt implantation also induces epilepsy in the cat. Changes in the strength of recurrent
inhibition in the feline cortex were observed. The strength of inhibition was analyzed in
terms of paired-pulse depression of the amplitude of somatosensory evoked potentials
elicited by stimulation of the ventral posterolateral thalamic nucleus. An enhancement in
recurrent inhibition was observed shortly after cobalt application. The reduction of
inhibition that appeared later was associated with afterdischarges evoked by ventral
posterolateral thalamic nucleus stimulation. These afterdischarges frequently extended
to epileptic discharges. These results suggest that the reduction in recurrent inhibition
induced by cobalt application plays an important role in the spread of seizure activity
[2 2 6 ].

In summary, the cobalt implantation model demonstrates functional impairment of
GABA^-mediated inhibition, accompanied by a loss of GABA-positive interneurons and a
reduction in GABA and GAD levels. Some studies have found an increase in GABA^ receptor
density during the period of seizure activity, but this has not been a constant finding.
Intriguing abnormalities of cholinergic and adrenergic transmitter systems have been
noted.

1 . 4 . 2 . 9 . Chronic n e o c o r t i c a l injury, r a t

Neocortical lesions were surgically inflicted in rat neocortex and the epileptogenic

51

cortex subsequently resected and their axonal arborisation reconstructed. The results
suggested that a significant degree of axonal reorganization had taken place in the
chronically injured cortex, presumably due to axonal sprouting. It was speculated that
this might be an adaptive mechanism for recovery of function after injury, or might be
maladaptive and play an important role in the generation of epileptiform events by
increasing the numbers and density of synaptic contacts between neurons [227].

1 . 4 . 2 . 1 0 . Alumina gel, monkey neocortex

Subpial injections of aluminum hydroxide gel into the sensorimotor cortex of the
Macaca mulatta monkey produce chronic epilepsy. The structural and functional
consequences of this primate model are extremely clearly characterised.

The epileptic cortex demonstrated markedly reduced GABA^^ receptor binding and
diminished tissue GABA concentration and glutamic acid decarboxylase activity [228].
GABA^ receptor loss was more marked than receptor losses for other neurotransmitters
and was more widespread. Scatchard plot analysis demonstrated that the diminished
GABA^ receptors within the focus were due to receptor loss and not affinity changes.
Spearman rank correlations showed a significant correlation between the degree of
GABA^ receptor loss and decrease in GAD activity and the seizure frequency [228].

A series of detailed studies from one group over more than a decade has clarified the
GABAergic abnormalities of this syndrome [229-232 ]. Using an immunocytochemical
method for the localization of GAD, GABAergic nerve terminals were seen throughout all
layers

of

normal

monkey

sensorimotor

cortex.

These

terminals

displayed

ultrastructural characteristics that suggested that they arose from aspinous and
sparsely spinous stellate neurons. In monkeys made epileptic by cortical application of
alumina gel, a highly significant numerical decrease of GAD-positive nerve terminals
occurred at sites of seizure foci indicating a functional loss of GABAergic inhibitory
synapses [229,

231].

Monkeys were studied at progressive intervals following

unilateral application of alumina gel to sensorimotor cerebral cortex. Using an
immunocytochemical method, the amounts of GAD-positive terminal-like structures
were determined on control and experimental sides of motor cortex (layer 5). This
showed reductions of GAD-positive terminals on the experimental cortical side, greater
the longer the time since implantation. Electron microscopy at an early stage revealed
degenerating axon terminals in layer 5 of motor cortex, as well as phagocytosis of
degenerating

material

and astrogliosis.

Similar findings were

obtained

from

a

chronically epileptic specimen, except that degenerating terminals were observed less
often and fibrous astrocytic scarring was more prevalent, especially surrounding the
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somata of pyramidal neurons [230, 233]. Further, a selective loss of GAD-positive
neuronal somata occurs in monkeys with alumina gel implants even before seizures
begin [232]. Electron microscopy showed that chandelier cell axons appeared to
degenerate in epileptic cortex. The highly strategic site of GABAergic inhibitory
synapses on axon initial segments suggests that they exert a strong influence on the
output of pyramidal cells. The near absence of these chandelier cell axons in epileptic
foci most likely contributes to the hyperexcitability of neurons [234].

In summary, in this model, perhaps analagous to a localised injury in man, there is a
specific loss of a class of GABAergic interneurons, accompanied by a loss of GABA*
receptors.

7 .4 .2 .7 7. GABA withdrawal syndrome in the baboon

After the chronic infusion of GABA into the cortex of baboon Papio papio, a sudden
cessation of the infusion provoked cortical epileptic discharges around the infused area;
the baboon exhibited partial epilepsy for about 3 days. The anticipated mechanism would
be the same as for GABA withdrawal sydrome in the rat [235].

1 . 4 . 2 . 1 2 . Su bcort ical ne tw or ks

Cortical excitability and the spread of seizure activity are both strongly influenced by
subcortical structures.

The substantia nigra may be a crucial component of the network underlying limbic
kindled seizures and possibly kindling itself [1 8 0 ].

Ipsilateral substantia

nigra

stimulation delivered prior to each amygdala kindling stimulation significantly retarded
the appearance of seizures. Bilateral substantia nigra prestimulation blocked seizure
generalization. These effects were only partially antagonized by haloperidol, but were
completely abolished by picrotoxin, suggesting that GABAergic rather than dopaminergic
pathways were involved [236]. In animals pretreated with microinjections of isoniazid,
an inhibitor of activity of GAD, into the substantia nigra pars reticulata bilaterally,
non-convulsant doses of pilocarpine resulted in severe motor limbic seizures and status
epilepticus [237].

Further evidence strengthens the hypothesis of a GABA-mediated effect in the substantia
nigra. In kindled rats abnormalities in GABA synthesis have been detected - reduced
glutamic acid decarboxylase has been detected in synaptosomes prepared from the
substantia nigra of kindled rats [238]. Bilateral microinjection of a GABA agonist.
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muscimol, into the area of the substantia nigra markedly suppressed both motor and
limbic seizures induced by stimulation of amygdala, olfactory structures, or lateral
entorhinal cortex [239]. Microinjection of saline did not suppress seizures. Muscimol
injections 1 to 2 mm dorsal to the substantia nigra or into neocortex did not suppress
the seizures.

Microinjection of an irreversible inhibitor of GABA transaminase

(vigabatrin) into the area of the substantia nigra also suppressed kindled seizures.
Seizures were markedly suppressed in animals with bilateral destruction of the
substantia nigra but not in animals in which the substantia nigra was spared bilaterally.
It is noteworthy that partial as well as generalised seizures were suppress ed by
manipulations of the substantia nigra [239]. The substantia nigra is not simply a part of
a network allowing seizures to become generalised; it plays a part in partial seizure
activity. Afterdischarges can be detected in the substantia nigra during partial limbic
seizures and metabolism of this area is increased [240].

The physiologically relevant inhibitory input comes from the striatum. Susceptibility to
seizures induced by systemic administration of pilocarpine

to rats is increased by a

lesion of the GABAergic striatonigral projection [241]. These experiments show that
inhibition of the substantia nigra by GABA acting at GABA^ receptors is protective
against seizure development and that destruction of a GABAergic striatonigral projection
is facilitatory in seizure development. GABAergic basal ganglia outflow may play an
important role in controlling the spread of seizures by influencing the activity of the
substantia nigra.

Some contradictory evidence exists, however: The role of the substantia nigra in
seizures induced by low frequency premotor cortical stimulation in the rat has been
investigated

[242].

Unilateral

intranigral

injection

of

muscimol

was

found,

paradoxically, to facilitate seizure development; the facilitatory effect of intranigral
muscimol was not modified by haloperidol pretreatment [242]. Other studies [243]
show no effect of bilateral substantia nigra lesions on kindled seizures.

The influence of the globus pallidus pars interna and the substantia nigra pars compacta
on hippocampal electrical activity has been studied [244]. Injection of intravenous
sodium penicillin produces steady interictal spikes in the hippocampus. Substantia nigra
stimulation induces regular theta rhythm and inhibits the spikes. Pallidal stimulation,
on the contrary, appears to strongly enhance epileptiform activity, proceeding to
generalised seizure activity [244].

Blockade of GABA receptors in the rat superior colliculus has been shown to protect
against maximal electroshock-induced tonic convulsions and spontaneous generalized
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non-convulsive seizures [245, 246 ], Other nuclei closely involved with limbic circuits
and potentially relevant to an interaction between the pallidum and hippocampus have
been studied. The roles of the habenular nucleus, raphe, nucleus accumbens, septum and
caudate have been studied in a cat model involving direct penicillin application to the
hippocampus [247, 248], Habenular electrical stimulation caused an increase in spike
frequency and amplitude. Intraperitoneal methysergide bimaleate (5 -HT antagonist)
suppressed the effects of habenular stimulation. In contrast to the effects of pallidal and
habenular stimulation, raphe electrical stimulation inhibited hippocampal spiking and
intra-raphal

muscimol

(a

GABA

receptor

agonist)

enhanced

hippocampal-based

epilepsy. After muscimol, raphe stimulation at the same threshold parameters failed to
affect hippocampal activity. In cats with habenular lesions hippocampal spike frequency
and amplitude were reduced and intra-raphal muscimol did not affect the hippocampus
[2 4 7 ].

The relevance of these findings to hippocampal epilepsy in man is not known; equally,
the role of basal ganglia influences in neocortical epilepsy in man is not established,
although a role for the substantia nigra seems likely on the basis of its influence in
several animal models. A summary of the interactions between the basal ganglia and
frontal neocortex in man is shown in figure 1.12 [249]. In a single human subject with
a frontal seizure focus causing simple partial motor seizures of the face, signal changes
in the left ventrolateral thalamus showed a high degree of temporal correlation with
signal

changes

in the

left

frontal

cortical

seizure

focus,

demonstrating

close

corticothalamic coupling of metabolism [250].

1 .4 .3 . Evidence fro m man

For obvious reasons, many of the experiments described in animal models cannot be
carried out

in man.

However, surgical treatment of epilepsy presents several

opportunities for investigations in human epilepsy. Resected specimens can be subjected
to many of the pharmacological and neurophysiological manipulaions used in in vitro
preparations from animals. In addition, in patients in whom depth electrodes are placed
an opportunity

is presented to

correlate

electrical activity with dialysates of

extracellular fluids obtained through miniaturised dialysis probes placed into the brain
alongside the electrodes. The largest amount of data is available from temporal lobe
epilepsy.

55

1. 4 . 3 . 1. Temporal lobe epilepsy
The frequently-noted observation in animal models that although inhibitory function
may be impaired the cellular components required for inhibition are retained has
parallels in man. In resected sclerotic hippocampi, extracellular unit activities of
human hippocampal neurons and their responses to single pulse stimulation were
recorded in patients in vivo during interictal periods. It was observed that prolonged
inhibition in synchronously firing epileptic neurons could occur with little or no prior
excitation, suggesting that this hyperpolarization was likely to be synaptic rather than
dependent on an intrinsic membrane property. Although this evidence was indirect, it
could suggest that recurrent inhibition may remain functional in human temporal lobe
epilepsy [251].

Binding to excitatory and inhibitory receptors was examined in frozen hippocampal
sections from surgical specimens resected from patients with medically refractory
temporal lobe epilepsy and compared with age-comparable autopsy control subjects.
Binding to phencyclidine receptors associated with the NMDA channel was reduced by 35
to 70% in all regions in the hippocampi of the patients. In contrast, binding to the NMDA
recognition site and its associated glycine modulatory site was elevated by 20 to 110%
in the CA1 area and dentate gyrus of the hippocampus of the patients. Binding to these
sites was unaffected in area CA4. Binding to the quisqualate-type excitatory amino acid
receptor was unchanged in all regions except the stratum lacunosum moleculare CA1,
where it was increased by 63%. GABA^ and BZR binding was reduced by 20 to 60% in
CA1 and CA4, but unchanged in dentate gyrus [252]. Patients in this study had evidence
of neuronal loss but not advanced hippocampal sclerosis. However, other studies in
hippocampal sclerosis showed a reduction of NMDA receptor binding in CA1, CA3 and CA4
[253]. A comparison of cell counts and autoradiography of benzodiazepine receptors
using ^25|_jomazenil in resected hippocampus from patients with hippocampal sclerosis
showed a significant reduction of BZR and neuronal density in CA1, CA2, CA3, CA4 and
dentate gyrus. All regions showed a tendency for the loss of receptors to be over and
above the loss of cells, but this reached significance only in CA1 and CA3 [254].
Additionally, this study showed the “peripheral” benzodiazepine receptor was increased
in the same regions.

Synaptic rearrangements due to mossy fibre sprouting appear also to occur in man
[255]. Epileptogenic lesions causing partial deafferentiation of the dentate gyrus or
other hippocampal structures
fibres,

which

may

provide

are followed by a regenerative process of the mossy
anatomically

abnormal

excitatory

connections.

This

phenomenon has been seen in animal models and in human temporal lobe [203].
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Quantitation of mossy fibre sprouting in patients with HS compared with patients with
extrahippocamapi temporal mass lesions showed significantly more mossy fibre
sprouting in the HS patients, although a few extra-hippocampal subjects also showed
mossy fibre sprouting [256]. An enhanced and abnormal NMDA receptor response has
been detected on surviving dentate granule cells in resected hippocampi of patients with
chronic temporal lobe epilepsy [257]; it was suggested that excitotoxic responses
consequent to this might be responsible for the abnormal dendritic morphology seen in
these cells.

A role for excessive glutamate-mediated excitation in seizures in man has been proposed.
Bilateral intrahippocampal microdialysis was used to test the hypothesis that an
increase

in

extracellular

glutamate

may

trigger

spontaneous

seizures.

The

concentrations of glutamate and GABA were measured in microdialysates before and
during seizures in 6 patients with complex partial epilepsy investigated before surgery.
Before

seizures,

concentrations of glutamate

were

higher in the

epileptogenic

hippocampus, whereas GABA concentrations were lower. During seizures, there was a
sustained increase in extracellular glutamate to potentially neurotoxic concentrations in
the epileptogenic hippocampus. Moreover, the increase preceded the seizures. GABA
concentrations were unchanged before seizures, but increased during them, with a
greater rise in the non-epileptogenic hippocampus. These data suggest that a rise in
extracellular glutamate may precipitate seizures and that the concentrations reached
may cause cell death. Also, potentially compensatory inhibition, as measured by elevated
GABA levels, is more pronounced in the non-epileptogenic hippocampus [258]. In
addition to elevated glutamate, other potentially excitatory amino acids have been assayed
- elevations of aspartate, glycine and serine in association with seizures have also been
noted with similar methods [259].

1 . 4 . 3 . 2 . Ne oc or tic a l epilepsy

Areas of focal spiking were compared with samples from surrounding nonspiking
neocortex in surgical resection specimens from patients with partial seizures. In areas
of spiking cortex, GAD and tyrosine hydroxylase were significantly increased; glutamic
acid, GABA-aminotransferase and glutamine synthetase were not significantly different
[260]. Excitatory amino acids were raised in human epileptic foci [261]. Comparison of
tissue from an area of temporal neocortex shown at operation to be spiking showed
decreased glutamic acid decarboxylase compared to non-spiking tissue [262]. No
differences in B^gx o*" affinity (K^) of BZR were observed when epileptic foci were
compared with nonspiking cortex [263], although a relative decrease in the number of
a l postsynaptic receptor sites was seen [264].
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The role of specific neuronal populations in epileptic foci was studied by comparing
epileptic and non-epileptic cortex removed from patients with low-grade gliomas
[265]. Epileptic and nearby (within 1 to 2 cm) non-epileptic temporal lobe neocortex
was identified using electrocorticography and shown histologically to be free of tumour.
Although there was no significant difference in the overall cell count, a significant
decrease in both somatostatin- and GABAergic-immunoreactive neurons was found (74%
and 51%, respectively) in the epileptic cortex compared to that in nonepileptic cortex
from the same patient [265]. Cortex from neocortical resection in patients suffering
from drug-resistant epilepsy were examined for parvalbumin and calbindin-D28k
immunocytochemistry to determine local circuit neuron populations [266]. Around
neoplasms a reduced percentage of local circuit neurons was seen. Abnormal morphology
and distribution of local circuit neurons was seen in patients with focal cortical
dysplasia and in other focal migrational disorders, including neuronal nests in the white
matter. Increased percentages of immunoreactive local circuit neurons and fibers in
focal neocortical necrosis (cavernous angiomas), and diffuse hypoxic encephalopathy
were detected. There was a lack of consistent morphologic abnormalities in the neocortex
of patients with temporal lobe epilepsy, and in patients with cryptogenetic frontal lobe
epilepsy [2 6 6 ].

Bursting activity was demonstrated from epileptogenic neocortex in vitro. This activity
was suppressed by NMDA blockers [267]. Preliminary data has also been reported
showing similar bursting activity suppressed by NMDA blockers in resected focal
cortical dysplastic tissue [268].

1 .4 .4 . Conclusions

The processes underlying abnormal cortical development give rise to disorganisation of
cortical architecture with the potential for aberrant conections and abnormal synaptic
activity. The mechnisms of epilefogenesis in localisation-related epilepsy depend
centrally, in most models, on abnormalites of GABAergic function subserved at GABA^
receptors.

A simple model of epileptogenicity in both hippocampal and neocortical partial seizure
disorders in which cell loss has occurred has been proposed by Engel [269] and is
summarised in figure 1.13. This model may be of limited relevance to malformations of
cortical development, since cell loss is not usually a prominent feature. Nonetheless, the
bringing together of evidence pointing to both excessive excitation and preserved
inhibition to create a model of hypersynchronisation may prove to be applicable in MCD.
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Full causative explanations of epileptogenesis in localisation-related epilepsy in man
are still lacking. Profound and unexpected insights are likely to emerge from genetic
studies of such disorders, with the growing identification of single-gene disorders
causing localisation-related epilepsies. Familial temporal lobe epilepsy is an autosomal
dominant disorder in some kindreds [270]; another family with localisation-related
epilepsy were shown to have a susceptibility gene mapping to lOq [271]. Localization of
a gene for autosomal dominant nocturnal frontal lobe epilepsy to chromosome 20q 13.2
[272] was followed by the identification of a missense mutation in the neuronal nicotinic
acetylcholine receptor a4 subunit [273]. Postulated mechanisms of epileptogenesis
described above do not involve this receptor, suggesting that many present concepts may
need to be re-examined.
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CP

SP

IZ

vz

ego
Figure 1.1. Diagram showing a simplified
scheme o f embryonic neuronal migration
in the neocortex. Cells are numbered in
the order of arrival at the cortical plate.
MZ - marginal zone; CP - cortical plate;
SP - subplate; IZ - intermediate zone; VZ
ventricular zone; CR - Cajal-Retzius
cell; RG - radial glial fibre
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Figure 1.2.
Lissencephaly.
Coronal section through the T1-weighted
MR! o f a patient with lissencephaly. The
smooth cortex, marked in black on the
cartoon above, appears greatly
thickened and the ventricles enlarged.

Figure 1.3.
Subependymal nodular heterotopia.
Transverse section from T1-weighted MRI
o f subject KS, studied in Chapters 5, 9 and
11. A continuous nodular layer is seen lining
the lateral ventricles, shown in black on the
cartoon above.

Figure 1.4.
Band heterotopia.
Transverse section through T1-weighted
MRI o f subject EG, studied in Chapter 11. A
continuous band o f grey m atter is present
bilaterally, shown on the cartoon above in
black, giving the appearance o f a “double
cortex”.
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1
Figure 1.5.
Bilateral perisylvian polymicrogyria.
Transverse section through a 71-weighted
MRI. The perisylvian cortex, marked in
black on the cartoon above, appears
greatly thickened. The polymicrogyric
nature o f this abnormality is only seen
clearly in a few areas.
A

Figure 1.6.
Schizencephaly.
Transverse section through T l weighted MRI o f subject RH, studied in
Chapters 5, 9 and 11. This subject has
two clefts, one in the right central area
and one in the left frontal lobe. The
right central cleft is illustrated and
indicated in black on the cartoon above;
the upper part o f the left frontal cleft is
also partly shown. The cortex lining the
clefts is likely to be polymicrogyric.

■

Figure 1.7.
Isolated heterotopic grey m atter
nodule.
Sagittal section through T1-weighted
MRI o f subject SN, studied in Chapter
5, 9 and 11. The grey m atter
heterotopion is above the trigone of
the right lateral ventricle, marked in
black on the cartoon above.
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Figure 1.8.
Focal malformation o f cortical
development, probably focal cortical
dysplasia.
Transverse section through 7 1 -weighted
MRI o f subject MW, studied in Chapters 5
and 11. The region o f right lateral
temporal cortex, shown in black on the
cartoon above, has a thickened
appearance, with blurring o f the greywhite boundary and a macrogyric pattern.
Cortical dysplasia is the likely explanation.

Figure 1.9.
Dysembryoplastic
neuroepithelial tumour (DNT).
Coronal section o f a T l weighted MRI o f a patient with
a left amygdala DNT, indicated
in black on the cartoon above.
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Meninges

1 Molecular
layer

2 External
granular
layer

3 External
pyramidal
layer

^

#

- 4 Internal
granular
layer

5 Internal
pyramidal
layer

6 Multiform
layer

White matter

Figure 1.10. A simplified scheme o f intracortical circuits, layers and cell-types in
neocortex.
Modified from Barr, LB. and Kiernan, J.A. The Human Nervous System: an
Anatomical Viewpoint. Philadelphia: Lippincott, 5th Edition, 1988.
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Alveus
Pyramidal cell of CAT
Schaffer collateral

Basket cell
Temporal horn of lateral ventricle

Subiculum

Perforant path

Pyramidal cell of CA3
Mossy fibre
Dentate gyrus

Figure 1.11. Schematic diagram o f intrahippocampal connections.
Coronal section through right hippocampus. Modified from O'Keefe, J.O. and Nadel,
L. The Hippocampus as a Cognitive Map. Oxford: Clarendon Press, 1978.
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GABA
Glutamate

Cortex

STN
GPi

GPe

/ Striatum

SNr
Thalamus
VA, VL

Figure 1.12. Principal GABAergic and excitatory interactions between the
frontal neocortex and the basal ganglia in man, after Flaherty and Graybiel
1994. STN - subthalamic nucleus; GPe - globus pallidus pars externa; GPi globus pallidus pars interna; SNr - substantia nigra pars reticulata; VA ventral anterior nucleus o f thalamus; VL - ventrolateral nucleus o f
thalamus.
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Figure 1.13.
(a) Schematic representation o f normal cortical connections. Reciprocal innervation
o f a hypothetical neuronal system is shown, typical o f synaptic organisation in
both neocortex and hippocampus. Excitatory afferents terminate on the
dendrites o f principal neurons. Axon collaterals from these principal cells
terminate on inhibitory interneurons which in turn make inhibitory contacts on the
soma o f the same and adjacent (not shown) principal cells.
(b) Schematic representation o f cortical connections following cell loss and axon
sprouting. Fewer afferent inputs sprout to innervate more principal neurons,
predisposing to hypersynchronisation. Excitability is further increased by the
development o f monosynaptic recurrent excitatory collaterals. Although not
demonstrated, it is possible inhibitory interneurons also show sprouting, further
encouraging hypersynchronisa tion.
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Chapter 2.
Rationale fo r using PET to stu d y
lo c a lis a tio n -r e la te d ep ilep s y.

Although abnormalities of the GABAergic system in localisation-related epilepsy in man
are very likely, investigation of this system is highly challenging. Invasive in vivo
experimentation in man is not possible except in some circumstances asociated with
surgery; similarly, in vitro study of human brain slices is severely limited. Study of
post-mortem material is confounded by rapid post-mortem changes in the central
nervous system. Therefore, in vivo methods of visualising normal and pathological
cerebral functions are required. The radiotracer techniques employed in single photon
emission computed tomography (SPECT) and PET permit measurement of regional blood
flow, metabolic rate for glucose and parameters of binding to certain neuroreceptors.

2 .1 . SPECT

2 .1 .1 . Blood flo w

SPECT may be used to indicate relative regional cerebral blood flow (rCBF) using a
variety of radiotracers, including ^^Sxenon,
methyl-5-iodobenzyl)-1,3,propanediamine
oxime (HMPAO),

N ,N ,N '-trim e th y l-N '-(2 -h y d ro x y -3 -

(HIPDM),

hexamethylpropyleneamine-

i23|_n_isopropyl-p-iodoamphetamine and s^n^Tc-ethyl cysteinate

dimer (ECD). Investigations using these methods began before the era of high-resolution
MRI, when a considerably higher proportion of patients would have been found normal
with structural imaging; comparisons between imaging modalities in this substantial
older literature now need cautious interpretation. In essence, interictal SPECT shows
reduced regional rCBF, ictal and postictal studies show increased rCBF. Older studies,
comparing

SPECT with

inferior

technologies

in other

imaging

modalities,

are

enthusiastic; more recent studies have defined a more limited role for blood flow SPECT.
The literature below is reviewed chronologically.

One of the earliest studies revealed the essential phenomena of increased local blood flow
in the ictal state and reduced flow interictally [274]. The particular localising value of
regional hyperperfusion during ictal studies was soon amply confirmed [275], both in
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secondary generalised, as well as partial, seizures [276, 277 ]. In the early MRI era,
interictal SPECT localisation correlated with EEC in 75% and with MRI in only 61%,
leading to the conclusion that, with these technologies, SPECT was superior to MRI
[278]. With rapid progress in MRI technology, interictal SPECT was recognised to be
inferior to MRI, though ’ ®F-deoxyglucose (i^FDG) PET was at this stage still regarded as
the most sensitive modality [279]. However, further studies revealed the paradoxical
and clinically limiting observations of interictal diffuse, multifocal and bilateral
hypoperfusion, or focal hyperperfusion, as well as focal hypoperfusion [280] in
addition to limited concordance with EEC - only 69% in one study [281]. Some regional
abnormalities were possibly responsible for neuropsychological defects [282, 283].

MRI, with limited resolution, continued to be surpassed by ictal and even by interictal
SPECT [2 8 3 -2 9 0 ]. Further investigations confirmed the greater sensitivity of ictal
SPECT: interictal studies were positive in 46-76% compared to 75-97% of ictal
studies [291-298]. In a review of 80 selected patients who had ictal SPECT and EEC
studies and temporal lobe localisation, diagnostic sensitivity of ictal SPECT judged by
EEC was 90% [299]. The technical difficulties of ictal studies were somewhat assuaged
by the finding that early postictal SPECT was more sensitive than interictal SPECT
[3 0 0 ].

Patterns of blood flow change were clarified. Serial SPECT studies in the interictal, ictal
and immediate postictal states were performed in 12 patients with refractory temporal
lobe epilepsy to define the patterns and duration of peri-ictal cerebral blood flow
changes. Visual and quantitative analysis showed a constant pattern of unilateral global
increases in temporal lobe perfusion during seizures which suddenly switched to a
pattern of relative mesial temporal (hippocampal) hyperperfusion and lateral temporal
hypoperfusion in the immediate postictal period [295, 301]. “Reversed” crossed
cerebellar diaschisis was observed in ictal studies, with cerebellar hyperperfusion
contralateral to the cerebral focus [302]. Focal hyperperfusion was demonstrated in
epilepsia partialis continua with normal EEC [303]. In temporal lobe epilepsy, ictal
dystonia was associated with a relative increase in perfusion of the basal ganglia opposite
the dystonie limb. Additionally, slight increases in cortical blood flow on the side
opposite the direction of version were associated with head-turning, irrespective of the
side of seizure focus [304].

Frequent discordance with EEG findings was noted in interictal studies [305-308 ]. The
continued identification of multiple and bilateral abnomalities with interictal studies
was ascribed to diaschisis, projection sites and mirror foci [309]. Although recognising
the growing superiority of MRI over interictal SPECT, particularly of hippocampal T2
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signal and hippocampal volume [3 1 0 -3 1 4 ], it was found that preoperative interictal
HMPAO SPECT could contribute to the prediction of postoperative verbal memory
function [315] and appeared to be more helpful in children where the rate of detection
of abnormality with MRI was markedly lower than in adults [316]. Nonetheless, studies
continued to be produced in which interictal SPECT, now recognised to be of limited
sensitivity, was compared with the inferior imaging by other modalities, such as X-ray
CT,

or

only

compared

with

EEG

[317-320];

the

value

of

such

studies

is,

retrospectively, limited. Some later studies continued to report superiority of SPECT
over MRI [321, 322]; the relative sophistication of the acquisition and analysis methods
may be responsible for these conflicting studies.

In conclusion, interictal SPECT is of little value in the current era; ictal SPECT may be
helpful in patients with normal imaging, especially in temporal lobe epilepsy (TLE).
539 patients reported in the literature with interictal SPECT have been reviewed
[299]. 291 patients were localised by SPECT to the temporal lobe, 65 to extra
temporal locations and 183 were unlocalised. 79% showed concordance of the interictal
SPECT and EEG localisation. In a recent overview of the extensive experience from the
Austin Hospital, ictal SPECT achieved 97% correct localisation in unilateral temporal
lobe epilepsy, compared with 71% for postictal SPECT and 48% for interictal scans. In
extratemporal seizures ictal SPECT studies localized the focus in 92%, compared to
46% for postictal studies and interictal SPECT was of little value [323]. Ictal ^^"^TcHMPAO scans may be especially useful in the evaluation of patients with extra-temporal
seizures with normal MRI, localizing the seizure focus in 10 of 12 patients in one series
and in 20 of 22 in another [324, 325]. The latter study revealed asymmetric tonic
posturing, contralateral head and eye deviation and unilateral clonic jerking were
associated with an ictal increase in CBF in the frontocentral, medial frontal or
dorsolateral areas. Focal ictal increases in CBF have also been found in patients with
parietal lobe epilepsy, some with normal MRI [3 26]. The coregistration of interictal
and ictal SPECT images, to result in an "ictal difference image" that may be coregistered
with an individual's MRI enhances the accuracy of data interpretation [327].

Blood flow SPECT has been used in a small number of studies specifically investigating
developmental disorders. HMPAO SPECT demonstrated cerebral blood flow similar to
cortex in two patients with heterotopia, in the areas of their heterotopic lesions [328].
Profound hemispheric hypoperfusion in the affected hemisphere in 6 children with
hemimegalencephaly has been noted [329]. During ipsilateral EEG discharges in a child
with hemimegalencephaly, rCBF was 40% higher in all regions of the affected
hemisphere; interictally, rCBF was 45% lower [3 3 0 ]. Interictal ^^f^Tc-nMPAO SPECT
imaging has recently revealed identical or increased cerebral perfusion of laminar

70

heterotopia in comparison to the overlying neocortical gray matter [331]. Postictal
SPECT has shown a focal increase in rCBF in areas of focal cortical dysplasia [332] and a
focal ictal increase in rCBF rise has been demonstrated in patients with malformations
of cortical development and non-localizing ictal scalp EEG [333].

2 .1 .2 B enzodiazepine recep to rs

^23|-Ro 1 6-01 54 ( ^23|-jomazenil) was shown to have intracerebral retention parallel
to the known distribution of BZD receptors in man [334]. A multi-centre European trial
of i23|-jomazenil SPECT was reported. Examining the predictive value for identifying
the seizure focus in localisation-related epilepsy, a 100% positive predictive value for
iomazenil compared to 92% for flow images was found. Negative predictive values were
calculated as 81% for ^23|_jomazenil and 54% for flow images [3 3 5 ]. ’ 23|.iomazenil
SPECT in 17 patients who were considered candidates for surgery because of medically
intractable complex partial seizures showed asymmetry in over 80%, in agreement
with EEG findings [336].

In a comparative study of 12 patients with localisation-related epilepsy and normal
MRI, 10 patients had focal reduction of HMPAO uptake and 9 patients had focal reduction
in ^23|_jomazenil uptake. In 8 these abnormalities were coincident [3 37]. In 10
patients with normal MRI but a region of interictally reduced blood flow with HMPAO
SPECT, all showed a concordant reduction in i23|_iomazenil binding [3 3 8 ]. 14 patients
with reduced interictal HMPAO binding regions showed reduced i23|_jomazenil binding
in 11, the reduction with iomazenil being more marked. In this study clobazam was
shown to have no effect on the interpretation of iomazenil SPECT images [339]. These
studies suggest little advantage in imaging BZR over blood flow. However, in a patient
with focal epilepsy due to MCD a marked focal decrease in ^23|.jomazenil uptake was
seen in this area but normal HMPAO uptake [340]. Some animal evidence suggests BZR
imaging should be clinically useful. In hippocampal kindled rabbits, in vivo double
tracer

autoradiography

using

i^sj.iomazenil

and

^^f^Tc-HMPAO,

accumulation was more markedly and extensively decreased than

’ 25|_iomazenil
^^f^Tc-HMPAO

accumulation [341].

The reason for the disappointing results of clinical application of SPECT BZR imaging
may be methodological. Acute occlusion of the middle cerebral artery in rats has been
shown to cause no acute change in the number of BZR. However, in an experiment in
which dual tracer studies were carried out simultaneously with occlusion, reduction of
HMPAO binding was seen which correlated very strongly with reduction in iomazenil
binding, indicating that a single image of iomazenil binding in man, without any kinetic
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modelling, may be seriously confounded by changes in regional blood flow [342]. Tracer
kinetic and equilibrium methods have been shown in man to give good measures of BZR
parameters without the confound of blood flow; however, dynamic imaging and blood
sampling are required [343]. In the baboon, very good agreement with ex vivo data has
been shown for regional B^gx and

values using dynamic SPECT [344]. These

experiments also demonstrated the inadequacy of semi-quantitative methods commonly
used in clinical practice in comparison with rigorous kinetic and equilibrium techniques
[3 4 5 ].

More recent studies using higher resolution equipment and optimal scan orientation have
suggested that the area of reduced specific binding of i23|.|omazenil is more restricted
than the defect of blood flow and of greater sensitivity for the localization of an
epileptogenic focus [346, 347].

2 .2 . PET

2 . 2 . 1 . C e re b ral m e ta b o lic ra te

T8FDG has been used with PET to measure regional cerebral metabolic rate for glucose
(rCMRgluc). The underlying hypothesis permitting interpretation of ^®FDG PET data is
that a local increase in neuronal activity will be reflected by an increase in rCMRgluc,
and a local decrease in activity by a decrease in rCMRgluc. Localised ictal activity in
animals was shown 25 years ago to result in a localised increase in rCMRgluc: In a
baboon, intraamygdaloid injection of kainic acid resulted in repetitive limbic status
epilepticus and susequent localisation-related epilepsy. During the interictal state,
T8FDG uptake was normal. During the ictal state ^®FDG uptake was increased [348].

However, most human studies have been of the interictal state; the hallmark in
localisation-related epilepsy has been a regional decrease in rCMRgluc interictally,
although a study of drug-naive patients found interictal increased rCMRgluc [349].
Several studies of ^®FDG PET have found a 60-90% incidence of hypometabolism in the
temporal lobe interictally in adults and children with temporal lobe epilepsy [279,
3 5 0 -3 5 8 ].

^®FDG PET revealed a hypometabolic region in 25 of 31 patients with

localisation-related epilepsy; MRI detected abnormality in only 10, though with the now
obsolete technology appropriate to the study era [355]. Surgical ECoG findings
confirmed the epileptogenic nature of regions of interictal hypometabolism [359]. The
hypometabolic zone is frequently extensive and, particularly in TLE, may involve
regions outside the ictal onset area; in patients with a unilateral temporal lobe focus the
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asymmetry of metabolism was more pronounced in the lateral temporal cortex than in
the mesial part of the temporal lobe. In most cortical and subcortical regions on the side
of the epileptic focus, glucose consumption rate was lower than in the contralateral
region or than in controls [358, 360]. Hypometabolism of basal ganglia and thalamus
has been further confirmed in patients with TLE of both limbic and neocortical origin
[361]. A well-localised region of decreased glucose metabolism is found less frequently
in extratemporal seizure disorders than in TLE [362].

Although regional hypometabolism may be detected in patients with lesions or normal
MRI, the clinical utility of such a finding is controversial. In patients judged to have
temporal lobe epilepsy, the presence of temporal lobe hypometabolism was associated
with a better outcome after ipsilateral temporal lobectomy than in patients without
hypometabolism [363]. Conversely, in 31 of 40 TLE patient with normal MRI who had
unilateral temporal hypometabolism, unilateral EEG spikes were a better predictor of
surgical outcome than ^^FDC PET findings [364]. Further, in a comparison of CT, MRI,
T8FDG PET and depth EEG in 22 patients, MRI correlated with depth EEG in 50%;
regional abnormalities were found with quantified PET in 95% of the patients but were
concordant with depth EEG for side of onset in only 77% of the patients and for lobe of
onset in only 59%. A possibly false localising PET result for lobe of onset was obtained
in 36%, limiting the usefulness of such data [365]. However, of 37 patients with
concordant findings with non-invasive EEG and ^®FDG PET, depth studies did not reveal
discordant findings in any case, suggesting ^®FDG PET might obviate the need for depth
recording [366].

In a comparative study of ^^FDG PET, HMPAO SPECT and MRI in 20 patients with TLE,
PET showed an abnormality in 80% with normal MRI and 100% with MRI lesions;
SPECT revealed abnormality in 20% and 80% respectively [3 1 3 ]. With increasing
sophistication of MRI technology, the place of ’ ®FDG PET in detecting a lesion has been
questioned. Of 24 patients with partial epilepsy of neocortical origin, two-thirds of
patients had regions of hypometabolism, but these were usually associated with
structural imaging abnormalities [367]. More profound reduction of metabolism was
noted in patients with increased T2 signal in the mesial temporal lobe (presumably
indicating HS) compared with those without increased T2 signal [357]. Similarly, 16 of
18 patients with TLE had temporal lobe hypometabolism on ^®FDG PET; 11 had clear
concordant MRI abnormalities, suggesting ^®FDG PET did not provide clinically useful
data if the MRI findings were definite, but had some additional sensitivity [368].
Although in one study hippocampal neurone loss was not correlated with the degree of
temporal lobe hypometabolism [369], recent comparisons of hippocampal atrophy and
glucose metabolism in patients with TLE found that the degree of hippocampal atrophy
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correlated with the degree of hypometabolism in the hippocampus [368, 370].

The superiority of quantitative over visual interpertation of ^^FDG PET in TLE has been
demonstrated [371]. It may be possible to improve the delineation of the hypometabolic
zone in TLE by performing activation tasks during the scan, such as “emotional speech”,
which increase the contrast between normal and abnormal regions in the temporal lobe
[3 7 2 ].

In paediatric practice ispDG PET may have a more valuable role. ^®FDG PET has enabled
a characterisation of the functional abnormalities in children with severe epilepsies, in
some cases enabling remarkably effective surgical intervention in children with normal
MRI [373]. In eight children with intractable neonatal onset seizures, interictal PET
revealed unilateral diffuse hypometabolism in three,

leading to highly effective

hemispherectomy. In one child, ictal PET showed hypermetabolism in the left frontal
cortex, left striatum, and right cerebellum; again, a large resection was immensely
successful [374].

In 13 children with infantile spasms of undetermined cause,

unilateral hypometabolism involving the parieto-occipito-temporaI region was found in
5; MRI was normal in 4 of these. 4 of these 5 infants underwent surgical removal of the
cortical focus with seizure-free outcome; pathological examination of resected tissue in
each showed microscopic cortical dysplasia [375].

Despite reservations about the current place of ispDG PET in clinical investigation, this
technique has yielded interesting information relating to the neurobiology of seizure
disorders. Some differences exist in the metabolic patterns associated with different
aetiologies of TLE: patients with HS have the lowest ’ ®FDG uptake in the entire temporal
lobe, followed by patients with lateral temporal seizure origin. Patients with tumours in
the mesiobasal temporal lobe show only a slight decrease of glucose metabolism [376].
The comparison of metabolic patterns on ^®FDG PET with video EEG telemetry in 48
patients revealed patients with frontal hypometabolism alone had shorter ictal and
postictal durations; auras were more likely to be present in patients with temporal
hypometabolism alone;

other metabolic patterns did not predict specific ictal clinical

features [377]. Relative hypometabolism of the left hemisphere correlated with lower
cognitive performance in 13 unilateral TLE patients. Hypometabolism of the left lateral
temporal lobe and thalamus independently correlated with verbal memory difficulties
[3 7 8 ].

Patients

with

localisation-related

epilepsy

had

bilateral

cerebellar

hypometabolism that was not fully explained by treatment with phenytoin [371]. The
metabolic consequences of successful surgery have been investigated. After selective
amygdalo-hippocampectomy in patients with HS there was an increase of rCMRgluc in
the ipsilateral and also the contralateral hemisphere [379].

74

^®FDG PET has been employed to examine patients with MCD. Glucose metabolism similar
to normal cortex has been detected using ’ ^EDG PET in the ectopic neurons in band
heterotopia [380, 381] and in heterotopic nodules [382, 383]. Of 17 patients with
MCD, fifteen had abnormal PET findings, consisting of focal hypometabolism in 9
patients and displaced metabolic activity of normal gray matter, reflecting underlying
grey matter heterotopia, in 6. All 15 patients had MRI abnormalities [384]. 4 of 8
children with hemimegalencephaly had regions of reduced metabolism in the unaffected
hemisphere [385]. A study including both patients with acquired lesions and congenital
abnormalities such as tuberous sclerosis and agenesis of the corpus callosum showed
regions of decreased metabolism which were more extensive than the MRI lesions in
some cases [386]. Attempts have been made to determine the functional capacity of
dysgenetic regions. A medical student with extensive unilateral heterotopic grey matter
underwent a resting ^®FDG PET in which metabolic activity similar to normal cortex was
seen in the heterotopia; during a second scan the patient undertook a verbal fluency task
which resulted in a slight increase in the metabolic rate in the heterotopic region [387].

A small number of studies have examined ictal metabolic patterns. By chance, 18
children undergoing ^®FDG PET had seizures during the ^®FDG uptake period. Three
major metabolic patterns were determined based on degree and type of subcortical
involvement: Nine children had asymmetric glucose metabolism of striatum and
thalamus, usually involving unilateral cortical hypermetabolism and crossed cerebellar
hypermetabolism. Five children had symmetric metabolic abnormalities of striatum and
thalamus;

this

pattern

was

accompanied

by

hippocampal

or

insular

cortex

hypermetabolism, diffuse neocortical hypometabolism, and absence of any cerebellar
abnormality. Four children had hypermetabolism restricted to cerebral cortex [388].
Focal hypermetabolism has been noted in EPC [389]. Hypometabolism is accentuated
after a seizure and may not return to the interictal state for more than 24 hours [390].

In summary, although ^^FDG PET has been useful in the past for detecting a seizure focus
possibly amenable to surgery, the improvements in MRI technology have rendered such
routine clinical investigation superfluous in the majority of patients. However, in
selected MRI normal patients, particularly children, a place remains for evaluation with
18FDG PET, with the caveat that the hypometabolic region may be found to be nx)re
extensive than the ictal onset zone. However,

i®FDG PET has provided valuable

information about metabolic abnormalities in an extensive cortical-subcortical network
and an insight into patterns of ictal metabolism.
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2 .2 .2 . Opioid re c e p to rs

The rationale for employing opioid receptor ligands is the demonstration that endogenous
opioids are released following partial and generalized tonic-clonic seizures and
contribute to the post-ictal rise in seizure threshold [391]. An increase in ^i-agonist
T^C-carfentanil binding to ^-receptors in lateral temporal neocortex in areas which
also showed reduced glucose metabolism has been shown [392]. This may be a tonic
antiepileptic system that serves to limit the spread of electrical activity. The increase
in i^C-carfentanil binding to lateral temporal neocortex was confirmed and reduced
binding to the amygdala was noted [393], though this may be an artefact of partial
volume effect. Using ’ ^C-diprenorphine, which binds with similar affinities to

n, k

and

Ô subtypes of opioid receptors, there were no abnormalities of binding of ’ ^Cdiprenorphine in the temporal lobe or elsewhere [393, 394]. Also there was no overall
asymmetry of binding of ^^F-cycloFOXY, which binds to

p,

and k receptors in patients

with T IE [395]. The explanation of these findings is not clear, although either an
upregulation of
upregulation of

ja

receptors and reduction of number or affinity of

receptors and occupation of

k

k

receptors, or

receptors by an endogenous opioid ligand

would fit the evidence.

2 .2 .3 . O th e r ligands

Deprenyl binds to monoamineoxidase (MAO)-B receptors, which are mainly located on
astrocytes. In 9 patients with TLE ^^C-deuterium deprenyl binding was increased in the
epileptogenic temporal lobe,

possibly reflecting gliosis [396].

^^C-doxepin was

increased in epileptic foci also showing reduced interictal glucose metabolism [397],
although the explanation for this finding requires clarification.

2 .2 .4 . B enzodiazepine recep to rs

2 . 2 . 4 . 7. Alcohol

In mice it has been demonstrated that acute ingestion of high doses of alcohol causes an
increase in ^H-flumazenil binding [3 9 8 ]. Using a saturation procedure with two PET
experiments for each subject, no differences in B^^^ or

were found following either

acute alcohol injestion in previously healthy men, or in men with chronic alcohol
dependency [399, 400], though the variance in B^^ax may be greater among alcohol
dependent subjects than in normals, possibly implying multiple effects of alcohol on the
benzodiazepine receptor [401 ].
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2 . 2 A . Z . Neurodegenerative conditions

No abnormality of ^^C-flumazenil binding was found in a group of 9 patients with
Friedreich's ataxia [402], using a multi-injection protocol. Since the pathology may be
primarily in regions of low i^C-flumazenil binding this is perhaps not surprising.

T^C-flumazenil volume of distribution (V^) was significantly decreased by 26% in the
caudate nucleus in 6 untreated patients with Huntington's disease [403]. This is
commensurate with data obtained in postmortem autoradiographic studies of receptor
density. The postmortem changes known to occur in putamen and thalamus were not
found, possibly because the patients studied with PET had relatively early disease. The
T^C-flumazenil PET findings may prove to be a useful tool for early diagnosis and for
monitoring the effects of treatment.

Extensive changes in ^^C-flumazenil

in the motor cortex, dorsolateral and medial

prefrontal regions have been found in 10 patients with motor neuron disease compared
to normals [404]. Though this may simply reflect neuronal loss in these areas, it may
be a consequence of altered function in GABA^ mediated inhibitory circuits. Again, this
raises the tantalising possibility of a method for monitoring response to treatment,
which may be available in the future.

2 2 . 4 . 3 . Idiop athic r e c u r r e n t s t u p o r

A recent case report describes a 48 year old woman with idiopathic recurrent stupor
whose T^C-flumazenil PET was normal interictally, but during a period of stupor
flumazenil binding was greatly reduced. Drug screens and mass spectrometry for
benzodiazepines were negative, but during the stupor endozepines, purified by high
pressure liquid chromatography (HPLC) and measured by radioreceptor assay, were
detected

suggesting strongly that PET can detect endozepine release in this condition

[4 0 5 ].

2 . 2 . 4 . 4 . Epilepsy

The epilepsies have been more extensively studied with ’ ^C-flumazenil PET than other
conditions. Using PET and ^’ C-flumazenil Savic et al. found a significant 29% decrease
in

in the region of the epileptic focus in 10 subjects, six of whom had medial

temporal epileptic foci [406]. A further 8 patients, 6 with normal MRI, showed focal
decreases in BZR density which were more closely localised than reduction in glucose
metabolism as indicated by ^^FDG PET [407]. The reduction in BZR density in the
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epileptogenic hippocampus has been further confirmed in other studies [408-410]. The
study of Koepp et al. addressed in detail the question whether changes in BZR density are
seen elsewhere in the brain in hippocampal epilepsy: no differences in binding were
found outside the affected hippocampus, which had a reduction in

of 23% [410],

Although the finding of reduced benzodiazepine density in the hippocampus (and not
elsewhere) of patients with hippocampal epilepsy seems clear, one important issue is
inadequately addressed: to what extent is the apparent reduction of tracer binding
actually an artefact resulting from atrophy of the affected hippocampus? The dimensions
of the hippocampus are of the same order as PET resolution, hence a reduction of volume
of the hippocampus leads to increased partial volume effect and so an apparent reduction
in intensity at that point. Methods to “correct” PET images for partial volume effect are
required, A recent study using such a method showed reduced cBZR over and above loss of
hippocampal volume in hippocampal sclerosis [411].

The pathological basis underlying reduced ’ ’ C-flumazenil binding in hippocampal
sclerosis is not yet fully elucidated. Autoradiographic and histopathological studies of
surgically removed sclerotic hippocampi have shown reduced neuron counts and cBZR
density, with a reduction of cBZR density over and above the neuronal loss [254].

A

highly statistically significant correlation between neuronal loss and reduced cBZR
binding on autoradiographic analysis of hippocampi from patients treated surgically for
hippocampal sclerosis has been observed [412]. This study concluded that neurone loss
was the sole basis of reduced ^’ C-flumazenil binding in vivo.

However, the possibility

of cBZR loss over and above neuronal loss was not excuded by this study.

Epileptic foci outside the hippocampus have not been systematically studied, although
small numbers of cases have been described with focal decrease in receptor density
[4 0 6 ].

The place of ’ ’ C-flumazenil PET in the clinical investigation of patients with refractory
localisation-related and unremarkable high quality MRI has been little investigated. In
six patients with frontal lobe epilepsy, reduction in cBZR binding was demonstrated with
T^C-flumazenil PET, that was consistent with clinical and EEC data [413].

In 2 of 4

patients who also had ^^FDG scans the region of reduced metabolism was more extensive
than the reduction in cBZR. The MRI was unremarkable in five, implying greater
sensitivity of PET.

Comparisons of this nature, however, crucially depend on the

relative sophistication of the instruments and methodologies used. Greater reduction of
1’ C-flumazenil binding in the putative seizure focus has been reported in patients with
frequent seizures compared to those with less frequent seizures [414]. This finding has
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not been confirmed by other studies.

Primary generalised epilepsy hes been much less studied than focal epilepsy. Diagnostic
classification is often difficult; this may explain the contradictory results noted in
different studies. There is Increasing evidence that the fundamental abnormality
underlying primary generalised epilepsy appears to lie at the GABAg receptor [415], so
abnormalities of ’ ^C-flumazenil binding might not be expected. Childhood and juvenile
absence epilepsy patients were shown to have normal interictal ^^C-flumazenil Vy
[416]; other primary generalised epilepsy patients have been shown to be not
significantly different from normals [417] or to have increased receptor density in the
cerebellar nuclei and decreased receptor density in the thalamus [418]. This latter
finding is intriguing, pointing to abnormalities outside the thalamocortical loop usually
regarded as the substrate of generalised seizure discharges [419]; the finding has not
yet been replicated in man or confirmed in animal studies. Further work is needed to
clarify the findings in well-defined diagnostic groups.

The effects of drugs on benzodiazepine receptor binding in man have not been widely
examined using ^’ C-flumazenil PET. Treatment with sodium valproate was associated
with a significant reduction in

in a cross-sectional study of patients with childhood

and Juvenile absence epilepsy [416], suggesting a possible mechanism of therapeutic
action.

Absence seizures were induced by hyperventilation in susceptible volunteers during the
course of a study. Comparing the ^^C-flumazenil binding with that in a scan without
seizure provocation in the patients, with scans of normals and with computer
simulations of the effects of changes in blood flow or receptor binding due to seizures,
alterations of benzodiazepine receptor characteristics during absences were not detected
[4 2 0 ].

2 .3 . OTHER FUNCTIONAL STUDIES IN MCD

Language representation was mapped by electrical stimulation of chronically implanted
subdural electrodes in 34 patients being evaluated for epilepsy surgery, 28 of whom had
magnetic resonance imaging or histological evidence of MCD. Developmental lesions were
generally associated with a normal location of language cortex even if the lesion extended
into the language area, whereas lesions acquired before the age of 5 years were in some
cases associated with relocation of language representation to the opposite hemisphere
[421]. SSEPs were recorded in patients with MCD affecting eloquent sensory areas.
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Approximately half of the patients demonstrated normal SSEPs recorded over regions of
MCD [422]. Both of these studies suggest the possibility of functional capacity of regions
of MCD.
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2 .4 . AIMS

In summary, methods of functional imaging may be used to elucidate the metabolic, blood
flow and neuroreceptor consequences of localisation-related epilepsy. SPECT is limited
by poor spatial resolution and, usually, by acquisition techniques which do not permit
kinetic or equilibrium modelling of tracer parameters and by analysis techniques which
do not permit quantitation. The requirement for these techniques, in order to eliminate
the confounding effects of blood flow and to allow the greater sensitivity of quantitative
methods, has been amply demonstrated. Using PET, kinetic or equilibrium approaches
and quantitative analysis, ’ ^C-flumazenil binding has consistently been shown to be
abnormal in a more restricted pattern than abnormalities of metabolism, suggesting that
T^C-flumazenil

binding abnormality

may

be a

more

faithful

reflection

of the

epileptogenic zone, without the confounding effect of diaschisis. No prior study has
examined ^^C-flumazenil binding

in MCD. Further, no prior study has attempted to

clarify the aetiological correlates of abnormalities of ^^C-flumazenil binding, or any
subcortical ^^C-flumazenil binding abnormalities. Recent studies have begun to suggest a
role for iiQ-flumazenil PET in patients with normal MRI. The capacity of regions of
MCD to support normal cortical functions has been examined with PET in case reports
only and using questionable methodology; attempts have been made to examine this
question using electrophysiological methods, but these do not permit anatomical
visualisation of the findings.

The aims of the investigations carried out were:

1) To investigate benzodiazepine receptor binding in MCD using ’ ^C-flumazenil PET.

2) To investigate the functional capacity of regions of MCD using

PET and to seek

evidence of reorganisation of cortical functions

3) To investigate the characteristics of any abnormalities of ^^C-flumazenil binding in
patients with extratemporal localisation-related epilepsy and acquired cerebral injury.

4) To investigate the characteristics of any abnormalities of ^^C-flumazenil binding in
patients

with

localisation-related

epilepsy

and

dysembryoplastic

neuroepithelial

tumour.

5) To investigate the characteristics of any abnormalities of ^’ C-flumazenil binding in
patients with extratemporal localisation-related epilepsy and unremarkable highresolution MRI and then to attempt to interpret any abnormalities seen using the results
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found in patients with known aetiologies.

6) To investigate the characteristics of any abnormalities of ^^C-flumazenil binding in
the subcortical structures of patients with extratemporal localisation-related epilepsy.

7) To develop a technique for combining structural MRI data and functional PET data at
the voxel level, in order to determine if observed abnormalites of ^^C-flumazenil PET
are due to underlying anatomical, rather than functional, abnormality.

The hypotheses which were tested were:

1) MCD is associated with abnormalities of ^^C-flumazenil binding which are more
extensive than the MRI abnormality.

2) Regions of MCD will fail to be activated by cognitive and motor tasks and cortical
reorganisation occurs in this context.

3)

Different

aetiologies

of

localisation-related

epilepsy

are

associated

with

characteristic ^^C-flumazenil binding changes.

4 ) Extratemporal localisation-related epilepsy is associated with abnormalities of the
GABAergic system in subcortical structures which will be visualised with

^^C-

flumazenil PET.

5) Abnomalities of structure do not account for all the abnormalities of function seen in
localisation-related epilepsy with ^’ C-flumazenil PET.
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Chapter 3.
M ethods 1 : Principles o f positron emission
to m o g rap h y.

In this chapter, the first of two methodology chapters, the general principles of PET
methods are described. The details of the experimental methods used are described in the
subsequent chapter.

3 .1 . PRINCIPLES OF PET

PET provides a means for the in vivo measurement of regional cerebral blood flow,
metabolic rate or binding parameters of a variety of neuroreceptor ligands and enzyme
substrates in man. These measures are obtained as tomographic images. PET can be
performed with the subject in the resting state or during, or following, a variety of
potentially perturbing stimuli, such as the performance of a cognitive or motor task, the
administration of a drug or the occurence of a seizure. Positron-emitting isotopes with
short half lives are used in PET, commonly
and n o

and ^®F, with half-lives of 2, 20

minutes respectively. Because of the short half-lives of

and

it is

necessary to produce many PET radiotracers with an on-site cyclotron, severely
limiting the availability of the technique. Although

incorporated into a tracer

molecule by substituting for hydrogen or a hydroxyl group, hence potentially altering
the properties of the molecule,

and

replace the naturally occurring element and

so do not alter the properties of the molecule. Molecules with specific properties (e.g.
receptor binding) can be labelled with positron emitting chemical nuclei and then
injected into a subject [423].

The positron is emitted from the radioligand and, after travelling a short distance, is
annihilated following collision with an electron. Through Einstein’s principle of the
conservation of mass-energy (e=mc^), two photons (y rays) are emitted. The mass and
velocity of the positron and electron are both relatively small, thus the momentum of the
collision is almost zero. Momentum is conserved in a collision, therefore the two photons
travelling at the speed of light travel in diametrically opposite directions (180° to each
other) in order to conserve virtually zero momentum (figure 3.1). The PET camera
consists of a ring of detectors arranged around the organ(s) of interest. The 'coincident'
photons are absorbed in diametrically opposing detector crystals at approximately the
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same time (figure 3.2). The advantage of imaging a positron-emitting ligand is that the
detection of coincident photons establishes the origin of those photons to be somewhere
along a line linking the two detectors (line of response) (figure 3.3). Additionally, the
probability of two photons arriving simultaneously at diametrically opposing detectors
by chance is very small, hence the signal to noise ratio is very favourable. In contrast,
SPECT cameras, which detect single emitted photons, cannot distinguish between a single
photon emitted from the radiotracer and a photon arriving at the detector by chance,
hence the signal to noise ratio is very much less favourable.

The data collected by the PET scanner may be mathematically reconstructed to produce
tomographic images of tissue radioactivity concentration [424]. The resolution of a PET
camera is defined by the apparent width of a point source of radioactivity positioned in
the field of view at half the maximum value (full width at half maximum, FWHM). Two
point sources cannot be resolved unless separated by at least one FWHM. The resolution
of PET is limited by the short distance that the emitted positron must travel in order to
encounter an electron and be annih/feted. This distance varies with the isotope used,
since positrons of different energies are emitted by different isotopes. For

this

theoretical best resolution is approximately 2mm.

In the past, images were obtained with lead septa separating each ring of detectors
collecting each transaxial slice of data (two-dimensional or 2D imaging). The number of
possible lines of response in 2D is small, hence the electronic linking of detectors to
detect coincidences and mathematics of reconstruction are relatively simple. However,
many photons will be absorbed by the lead septa and will not reach a detector, hence
reducing the sensitivity of the camera. By removing the septa, the absorbtion of photons
no longer occurs, resulting in a very substantial gain in sensitivity (three-dimensional
or 3D imaging, figure 3.4) [425]. However, two problems arise: Firstly, at each
detector a very large number of lines of response is possible, requiring complex
electronics and reconstruction algorithms; secondly, the problem of scatter arises. With
very many photons being emitted from the organ of interest, some of these photons
inevitably collide with subatomic particles and are deflected from their original
trajectory, or scattered. Although such photons will no longer be able to arrive
coincidentally with the “partner” photon travelling in the opposite direction, by chance
some scattered photons will arrive at a detector at the same moment as another photon.
Because the number of photons being emitted is so great, the proportion of photons which
become scattered is not insignificant. In 2D, the scattered photons usually deviate from
the possible lines of response of paired detectors and are absorbed by the septa, so
scatter is much les of a problem in 2D. The scatter fraction varies across the field of
view of the scanner due to its geometry, and also will vary depending on the local level of
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radioactivity in the organ of interest. Hence, scatter needs to be subtracted from the data
during reconstruction in order to enable accurate radioactivity measures. This can be
done by modelling scatter according to the known geometry of the camera [426] or by
measuring the scatter simultaneously with the unscattered data [427]. The former
method is easier but cannot account for scatter from photons emitted from parts of the
subject outside the field of view of the camera, which may be significant; the latter
method has the advantage of allowing removal of the real scatter, rather than merely a
model of it, which allows for out of field of view scatter. Measuring scatter depends upon
the observation that scattered photons have lost some of their energy through a collision
with another particle; it is possible to adapt the detector properties such that photons
can be collected at two different “energy windows” simultaneously, one set at the level
of the emitted photons (the “data window”) and the other at a lower energy level
appropiate for scattered photons (the “scatter window”). This is known as dual-window
scatter correction

[427].

One

possible

scatter

modelling

technique

is termed

convolution-subtraction scatter correction [426].

Over the time period of the scan the distribution of the radioligand in the organ of
interest is likely to change. In the case of a neuroreceptor ligand, the inital period of the
experiment will show a radioactivity distribution reflecting blood flow and ligand
delivery. As the PET scan continues the ligand will become bound and the radioactivity
distribution will then reflect the pharmacokinetics of the ligand at the receptor. In
addition, the radioactivity measurements will be affected by decay of the radioisotope.
Depending on the ligand in question, the time course of these changes is likely to be of the
order of minutes to hours, hence the acquisition of the PET data will need to continue
through this time. In order that the changing radioactivity distribution may be recorded,
the scanning period is subdivided into a number of discrete intervals known as
“frames”. In turn, the data for each frame are subdivided spatially into a very large
number of very small subvolumes, usually roughly cubic, known as “voxels”. All of the
voxels for each frame can be assembled as an image.

The data are recorded in such a way that at each voxel there is a different voxel value
(radioactivity counts per unit time) for each frame of the experimental period, hence
there is an image corresponding to each frame. The change in voxel value for a particular
voxel over time is, in essence, a time-activity curve for that region of the organ of
interest. The set of images corresponding to all the frames is, taken together, a very
large set of time activity curves for all regions within the scanner field of view. This
process of collecting data subdivided over time in order to detect changes in radiotracer
distribution is termed “dynamic imaging”. Although a conventional technique with PET,
it is possible, though rarely done, to perform dynamic imaging with SPECT.
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Frequently, data are also collected from the subject’s blood. A variety of parameters of
the ligand will be affected by the rate of delivery and wash-out of the ligand, which are
in turn affected by the concentration of radioligand in the blood and the partitioning of
the ligand between plasma, blood cells and plasma protein binding. The concentration of
radioligand in the blood is also affected by the rate of decay of the isotope and any
metabolism of the ligand. Although venous blood sampling is easy, many of these
measures will differ between venous and arterial blood. Arterial blood sampling is
usually essential in order to determine the availability of the radiotracer in question to
enter from the blood into the organ being scanned. In general, a continuous measure is
collected of total radioactivity in arterial blood over time. In order to determine how
much of this total radioactivity is unmetabolised available radioligand, metabolites are
assayed and the partitioning between the plasma, intracellular and protein bound pools is
measured in discrete blood samples taken throughout the scanning period. These data are
used to correct the continuous measure of a rterial blood radioactivity, in order to
produce a time-activity curve for unchanged, available radiotracer in arterial plasma.
This is termed an “input function”.

These data, the dynamic image set and the input function, can then be used to derive
regional parameters of ligand binding, such as available receptor density (B^gx)»
receptor affinity (K^) and binding potential or volume of distribution between blood and
the organ in queston (V^). These parameters are derived via modelling techniques
(figure 3.5). A model is a set of internally consistent hypotheses to explain the
behaviour of complex systems, based on available data from that system, which is used to
interpret novel observations from that system. The essential underlying assumption is
that the tissue time-activity curve at each voxel is the convolution of the input function
and the tissue response function which describes the physiological process under study
at each voxel.

3 .2 . 1 ^C-FLUM AZENIL PET

PET has been used to image benzodiazepine receptors for over ten years [428]. Through
this time a number of methodological issues have been addressed and clarified, allowing
the selection of optimal methods [423].
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3 .2 .1 . Ligands fo r b en zodiazepine re c e p to r imaging

A number of non-selective benzodiazepine site agonists have been used as labelled ligands
to investigate benzodiazepine receptors in man and animals: ^^C-flunitrazepam [4 2 9 ],
T^C-suriclone [4 3 0 ] and ’ ^C-triazolam [431]. All of these agonists have significantly
more non-specific binding than the neutral antagonist flumazenil. ^^C-flumazenil has
been used for the vast majority of the studies carried out to date.

The characteristics of ^^C-flumazenil are that it is specifically bound exclusively in the
brain, it crosses the blood brain barrier easily, it is not metabolised in brain, its non
specific cerebral binding represents about 10% of the specific binding (small but not
negligible), it has polar metabolites (one of which is radiolabelled) which do not cross
the blood brain barrier, it dissociates from the benzodiazepine receptor rapidly (tissue
half life estimates vary between 12 and 22 minutes), it reaches peak concentrations in
the head by about 10 minutes and it is localised principally in cortex with some binding
in hippocampus, basal ganglia, thalamus and cerebellum from which it washes out at a
differential rate than from the cortex.

T^C-Ro 15-4513 [432], a partial inverse agonist, has also been employed; it binds to
receptor subtypes which incorporate the a6 subunit, which is not labelled by flumazenil
[4 3 3 ].

The discussion that follows will focus exclusively on PET scanning using ^C-flum azenil.

3 . 2 . 2 . P a ra m e te rs

Generally, an image of radioactivity distribution is not sufficient; in most settings, an
attempt is made to derive quantified parameters from the dynamic image series, either
for regions of interest or for every voxel ( “voxel-by-voxel”). Possible neuroreceptor
parameters of interest which might be measured are
related to the ratio of

^nd binding potential,

and K^. Of note is that in order to separate

and B^g^ at least

two scans are needed [434] while one suffices for a ratio measure. In clinical studies
this is an important decision since some patients may find it difficult to tolerate more
than one scan. In addition, the longer the time separating different scans in the same
subject the more likely it is that extraneous factors may change the desired measures.
Further, it is unlikely that a person could have more than three scans in one year as the
maximum absorbed dose of radioactivity allowed for volunteers (at present in the UK)
would be exceeded.
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Since it has been demonstrated that ’ ^C-flumazenil dissociates very rapidly from the
benzodiazepine receptor, the measure obtained with only one scan is a volume of
distribution (V^) [435] rather than a binding potential. This may suffice in many
situations unless one postulates that B^gx and

change by the same proportion and in

the same direction in which, case the ratio of the two would remain unchanged. A
compromise might be to undertake a small number of studies in order to establish that
Kj is not different between groups of subjects under comparison, and then to collect
larger numbers of subjects using the more practicable single scan technique.

3 .2 .3 . P a ra m e te r m odelling

Compartmental models which describe the pharmacokinetics of a receptor ligand
postulate the existence of three possible tissue 'compartments' which represent free,
specifically bound and non-specifically bound ligand, in addition to the the vascular
compartment. Rate constants are used to describe the rate of passage of ligand between
one compartment and another (figure 3.7). Non-compartmental modelling (e.g. spectral
analysis [4 3 6 ]) does not make specific compartment predictions but assumes a partition
between blood and tissue and a number of functions which describe the tissue behaviour
of the ligand.

This large number of variables, many of which cannot be measured directly, is difficult
to model. The general principle which governs the analysis of these data is that a balance
has to be achieved between the number of assumptions and the number of unknown
parameters. This is because an increase in unknown parameters results in a greater
variability in their estimate [437] and in some cases achieves no greater accuracy for
the 'fit' to the time activity curve [435]. On the other hand, assumptions made in order
to simplify the model and thus reduce the number of parameters have often been
inaccurate. Examples of the latter are the assumption of negligible ^^C-flumazenil
binding in the pons and of a pseudoequilibrium being achieved at some time during an
essentially non-equilibrium scanning procedure.

3 .2 .3 .1 . Single scan stu d ies

For single scan studies, two methods are in current use to determine flumazenil V^:
kinetic modelling [435]

and spectral analysis [436]. Spectral analysis has the

advantage that it makes no assumptions about the number of compartments which are
needed to model the data. The single extravascular compartmental assumptions of the
kinetic method result in the model producing less accurate parameters in areas which
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have less specific binding such as the thalamus or cerebellum [435]; it has been
demonstrated, however, that a better fit to the data is not obtained using a model with an
additional extravascular compartment, though this was not shown for all brain regions
[4 3 8 ].

Spectral analysis provides a way of deconvolving the plasma input function out of the
tissue time-activity curve to produce a tissue response functon, in a manner which is
independent of any kinetic or compartmental model and from which voxel-by-voxel
parametric images may be produced. No a priori assumptions about the number of
compartments in the kinetics of the tracer need be made. Instead, a large but finite
number of basis functions which span the expected kinetic behaviour of the tracer in the
tissue is defined a priori. Flumazenil is eliminated according to first order kinetics;
hence, the basis functions are exponentials of the form:

Equation!.
ae~^^
where a and p are constants. These functions are convolved with the measured plasma
input function. A computer algorithm is used to select, scale and combine a small subset
of these functions which best fit the measured voxel time-activity curve. The general
model takes the form:

Equation 2.
j-n
C tis À t)

= Cm(0® y

-^jt
a je

where C^jssCt) denotes tissue concentration at time t, C^(t) the measured arterial input
function, ® convolution, and aj the contribution (a weight or scaling factor) of the basis
function exp(- pjt). Variables aj are constrained to be zero or positive. A least squares
technique is used to obtain best fit solutions for each voxel of data. Time-activity curves
are analysed without decay correction - this allows convenient limits to be placed on
values of p. The slowest possible tissue response corresponds to irreversible trapping of
the label and subsequent isotopic decay. Rapid transients due to label in the vasculature
can be accommodated by setting the upper limit of the range p = 1 0 ° s-i. In the model
employed n=64 basis functions are used with the values of p distributed logarithmically.
Typically, most aj are returned as zero, with only two to four positive values returned
for each pixel time-activity curve. This method is sufficiently rapid for routine
analysis of entire image sets on a voxel-by-voxel basis (6 0 -9 0 minutes on a Sun
SPARCclassic workstation).
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For each voxel a characteristic unit impulse response function (IRF) is produced, which
is the tissue response function scaled to a unit concentration value of tracer arriving at
the brain instantaneously at time=zerof Essentially, this IRF is produced by combining
the same weighted basis functions as selected by the least-squares fit above, but without
convolution of these basis functions with the plasma input function:

Equation 3.
j - P

-(fi

; —A )r

IRF(t)= 2
7=1
where X is the decay constant for the isotope and p the number of positive values of

a.

Having calculated the IRF for each voxel, a variety of parametric images can be produced:
clearance of tracer from blood to tissue (K^ ),

of tracer in tissue relative to blood, and

images constructed from the IRF at specific time points. Because the images are all
constructed on the basis of response to unit impulse activity, the equivalent parametric
images are directly comparable between different subjects, or in the same subject in
different conditions. The method is summarised in figure 3.8.

In practice, the intercept

is poorly defined; an index of clearance from blood to tissue

is obtained by producing an image corresponding to tissue response at 2 minutes. An
index of specific retention of the tracer is produced by imaging tissue response at 25
minutes. For some tracers, such images are less noisy than Vy images and may be used to
identify regions of interest, which can then be mapped back onto the data set for
calculation of regional V^. In the case of ’ ^C-flumazenil,

images have an acceptably

low level of noise, particularly if patient movement is minimised. Images of ^ C flumazenil

have been termed FMZVD images in this thesis. In the case of flumazenil,

which has minimal non-specific binding, volume of distribution is closely correlated
with receptor density [435].

3 . 2 . 3 .2 . M u ltip le scan s tu d ies

Various methods have been employed to model ’ ^C-flumazenil studies where a separate
Ky and

are required: these can be broadly divided into equilibrium and non

equilibrium methods.

a) equilibrium method

*

The high frequency spectral components, corresponding to ligand in the vasculature, are omitted in deriving the impulse
response function (IRF), such that the IRF represents the response of the peripheral (specific binding) compartment only.

90

A recent study applied one of the possible equilibrium experimental designs to ’ ^Cflumazenil PET [438]. In brief, the radioligand (which was administered at tracer doses
and was not in equilibrium) was injected on two occasions: one with no competing ligand,
one when the competing ligand had already been administered and was in an equilibrium
state. The main advantage of the method is that the system under study is truly in
equilibrium and thus this method should be applied whenever

robust parameter

quantitation is essential.

b) non-equilibrium methods

These rely on the injection of cold ligand either mid-study, to displace the radioligand,
or as a coadministration with the radioligand. The former design is known as a
displacement study, the latter as a low specific activity study. After the initial
descriptive studies [439, 440] which did not attempt to separate out the contribution to
the signal made by radioligand in the vasculature, two types of modelling have been
applied: pseudo-equilibrium and kinetic.

In pseudo-equilibrium modelling, an equilibrium between the region of interest and a
region assumed to contain only 'free' ligand is assumed for particular time-points in the
scan. Scatchard plots are applied to determine the desired indices. Different strategies
have been employed to determine the time of occurrence of pseudo-equilibrium: (a) the
period in which the calculated 'specific binding' time activity curve (for example having
subtracted the pons time activity curve from a cortical curve) has zero gradient [401 ]
(b) the period in which the time activity curves from two different brain areas (one
being the receptor rich area, and the other the receptor 'poor' and thus the 'control'
area) have a constant ratio [441] c) the time activity curve from

a 'saturating'

(radiolabel administered with high doses of cold ligand) experiment is subtracted for the
same region from a tracer alone ('high specific activity') study. The first assumption
(a) is more inaccurate than the others, since it has the additional complication that the
time taken to reach maximum activity is different in different brain areas depending on
the local blood flow [435] and permeability. All these methods can produce misleading
results because they are essentially non-equilibrium methods which overestimate the
binding potential [442] and the assumptions about reference values are often invalid
[438, 443, 444]. These methods have been extensively used because of their ease of
application [406, 441, 4 4 5 -4 4 8 ].

Kinetic analyses do not make any assumptions about equilibrium and employ kinetic
compartmental models fitting linearly [4 3 7 ] or non-linearly [4 4 9 ] for a number of
unknowns. Measured input functions are used in some [435, 437] but not all [448]
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studies. Protocols vary from dual injections of ligand (one at high specific activity and
one at low specific activity) to multi-injection protocols; some of these would only be
possible in primates because of the doses of radiation used. While this approach is more
rigorous than a pseudoequilibrium method, it still has the disadvantage that it examines
a non-equilibrium system using more than one study.

3 .2 .4 . In p u t fu n c tio n

In order to dissect out the contribution to total radioactivity in each voxel of vascular,
free,

non-specifically

bound and specifically bound

compartments,

an accurate

quantitation of the unmetabolised radiotracer in the vascular (cerebral capillary)
compartment should be made. A number of possible approaches have been taken;
obviously, none measure the cerebral capillary radioligand concentration directly.

1) A 'reference’ area in the brain which has no specific binding, the same vascular
delivery and the same non specific binding as the cortex could be used to provide a
measure of the sum of non-specific, free and vascular compartments, which can then be
subtracted from other brain areas to leave specific binding only. The area most often
employed has been the pons although some early studies employed the white matter
[441]. A formal comparison of corpus callosum, white matter and pons showed that the
pons was the most stable comparison area for ’ ^C-flumazenil [4 4 7 ].

2) The vascular time activity curve may be measured using venous samples, arterial
discrete or continuous samples or continuous 'arterialised' venous samples. Arterial
blood has the advantage of similar pH and protein binding to capillary blood and also
reflects delivery, whereas venous blood has had the ligand extracted. Also, venous data
produces an input function which is 'smoothed' in time as the various ligand molecules
from the same cardiac ejection will travel at greatly different speeds through the
peripheral tissues.

3) A variant of method (1) is to use the same brain region in a separate second study as
the reference region. In this second study a very high concentration of cold ligand is
administered to completely block specific binding, so that a sum of vascular, free and
non-specfic remains, which can be subtracted from the total radioactivity of the first
study to leave only specific binding [441 ].

4) Low specific activity injections may be administered with the assumption that when
the dose of cold ligand coadministered is greater than a threshold (e.g 10 jug/kg [445]),
all time activity curves from the region of interest

follow the same course which is
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indicative of signal due to nonspecific binding and free ligand.

3 .2 .5 . P a rtial volum e e f fe c t

The information collected by a PET camera is recorded as counts per unit volume. These
brain unit volumes are of the order of lOmm^ and can contain millions of neurons and
glia, and different proportions of gray matter, white matter, blood vessels and
cerebrospinal fluid. As the resolution of the camera improves, partial volume effects
decrease in magnitude. However, even at theoretical best, a PET voxel cannot be below
2mm3, still a large volume in terms of neuroanatomical structures. Thus the signal
from any voxel will always be 'mixed' in terms of the cytological constituents producing
it.

This fact has a number of implications for the interpretation of data:

a) There will be an apparent spread of voxel radiotracer parameter values for uniform
anatomical structures since the proportion of signal derived from other tissues varies,
especially at the boundaries of a structure.

b) A decrease in signal from an area of atrophy may only reflect reduced number of
neurons, rather than a change in receptor numbers per neuron.

c) Conversely, a small structure with low activity in a volume of high radioactivity may
have decreased binding but may be identified as having normal binding because of “spillin" from surrounding tissue.

Hence it has been recognised that methods of partial volume correction are necessary for
a full characterisation of PET data [4 5 0 -4 5 4 ]. These methods all rely on structural
imaging with MRI and subsequent segmentation of the MRI into grey matter, white
matter and, in some methods, a single region of interest. These structural data are
coregistered with the PET images in order to correct radioactivi^ measures and
parameter estimates for mixed-tissue sampling and partial volume effect.

3 .2 .6 . Scanner fie ld o f view

Many of the initial studies conducted using PET could only produce inforrmation from a
number of separate non contiguous slices (4 or 6) of the head. Current technology
(ECAT-953B, Siemens/CTI, Knoxville, Tennesee, USA) now permits 3D imaging with
contiguous slices, but the field of view in the axial direction is of the order of 10cm,
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preventing imaging of the entire brain simultaneously. New cameras (eg. EXACT-966,
Siemens/CTI, Knoxville, Tennesee, USA) will however have a larger axial field of view
of approximately 24 cm which will allow the simultaneous imaging of both cortical and
brainstem structures.

3 .2 .7 . Id e n tific a tio n o f an atom ical stru c tu re s and com parison o f d iffe r e n t
scans

3 . 2 . 7 . 7. Region o f in te re s t m ethods

In general, previous PET investigations in epilepsy have employed region of interest
(ROI) methods to detect changes in metabolism or receptor density. The regions of the
brain to be sampled were defined visually or by a template atlas in the patients and
compared to ROIs placed in corresponding regions of normal subjects. The placement of
regions was guided by EEC foci, projection areas, the findings of MRI and presumed
underlying pathology. The ROI may be of a predetermined geometrical shape (eg. ellipse)
placed over the structure of interest, which results in mixed tissue sampling as well as
partial volume effect, but permits easy region placement and parameter calculation.
Alternatively, the ROI may be carefully anatomically delineated on a structural image
such as an MRI, which reduces mixed tissue sampling but does not avoid partial volume
effect.

ROI methods permit a priori hypotheses concerning regional changes in

metabolism or receptor binding to be addressed with accurate quantitation; drawbacks of
such methods

include potential observer bias and subjectivity affecting

region

delineation and placement. Furthermore, areas of brain outside the ROIs are not
examined. One approach to this problem is to develop techniques for the automated
placement of ROIs [455, 456]. Analysis is still limited to the ROIs, however.

3 .2 .7 .2 . V o xel-based m ethods

In order to avoid the drawbacks associated with placement of ROIs, the conventional
analysis of Hg^^O PET has employed analysis techniques at the voxel level. The most
widely-used method is Statistical Parametric Mapping (SPM )[457]. The principles
underlying SPM are straightforward. In order to compare sets of images, the analysis
proceeds through three stages, all automated, entirely objective and “hands off”.

Firstly, all the images are automatically “warped” to fit a standard brain size and
shape, in order to permit comparison of images from different subjects without the
confounding effects of normal anatomical variability. As a result of this process, all of
the

images

are

identical

in terms

of

overall

morphology.

Localised

regional
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characteristics of each individual image remain, however. This normalizing spatial
transformation matches each image to a reference or template image that already
conforms to the standard space, without requiring user-defined landmarks [458]. An
initial

transformation

transformations;

employs

following

this

translation,
a

rotation,

slice-by-slice

scaling

and

transformation

quadratic
employing

predetermined basis functions is used. The matching to the template is non-iterative and
employs least-square methods to reduce the difference between the subject and template
image. This process is termed volumetric normalisation.

Secondly, image noise is reduced. PET and SPECT are inherently noisy imaging
techniques; this noise is reduced by filtering or smoothing the images. A simple Gaussian
filter is used [4 57].

Thirdly, an automated statistical test is performed. This employs the General Linear
Model. Each voxel is examined independently. The voxel intensities at one particular
voxel from one group of images are compared with the voxel intensities at the same voxel
in another group of images using the General Linear Model, in which any number of
covariates may be introduced to model the data. By examination of the residual error
terms, which follow a t-distribution, the fit of the data to the model can be examined.
With the null hypothesis of no difference between the two groups of images and via a
“Gaussianisation” of the t-distribution to a Z-distribution, a p-value is calculated for
that voxel. This process is repeated at each and every voxel, with all of these thousands
of voxel-based tests performed absolutely independently in a univariate sense. The
result is a voxel-by-voxel map of p-values. By thresholding at a suitable p-value (eg.
p<0.001 ) a map of anatomical areas which differ between the groups of images at that
statistical threshold is produced [457, 459].

However, because the analysis regards the voxels as independent, this map of
uncorrected p-values cannot be regarded as the final result - because of partial volume
effects, smoothing and physiological relationships between different brain areas, voxels
from the same image do not all have entirely independent voxel values. Two approaches
can be taken to the interpretation of the result: firstly, an a priori hypothesis can be
used stating the region(s) which will be examined and all other brain regions will be
ignored, whatever the p-values in those other areas; secondly, a correction can be
applied to the p-values to correct for the multiple non-independent comparisons
inherent in examining all of the voxels together. This second approach allows the whole
brain volume to be interrogated, without the necessity for a priori hypotheses regarding
which regions should be examined. Indeed, these two approaches can be used together, the
first to address questions regarding a specific region or regions, the second to examine
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the entire brain. The method for correction of p-values draws on the Theory of Gaussian
fields. Foci of supra-threshold (uncorrected) voxels are characterized in terms of
spatial extent

(k )

and peak height

(ji)

[4 5 9 ]. This characterization is in terms of the

probability that a region of the observed number of voxels (or bigger) could have
occurred by chance (P(nmax >

k )),

or that the peak height observed (or higher) could

have occurred by chance (P(Zmax > ^)) over the entire volume analyzed (i.e a corrected
p-value). Appropriate corrected p-values are selected a priori.

SPM has been widely used to analyse

activation PET studies. Typically, data have

been pooled from a number of subjects. Recently, more sensitive PET scanners [460]
allow data to be analysed from Just one subject, rather than requiring a group to be
analysed. Such approaches have been highly successful and illuminating in the fields of
cognitive neuropsychology and motor control [461] and are fast becoming the standard
analysis techniques for functional MRI studies. Limitations of SPM are the requirement
for smoothing, which reduces the effective spatial resolution of the imaging data, and the
expression of results in terms of Z-scores at “peak” voxels rather than as quantitative
parameters.
3 .3 . HgTSQ

pet

Measurement of regional cerebral blood flow (rCBF) using

and PET is now a well-

established technique. In order to measure rCBF, a single scan of 1-2 minutes duration
with arterial sampling can be used. rCBF ( 0 can be calculated from the integral of the
tissue counts (C-r(t)) for the scan period and the arterial input function (Cp(t)):

Equation 4:

rc,(t)dt = r/.c/o®
where p is the partition coefficient, X is the decay constant for

and 0 denotes

convolution. Using a fixed value for p the equation can be solved for f [4 6 2 , 4 6 3 ]. rCBF
is sensitive to changes in local neuronal activity and under normal conditions is coupled
with local cerebral metabolic rate [464]. The short half-life of

means that repeated

measures can be made in the same subject within a short period of time, typically 12
measures at 10 minute intervals. For the comparison of rCBF between different
conditions, measurement of absolute rCBF values is not necessary, since in man local
tissue radioactivity and rCBF are nearly linearly related and changes in relative rCBF
(relative to a global CBF value) provide good estimates of true changes in rCBF, hence
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obviating the need for arterial sampling [465].

The issues of scatter, scanner field of view, partial volume effect and comparison of
images have been discussed above and are equally applicable to
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unstable nucleus

511 keV

511 keV

Figure 3.1. Annihilation of a positron (p+) by collision with an electron (p-) results in
the creation o f two y-rays with energy of 511 keV.

Figure 3.2. The two y-rays are emitted from the brain and detected simultaneously by
a pair of detectors. The PET camera detectors are arranged in a series of rings around
the subject’s head.

D3
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D6

D5

□

D2

D4
Figure 3.3. The PET camera consists o f a series o f rings o f detectors, o f which a
small selection are shown (D1-D6). A source of activity, S, emits pairs o f photons
which are detected simultaneously by pairs of detectors, in this example D I/D 2 ,
D3/D4, D5/D6. The lines of response, indicated by lines linking the detector pairs,
can be reconstructed, allowing the point S to be imaged.
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a) 2D imaging
Septa

b) 3D imaging

Figure 3.4. (a) When imaging in 2D, lead septa are positioned inside the ring o f
detectors, D. “In plane” photon pairs ( P I ) are detected, but “out o f plane” pairs
(PS) strike the lead septa and are not detected. Photon pairs in which one photon
is scattered (P2) also strike the septa and are not detected, (b) In order to image
in 30, the septa are removed. As a result, no photons are absorbed by the septa,
resulting in a very substantial gain in sensitivity. However, account needs to be
taken of “out o f plane” pairs (P3) in the image reconstruction process. In addition,
scattered photons can be detected (P2), giving rise to an apparent, but incorrect,
line of response (dotted line).
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Dynamic image series

Tissue time-activity curves

thalamus

occipital

Time

60 mins

Input function

MODEL
Time
Parameter estimates:
- regions of interest
- voxel-by-voxel images

Figure 3.5. The dynamic image series consists of a set of time-activity curves, one
for each voxel of the image. Two examples are shown, one for an occipital voxel with
little specific binding, one for a thalamic voxel with marked specific binding. The
blood and tissue data are combined with a model which allows parameter estimated
to be made, either on a region of interest basis, or as voxel-by-voxel images. This
example is of the non-selective opioid ligand, 11 C-diprenorphine.
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Figure 3.6. Three dimensional representation of the 71C-flumazenil molecule (ethyl
8-fluoro-5,6-dihydro-5-( 71C)methyl~6-oxo-4H-imidazo( l,5 -a )( 1,4)benzodiazepine-3carboxylate). The main structure is formed of carbon; other elements are indicated.

102

Ct
C ns

Extravascular

Intravascular
Blood-brain barrier

Figure 3.7. Two possible models o f flumazenil distribution in brain. The inner
compartments illustrate a model o f greater complexity, accounting for ligand in
arterial plasma (Cp), free extravascular ligand (CF), non-specificalty bound (CNS) and
specifically bound ligand (CS) in the brain. The kinetic rate constants (kn) describe
exchange between these compartments. The outer compartments demonstrate the
relationships between these ligands in a simplified two compartment model, used by
Frey et al. (1991).
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(b)

(a)

(c)
K1

Vd

(d)

2

25

Figure 3.8. Outline scheme o f the method o f spectral analysis; y-axis represents
radioactivity, x-axis time in all graphs. A range of exponential basis functions (a) is
defined; 3 are illustrated, 64 are used in the method. These are convolved with the
measured plasma input function (b) to produce a set o f convolved basis functions
(c). These functions are selected, weighted and combined by a computer algorithm
to obtain a best-fit to the measured voxel time-activity curve (d). The equivalent
weighted basis functions without convolution are then combined to produce the
impulse response function (IRF), (e). This curve can be used to derive a variety o f
images: K l, specific time points such as 2 mins or 2 5 mins, or VD, the area under the
curve extrapolated to infinity.

It should be pointed out that in the IRF illustrated in (e) the y-axis has been
normalised to unit clearance.
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Chapter 4
Methods II.

This chapter details the methods which were used in common in many of the studies
described in subsequent chapters. To prevent unnecessary repetition, each subsequent
chapter refers back to this section with regard to methods, except where a particular
technique was used only in that study, in which case it is described in detail in the
relevant chapter.

4 .1 . SUBJECTS

The patients studied were recruited from the epilepsy clinics of the National Hospital for
Neurology and Neurosurgery, Queen Square, London, UK and the National Society for
Epilepsy - Chalfont Centre, Chalfont St. Peter, UK. All patients suffered from partial
seizures and were taking antiepileptic drugs. All had undergone high-resolution MRI
including a T1-weighted spoiled gradient recalled (SPGR) volume acquisition with
1.5mm thick slices as well as T2-weighted and proton-weighted sequences with
contiguous 5mm thick partitions (Signa 1.5T, General Electric, Milwaukee, USA). All
MRI images were reported by an experienced consultant neuroradiologist. Dr. J.M.
Stevens, aware of the clinical information. Patients were excluded from the study if
taking benzodiazepines. Normal control subjects were all volunteers recruited from
friends and colleagues of both patients and investigators. All normal controls had no
evidence of neurological disorder, no family history of epilepsy or malformation of
cortical development and were on no medication. Consumption of alcohol was not allowed
for 48 hours preceding the scan. Written informed consent was obtained in all cases and
approval of local ethical committees at both the National Hospital for Neurology and
Neurosurgery and the Hammersmith Hospital and of the UK Administration of Radioactive
Substances Advisory Committee (ARSAC) were obtained.

4 .2 . SCANNING PROTOCOL

PET scans were

carried out at

the

Medical

Research Council Cyclotron

Unit,

Hammersmith Hospital, UK using an ECAT-953B PET scanner (CTI/Siemens, Knoxville,
Tennesee, USA) with performance characteristics as described previously [460]. Data
were acquired in 3D mode, with the septa retracted to improve sensitivity by a factor of
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6.4 [425].

Dual energy window scatter correction was employed in reconstruction to

produce images with a resolution of 4.8 x 4.8 x 5.2mm, in air in the centre of the
scanner field of view. Images containing 31 contiguous slices were produced with voxel
dimensions 2.09 x 2.09 x 3.43mm. Subjects heads were positioned with the glabellainion line parallel to the detector rings so that the transaxial planes were parallel to the
intercommissural (AC-PC) line. During scanning subjects heads were rested in
individualized head moulds, and continuous direct observation maintained to minimise
movement. A transmission scan using three rotating ®®GaA®Ge-rotatory line sources
was performed to enable emission scans to be corrected for attenuation.

4 .3 . 1 ^C-FLUMAZENIL SCANS

An eight channel EEG was recorded throughout patient scans to ensure the scan was truly
interictal. A 22 gauge cannula was inserted into the radial artery after infiltration with
0.5%

bupivacaine.

High specific activity

C-flumazenil

tracer

prepared

by a

modification of the method of Maziere [466] was injected intravenously. Twenty frames
were acquired over 90 minutes. The effective dose equivalent of radioactivity per
subject was 2.6mSv.

4 .3 .1 . D e riv a tio n o f plasm a input fu n c tio n

Radioactivity

in

arterial

blood

was

assayed

continuously

on-line

[467],

and

intermittent blood samples were taken for calibration purposes and for assay of
radiolabelled metabolites in plasma [468]. Typically for

C-flumazenil, radiolabelled

metabolites appear in plasma after a short delay following intravenous injection of the
parent tracer, and the proportion of the total radioactivity in blood which is present in
the plasma increases with time, because a radiolabelled polar metabolite does not enter
red cells. The derivation of a plasma input function from the data obtained from arterial
blood was carried out as follows, as described previously [469, 470]. First, the ratio
of the concentration of total radioactivity in plasma to that in whole blood, as measured
in the discrete blood samples, was fitted to an equation describing an exponential
approach to a constant value (greater than one) as a function of the time of sampling.
Second, the proportion of radioactivity in plasma recovered in the parent (non
metabolised) fraction was also fitted to a function incorporating a delay followed by an
exponential approach to a constant fraction. These two fitted functions were then applied
to the continuous on-line arterial data, which, after appropriate cross-calibration with
the PET camera, gave a plasma parent (unchanged labelled

C-flumazenil) input
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function for subsequent kinetic analyses.

4 .3 .2 . D ata analysis

Data were analysed on a Sun SPARCclassic workstation (Sun Microsystems, Mountain
View, CA, USA) using Analyze version 7.0 (Mayo Foundation, Rochester, Minnesota,
USA) [471], MATLAB (The MathWorks Inc., Natick, Massachusets, USA) and Statistical
Parametric Mapping (Wellcome Dept, of Cognitive Neurology, Institute of Neurology,
London) [457].

4 .3 .3 . P roduction o f p a ra m e tric maps

The 20 frames of the dynamic image were initially realigned with one another by an
automated least squares technique using software from the Cyclotron Unit designed for
this purpose. Movement artifact during the scan is substantially reduced by this means
[4 58]. Voxel-by-voxel parametric images of

C-flumazenil volume of distribution

(FMZVD) consisting of 31 contiguous slices with voxel dimensions 2.09 x 2.09 x
3.43mm were produced using the technique of spectral analysis [436, 472].

4 .4 . Hz 150 SCANS

Radioactivity was administered as an Hgi^O bolus infused over 20 seconds followed by a
20 second saline flush. 12 PET emission scans were collected over 2 hours for each
subject, with a 10 minute interval between the start of each scan. The effective dose
equivalent of radioactivity per subject was 5.0mSv. Integrated radioactivity counts were
collected over a 90 second acquisition period, commencing at the rising phase of
radioactivity counts in the head; these data were used as an index of rCBF [473]. All
active experimental conditions began 60 seconds before the start of the data acquisition
period and continued through to the end of this time. The single frame image, effectively
an integral of radioactivity counts per voxel over the scanning period, was used for
subsequent analyses without any parameter modelling. The 12 scans from each
individual experiment were realigned to remove movement artefact.

4 .5 . COREGISTRATION W ITH MRI

Parametric images of FMZVD or mean images of Hg^^O were precisely coregistered with
high-resolution volume acquisition MRI scans [474]. In brief, this method employs an
iterative technique to rotate, translate and scale the two images to be coregistered.
Segmentation of the images into homogeneous tissue types based on voxel intensity allows
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calculation of a "ratio image"; this ratio is successively minimised by the iterative
process.
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Chapter 5.
B enzodiazepine re c e p to rs in m alform ations
o f cortical d eve lo p m en t.

5 .1 . INTRODUCTION

The

neutral

amino acid y-aminobutyric

acid

(GABA)

is the

major

inhibitory

neurotransmitter in mammalian brain. The GABAy^ receptor functions as a chloride ionselctive channel and has multiple allosteric modulatory sites, one of which binds
benzodiazepines [138]. Flumazenil is a neutral antagonist at the benzodiazepine receptor
which can be labelled with

and used as a PET tracer [466].

Animal models of localisation-related epilepsy implicate abnormalities of GABAergic
function. In a primate model of neocortical epilepsy [230] a marked decrease in
inhibitory GABAergic synapses was seen at the seizure focus. However, in hippocampal
kindling models [185, 187, 188], an intraventricular kainic acid model in the rat
[197] and in the rat cobalt focus seizure model [223] an increase in GABAy^ receptor
density at the seizure focus has been observed. In resected human epileptogenic
hippocampus reduced GABAy^ and benzodiazepine receptor binding have been demonstrated
[252, 254, 412], though no change in GABAy^ receptor binding in spiking temporal
neocortex has been reported [263]. These findings, combined with the findings from
animal models described above, make it difficult to predict the nature of any GABAy^-BZR
receptor changes that
investigated with

might be observed in human neocortical

epilepsy when

C-flumazenil PET.

PET and TTC-flumazenil have been used to examine patients with localisation-related
epilepsy. No previous study has examined BZR binding exclusively in patients with
malformations of cortical development, although using SPECT, i23|_jomazenil to label
benzodiazepine receptors and s^mTc-HMPAO to indicate blood flow, reduced BZR binding
with normal blood flow has been reported in a single patient with focal cortical
dysgenesis [340]. Previous investigations have employed region of interest (ROI)
methods to detect changes in BZR binding. ROI methods permit a priori hypotheses
concerning regional changes in receptor binding to be addressed with accurate
quantitation; drawbacks of such methods include potential observer bias and subjectivity
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affecting region delineation and placement. Furthermore, areas of brain outside the ROIs
are not examined. Voxel-based methods have the advantage of producing an image of a
receptor binding parameter at the voxel level, which may then be compared with other
individuals, again at the voxel level. In this way the bias and subjectivity which may
result from an ROI method is eliminated and regions of significant abnormality in all
parts of the brain may be detected. This is particularly relevant for a pathology such as
cortical dysgenesis which is heterogenous between subjects in terms of location,
severity and extent. In this study spectral analysis was used to produce voxel by voxel
images of BZR parameters and Statistical Parametric Mapping was used to undertake a
voxel by voxel statistical comparison between each patient and a group of normal
subjects. This was the first study employing voxel-level comparison between ^^Cflumazenil PET images and the first study to compare ligand PET images from single
individuals with a normal control group to be published [475].

It was hypothesised that abnormalities of BZR would be demonstrated using ’ ^Cflumazenil PET in vivo in malformations of cortical development and that these
abnormalities would be more extensive than the area of abnormality seen with MRI. To
specifically address this question a method was employed which measured BZR
independently of blood flow and allowed an entirely objective assessment of any BZR
changes throughout the entire brain on a voxel-by-voxel basis.

no

5 . 2 . METHODS

5 .2 .1 . S u bjects

Fourteen patients were studied, all of whom had undergone high resolution volumetric
MRI (GE Signa 1.5T, SPGR) which had identified MCD. Patients were excluded from the
study if taking benzodiazepines. Twenty-four normal subjects of similar age were
studied.

5 .2 .2 . Scanning pro to co l

Scans

were

performed

using

the

ECAT-953B

PET scanner with

performance

characteristics as described previously [460]. Data were acquired in 3D mode, with the
septa retracted to improve sensitivity by a factor of 6.4 [425].

Dual energy window

scatter correction was employed in reconstruction. High specific activity ^’ C-flumazenil
tracer, approximately 370MBq, was injected intravenously.

Twenty frames were

acquired over 90 minutes.

5 .2 .3 . D e riva tio n o f plasm a in p u t fu n c tio n

Radioactivity in arterial blood was assayed continuously on-line and intermittent blood
samples were taken for calibration purposes and for assay of radiolabelled metabolites
in plasma.

The derivation of a plasma input function from the data obtained from

arterial blood was carried out as described in Chapter 4.

5 .2 .4 . D ata analysis

Data were analysed on a Sun SPARCclassic workstation (Sun Microsystems, Mountain
View, CA) using Analyze version 7.0 (Mayo Foundation), MATLAB (The MathWorks Inc.,
Natick,

Mass.) and Statistical Parametric Mapping (SPM95, Wellcome Dept, of

Cognitive Neurology, Institute of Neurology, London).

5 .2 .5 . Production o f p a ra m e tric maps

The

20 frames of the dynamic image were initially realigned. Voxel-by-voxel

parametric images of flumazenil volume of distribution (FMZVD) consisting of 31
contiguous slices with voxel dimensions 2.09 x 2.09 x 3.43mm were produced using the
technique of spectral analysis [436].

m

5 . 2 . 6 . C o re g is tra tio n w ith MRI

Parametric images of FMZVD were precisely coregistered with high-resolution volume
acquisition MRI scans using an automated technique [474].

5 .2 .7 . S ta tis tic a l P a ra m e tric Mapping

Statistical parametric maps are statistical processes that are used to characterise
regionally specific effects in imaging data. All images were volumetrically normalised to
a TTC-flumazenil template as described in Chapter 4. Subsequently all images were
smoothed using a 10x10x6mm FWHM Gaussian kernel.

The automated volumetric normalisation was achieved using a standard template
constructed from a normal FMZVD scan with dimensions very close to those of the atlas
of Talairach and Tournoux. Eight of the normal subjects underwent MRI scanning as a
quality control of the normalisation process: the MRI scan for each individual was
coregistered with the FMZVD PET scan for that individual; the coregistered MRI was then
transformed into the standard space using the transformation parameters calculated for
the volumetric normalisation of that individual's FMZVD PET scan. These eight
coregistered and volumetrically normalised MRI scans were then combined on a voxelby-voxel basis to produce an "average transformed MRI" for these eight normals, as a
quality control of the normalisation process.

Effects were estimated according to the general linear model at each and every voxel
[457]. Global activity was included as a confounding covariate and this analysis can
therefore be regarded as an ANCOVA [476]. To test hypotheses about regionally specific
effects the estimates were compared using linear contrasts, comparing each individual
patient with the normal control group, examining both for regions of significantly
increased and decreased FMZVD. The resulting set of voxel values for each contrast
constitutes a statistical parametric map of the t statistic SPMjt}. The SPMjt} were
transformed to the unit normal distribution (SPM{Z}) and thresholded at 3.09 (or p =
0.001 uncorrected). The resulting foci were then corrected by characterising in terms
of spatial extent

(k )

and P(Zmax >

^ i)

k )

and peak height
was P<0.05.

(ja )

[459]. The threshold chosen for both P(nmax >
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5 . 3 . RESULTS

The normal subjects ranged in age from 26 to 71 years, median 41 years. The patient
group ranged from 18 to 50 years, median 30 years. The MRI findings, seizure pattern
and EEG findings, drug treatment, time since last seizure and

C-flumazenil PET

findings for the patient group are summarised in Table 5.1.

Each of the 24 normal subjects was compared individually with the remaining 23 using
SPM. 23 of the 24 showed no regions of significant alteration of FMZVD; one 60 year old
female showed a region of decreased FMZVD in the right frontal cortex.

Using voxel by voxel ANCOVA with age as a covariate, no effect of age on FMZVD was seen
either globally or regionally in the normal group.

Of the 14 patients with cortical dysgenesis studied, 11 showed at least one region of
significant change in FMZVD (Table 5.2). Three individuals showed normal distribution
of FMZVD; one subject with bilateral band heterotopia (SJ), one subject with a small
heterotopic nodule in the white matter (SH) and one subject with a small region of
medial frontal MCD (MH).

MRI of subjects TJ, MS and SJ revealed bilateral band heterotopia with apparently
normal overlying cortex. All the heterotopic bands were narrow, approximately 1mm.
Being below the resolution of the PET method, the bands themselves were not detected.
However, TJ showed multiple areas of both increased and decreased FMZVD in cortex of
normal MRI appearance (figure 5.1), MS showed a single region of decreased FMZVD in
cerebral cortex. SJ had a normal FMZVD PET scan.

Subjects KS and AF had extensive bilateral subependymal heterotopia. The heterotopia
was identified as a region of increased FMZVD in KS; in AF bilateral changes were seen in
the cortex consisting of reduced FMZVD in medial frontal and occipital lobes, and
extensive areas of increased FMZVD in the lateral frontal lobes (figure 5.2). These areas
of cortex appeared normal on high resolution MRI.

Subjects JW (figure 5 .3), RH (figure 5.4), TP (figure 5 .5 ), MC, MW, IB and MH, all
with focal cortical dysgenesis and, in some cases, other malformations of cortical
development (RH, TP, MC) demonstrated by MRI, showed regions of increased FMZVD in
the areas of MCD and also more widespread areas of increased FMZVD in regions which
had a normal MRI appearance. There were also extensive areas of decreased FMZVD in
other areas of cortex with normal appearance on MRI, considerably beyond the MRI-
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defined boundaries of the lesion.

The very small single heterotopic nodule of subject SH was not identified on a FMZVD
PET scan; the single large heterotopic nodule of subject SN was identified as a region of
increased FMZVD; the FMZVD PET was otherwise normal.
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5 . 4 . DISCUSSION

Abnormalities of cortical BZR binding

have been shown in a variety of dysgenetic

syndromes. Eleven of the 14 patients with malformations of cortical development had
FMZVD PET abnormalities and 7 had abnormalities beyond the lesions seen with highresolution volumetric MRI. These abnormalities consisted of both increases and
decreases of FMZVD, in close spatial relation to one another. Non-contiguous regions
were detected remote from the abnormality seen on MRI. In the three individuals with
band heterotopia, FMZVD binding was abnormal in two, with multiple abnormalities in
one, in areas of cortex that appeared normal on MRI. Both individuals with extensive
bilateral subependymal heterotopia had abnormal FMZVD; in one the heterotopic nodules
were identified, in the other extensive changes were seen in cortex that was normal on
MRI, with areas of both decreased and increased FMZVD. One of two individuals with
single heterotopic nodules had a normal FMZVD PET; in the other the nodule was clearly
identified. Six of the 7 patients with focal cortical dysgenesis had markedly abnormal
FMZVD PET. In particular, a pattern of increased FMZVD was seen frequently in the
abnormal regions of cortex, with extensive areas of reduced FMZVD in the nearby
normal cortex, in addition to remote lesions in cortex of normal MRI appearance.

The finding of increased FMZVD in FMZ PET studies of patients with epilepsy is new; this
study has also demonstrated the anatomical extent of areas of abnormal FMZVD
throughout the brain volume in a way that has not previously been possible. The methods
have a number of features which allowed these findings to be made. In particular, the
adverse effects of patient movement were minimised by continuous observation and by
automated realignment of the dynamic image frames; accurate volumetric normalisation
was used to allow precise structure-to-structure coregistration between individuals,
confirmed by inspection of the "average transformed MRI" that was used as a quality
control, in which considerable anatomical detail is preserved (figure 5.6); the
statistical

method

applied

was

highly

rigorous;

the

statistical

results

were

superimposed onto the volumetrically normalised MRI for each patient to allow a detailed
correlation between structure and function to be made.

There are two clear limitations to this method. Firstly, the resolution of the SPM is
approximately equivalent to a FWHM of 12 x 13 x 9mm because of the smoothing
process, hence small regions of significant abnormality were not detected. Increasing the
spatial resolution of the SPM results in an increase in noise. Secondly, the method of
volumetric normalisation will not produce satisfactory results with brains of gross
anatomical abnormality. Careful inspection of the volumetrically normalised images
showed that this was not a problem in the patients in this series. In addition, failure of
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adequate normalisation would result in significant abnormality being seen in areas
where there is no overlap between the patient's brain and the brains of the normal group
as a result of artefact; this was not observed.

SPM permits a voxel-by-voxel analysis of all brain regions; the result of these analyses
is a map of regions of significant difference between the patient and the normal group. In
contrast, an ROI based method would permit these differences to be characterised in
terms of absolute values of FMZVD and also would allow corrections for partial volume
effect to be made, which is important in all PET studies [450-454]. SPM and ROI-based
analyses should be regarded as complementary rather than as mutually exclusive
alternative methods.

The observation of an alteration in regional FMZVD could have several different
explanations:

(1 )lt could simply be the result of partial volume effects: regions of increased FMZVD
resulting from more grey matter and less white matter and CSF being included in the
PET voxel; regions of decreased FMZVD resulting from the opposite. This is likely to be
the explanation for some of the findings in areas of anatomically abnormal grey matter for example, increased FMZVD found in a subependymal nodule, which was compared
statistically with voxels of white matter and CSF in the normal group. It seems probable
that this method has particular sensitivity for the detection of heterotopic grey matter.
However, careful inspection of the MRI data alongside the SPM showed that areas of
altered FMZVD were seen in regions of cortex which had entirely normal thickness and
morphology, so partial volume effect does not seem a likely explanation for the FMZVD
abnormalities in these cases.

(Z)Altered FMZVD might be observed as a result of a change in the density of neurons
per volume of cortex, or from the presence of ectopic BZR-bearing neurons in
subcortical white matter.

(3)Changes in FMZVD would also be observed as a result of a change in the density of
BZR per neuron or by the occupation of the benzodiazepine receptor by an irreversibly
bound endogenous ligand.

(4)A change in FMZVD could also result from a change in receptor characteristics
affecting affinity (K J. The occupation of the benzodiazepine receptor by a competitive
endogenous ligand might also alter the apparent affinity.
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It is not possible to distinguish between these possibilities using this method; in vitro
quantitative correlational studies of neuronal and receptor numbers are needed for this
distinction. However, our results are entirely consistent with observed alterations in
BZR and GABA^s^ receptor density identified by previous investigations. ^^C-flumazenil
PET studies [254, 406-409, 413, 414, 477 ] and surgical pathology [2 5 4 ] found
regional decreases in BZR-GABA^ receptors at epileptogenic foci in hippocampus and, in
some of the PET studies, in neocortex. In the rat cobalt focus seizure model of
spontaneous neocortical epilepsy, in hippocampal kindling models [185, 187, 188], and
in an intraventricular kainic acid model in the rat [1 9 7 ] an increase in GABA^ receptor
density was observed in the seizure focus; these findings demonstrate that an increase in
GABAa receptors can occur in epileptic foci and predict that BZR increases might be
found in some patients with neocortical partial epilepsy. Our results suggest that, in
some cases, the epileptic focus may be characterised by a region of increased BZR-GABA^
receptor density (perhaps resulting from impaired GABA release and postsynaptic
upregulation) surrounded by a region of reduced BZR-GABA^^^ receptor density (possibly
resulting from increased GABA release in a region of increased inhibition as a response
to seizure activity). These possibilities, however, are speculative at present and require
further elucidation.

We found the FMZVD changes to be more extensive than the MRI changes in seven cases
and regions of altered FMZVD were found in unanticipated areas such as the hippocampi
bilaterally (subject TP) or the cingulate cortex (subject JW).

In general, the PET findings are not contrary to the EEG findings. The EEG data were
collected during conventional patient investigation and were mostly interictal. These
patients had not had systematic intracranial ictal recordings and EEG data were not
intended to act as a “gold standard” for comparison with the PET data. It is recognised
that MRI and EEG may not be well-correlated in MCD [104]. The data in the tables
shows the EEG and PET findings are correlated, though not perfectly. It is not possible
without surgical or autopsy pathological material to explain fully the finding of
alterations in FMZVD outside the MRI lesion. It seems likely that the MRI identifies the
“tip of the iceberg”; FMZVD PET identifies a greater extent of dysgenesis than MRI. A
strength of the SPM method is the ability to detect abnormalities beyond the expected
areas. It remains to be determined whether these areas are indeed occult dysplasia.

These findings may also have clinical relevance. In seven cases the abnormalities on
FMZVD PET were more extensive than the MRI changes. This may affect surgical
planning and have implications for prognosis. This is not yet proven; further studies of
the impact of FMZVD findings, particularly multiple abnormal regions, on surgical
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outcome need to be performed. Poor outcome from resective surgery in patients with
MCD most likely reflects the extensive nature of the abnormality, that has been
incompletely identified with MRI. It is well-recognised that interictal ’ SpDG PET shows
widespread hypometabolism in both hippocampal sclerosis and cortical dysgenesis [375,
478]. Widespread metabolic effects are likely secondary to diaschisis and do not imply
abnormalities in the neurons in the hypometabolic region [478]. The finding of
abnormalities of FMZVD, in contrast, implies neuronal abnormalities.

In conclusion, FMZVD PET analyzed using SPM showed, in most patients with MCD,
multiple and extensive regions of both increased and decreased ^^C-flumazenil binding
that extended beyond the lesions defined by high-resolution volumetric MRI. This has
implications both for understanding the mechanisms of epileptogenesis in these
individuals and for their clinical management.
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MRI finding

Age

Duration of

Gender

Seizures

Interictal EEG

Drugs (daily dose

epilepsy

features

in mg)

(years)

(* - ictal)

TJ

Bilateral band heterotopia

33

31

Male

CPS + 2° gen.

MS

Bilateral band heterotopia

30

18

Male

R arm focal

SJ

Bilateral temporal band

23

5

Female

30

6

Female

Irregular generalised

frequency (per month)

ESM 1000; PKT 350;
LTG 100

1

L hemisphere slow

CBZ 600

4 days

CPS

Normal

CBZ 400

R arm focal

Normal

VPA 600; PHT 300

30

heterotopia
Subependymal heterotopia

Subependymal heterotopia

47

21

Female

L frontal and R temporal

CPS and 2° gen. Bilateral temporal fod

37

13

Female

2° gen. tonic

cortical dysgenesis
RH

Bilateral cortical

PHT375

34

33

Female

TP

R temporoparietal cortical

L arm focal

MC

Bilateral cortical

29

27

Female

18

17

Female

dysgenesis; heterotopic nodules
MW

R post temporal

Bilateral independent

GBP 1200; CBZ 1300

CPS + 2° gen.

L arm focal

No definite abnormality CBZ 800

Bilateral perisylvian

R posterior hemisphere VPA 2500; CBZ 600;

8 days

focus

LTG 100

30

Bilateral independent

LTG 400; CBZ 1000

2 days

CBZ 1000

2 weeks

motor + 2 ° gen. fbd *

30

18

13

Male

CPS

R anterior focus

28

14

Male

SPS + 2° gen.

No definite abnormality CBZ 900; GBP 1200

1

polymicrogyria
MH

L medial frontal focal

SN

50

21

Male

CPS + 2° gen.

26

7

Female

SPS

Bilateral slow

PHT 475

Small nodule in post L
parietal white matter

1 month
1

No definite abnormality CBZ 700

heterotopic nodule
SH

24 hours
30

cortical dysgenesis
Single R posterior parietal

2 days
4

cortical dysgenesis
IB

6 hrs
30

motor + 2° gen.

dysgenesis and heterotopias

2 months
1

foci

dysgenesis and schizencephaly

36hrs
8

tonic
JW

2 weeks
30

sensory + 2° gen.
AF

36hrs

spikes

motor + 2° gen.

KS

Time since
last seizure;

4 years
0

29

14

Female

L arm focal
motor + 2° gen.

Generalised spike wave CBZ 1000

3 days
4

Table 5.1.
Clinical details of the 14 patients with MCD.
R - right; L = left; post - posterior; P H I = phenytoin; CBZ= carbamazepine; ESM ethosuximide; LTG = lamotrigine; VPA = sodium valproate; GBP = gabapentin; CPS =
complex partial seizures, BPS = simple partial seizures, 2° gen = secondary generalised.
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MRI finding

TJ

Bilateral band tieterotopla

PET findings:

PET findings:

Increased FMZVD

decreased FMZVD

L post, par.; posterior

Bllat. p o s t temp;

cingulate cortex;

R frontal

medial occipital
MS

SJ

Bilateral band fieterotopla

None

L motor strip

Bilateral temporal band

None

None

fieterotopla

KS

Subependymal fieterotopla

Fleterotopic nodule

None

AF

Subependymal fieterotopla

Extensive bllat. lat.

Bllat med front;

front; L lat temp

JW

RFI

TP

MC

L frontal and R temporal

L front dysgenesis;

Bllat. front;

cortical dysgenesis

bll. dngulate

L ocdpital

Bilateral cortical dysgenesis

L front and R par. defts;

and scfilzencepfialy

L front and R par. dysgenesis

R temporoparietal cortical

Fteterotopias; tilppocampi;

dysgenesis and tieterotopias

posterior dngulate

Bilateral cortical dysgenesis

Bll Inferior frontal;

Fleterotopic nodules;

bll post par/ocdpltal

R temp cortex

None

R post. temp,

fleterotopic nodules

MW

R post, temporal cortical
dysgenesis

IB

bllat occipital

Bilateral perisylvian

L fro n t;
“

R parietal

L parieto-ocdpltal;
R occipital

and occipital

Bilateral perisylvian

None

None

None

Fleterotopic nodule

None

None

None

polymlcrogyrla

MFI

L medial frontal focal
cortical dysgenesis

SN

Single R posterior parietal
fleterotopic nodule

SFI

Small nodule In post. L
parietal wfilte m atter

Table 5.2. Results of SPM analysis.
FMZVD=flumazenil volume of distribution; R=right; L=left; par=parietal; temp=temporal;
front=frontal; lat=lateral; bil=bilateral; post=posterior.
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Figure 5.1. Subject TJ.
A) Coregistered, normalised 71-weighted MRI
B) Volumetrically normalised FMZVD PET
0) Regions of significantly abnormal FMZVD superimposed on the MRI. Red, increased
FMZVD, blue, decreased FMZVD (p<0.001, correctedp<0.05).
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Figure 5.2. Subject AF.
A) Coregistered, normalised T1-weighted MRI
B) Volumetrically normalised FMZVD PET
C) Regions of significantly abnormal FMZVD superimposed on the MRI. Red, increased
FMZVD, blue, decreased FMZVD (p<0.001, corrected p<0.05).
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Figure 5.3. Subject JW.
A) Coregistered, normalised T1-weighted MRI
B) Volumetrically normalised FMZVD PET
0) Regions of significantly abnormal FMZVD superimposed on the MRI. Red, increased
FMZVD, blue, decreased FMZVD (p<0.001, corrected p<0.05).
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Figure 5.4. Subject RH.
A) Coregistered, normalised T1-weighted MRI
B) Volumetrically normalised FMZVD PET
C) Regions of significantly abnormal FMZVD superimposed on the MRI. Red, increased
FMZVD, blue, decreased FMZVD (p<0.001, corrected p<0.05).

124

n

W

4 y

)*«

§

K
i

Figure 5.5. Subject TP.
A) Coregistered, normalised T1-weighted MPI
B) Volumetrically normalised FMZVD PET
C) Regions of significantly abnormal FMZVD superimposed on the MR I. Red, increased
FMZVD, blue, decreased FMZVD (p<0.001, corrected p<0.05).
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Figure 5.6. “Average transformed MR I".
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Chapter 6.
B enzodiazepine re c e p to rs in localisationre la te d epilepsy due to acquired cerebral
in su lt.

6 .1 . INTRODUCTION

Abnormalities of GABA^^-mediated inhibition are implicated in a number of animal
models of localisation related epilepsy [213, 230 -2 3 2 , 239, 479, 4 8 0 ], including
models of localised neocortical injury. Similar mechanisms may underlie similar
seizure syndromes in man. ^’ C-flumazenil (FMZ) positron emission tomography (PET)
provides a means to investigate this hypothesis in man in vivo. Regions of decreased
flumazenil binding may be due to decreased neuronal density, decreased receptors per
neuron or a decrease in receptor affinity; conversely, increased flumazenil binding may
be due to the opposite phenomena.

Using FMZ PET, reduction of FMZVD has been detected in the hippocampus of patients
with hippocampal sclerosis (HS) and mesial temporal lobe epilepsy [4 0 8 -4 1 0 ] with no
abnormalities elsewhere in the neocortex [410]. Moreover, the loss of cBZR binding is
of a greater degree than the loss of hippocampal volume [477]. The study described in
Chapter 5 found multiple regions of both increased and decreased FMZVD in patients with
malformations of cortical development (MCD), possibly reflecting abnormal neuronal
density or abnormal receptor density per neuron [475]. In many cases the cBZR
abnormalities were more extensive than the abnormality detected with MRI. It is
proposed that the finding of a region of increased FMZVD may be indicative of a
dysgenetic lesion.

Acquired cerebral injury is an important aetiology of localisation-related epilepsy. No
study has previously specifically investigated the FMZ PET characteristics of this
patient group; the results of such a study would be needed to interpret studies in patients
with normal MRI.

The identification of regions of increased FMZVD in MCD raises two questions: Is
increased FMZVD a feature only of MCD, or could it be a response to local seizure

127

activity which might be seen in other aetiologies? Is regionally increased FMZVD an
artefact of the analytical method used?

A study of FMZ PET in patients with acquired cerebral injuries would identify the
occurrence and nature of FMZVD abnormalities in such patients and in addition clarify an
understanding of the nature of FMZVD increases observed in MCD. Statistical Parametric
Mapping

(SPM)

involves

comparison

of

scans

from

different

individuals

and

normalisation of the global mean, which effectively adjusts the voxel values in each
individual scan such that the mean activity across the entire image is the same for each
subject. Thus, a large area of decreased activity may reduce the global mean for that
subject to such an extent that when adjusted to match the other subjects, the activity in
other areas of the brain is artificially increased. A study of patients with acquired
cerebral injury would determine whether this artefact occurred in practice. It is
expected that patients with acquired cerebral injury might have regions of reduced
FMZVD, possibly of large extent. If a normalisation artefact occurred in such cases,
regions of increased FMZVD would be detected. Further, this method relies on a
stereotaxic transformation of all images to a standard brain size and shape. Patients with
MCD may have abnormalities of overall brain morphology; imperfect stereotaxic
transformation might also result in artefacts such as regions of increased FMZVD and
abnormalities of FMZVD beyond the MRI-defined lesion. Patients with acquired cerebral
injury may also have extensive abnormalities of cerebral morphology; study of this
group will assess the consequences of stereotaxic transformation. If no increases of
FMZVD were found it would suggest that increased FMZVD in MCD is not an artefact of the
method and not a general feature of the response to a neocortical epileptic focus, but a
specific marker of MCD.

Using a method identical to that of Chapter 5, the study described in the present chapter
aimed to investigate the nature of abnormalities of FMZVD using FMZ PET in patients
with acquired cerebral injury leading to localisation-related epilepsy. In addition, this
study sought to clarify whether regions of increased FMZVD would be observed in such
patients and whether abnormalities would be seen distant to the MRI-defined lesion.
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6 . 2 . METHODS

6 .2 .1 . S u b je cts

Six patients were studied who were recruited from the epilepsy clinics of the National
Hospital for Neurology and Neurosurgery, Queen Square, London, UK. All had undergone
high-resolution MRI including a 1 1 -weighted spoiled gradient recalled (SPGR) volume
acquisition with 1.5mm thick slices as well as T2-weighted and proton-weighted
sequences with contiguous 5mm thick slices and T2-weighted images (GE Signa 1.57).
All had a clear history and imaging findings compatible with a past acute and non
progressive cerebral injury. The same normal control group as described in Chapter 5
was used.

The hypothesis was that no regions of increased FMZ binding would be observed in
patients with acquired cerebral

injury.

Six patients were studied

in order to

demonstrate that the observation of no regions of increased FMZ binding in any patient in
the present study was significant at p<0.05, given the observation in our previous study
of 16 regions of increased FMZVD in 14 patients with malformations of cortical
development (regions of increased FMZVD due to heterotopia were excluded for this
purpose). Using Fisher's exact test, if 16 increased FMZVD regions were seen in 14
patients with malformations and no regions of increased FMZVD were seen in 6 patients
with acquired lesions, Fisher's exact p-va lue = 0.02.

6 .2 .2 . Scanning p rotocol
6 .2 .3 . D e riv a tio n o f plasm a input fu n c tio n
6 .2 .4 . D ata analysis
6 .2 .5 . Production o f p a ra m e tric maps
6 . 2 . 6 . C o re g is tra tio n w ith MRI

These aspects of the method were identical to that used in Chapter 5.

6 . 2 . 7 . S ta tis tic a l P a ra m e tric Mapping

Each subject was compared with the normal control group. The threshold chosen for both
P(nmax >

k

)

and P(Zmax > \i) was P<0.05. The resulting significant regions were

mapped onto the coregistered normalised MRI to compare the anatomical abnormality
with the abnormality of cBZR.
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6 .3 . RESULTS

The clinical features of the patients and the PET results are set out in table 6.1. The
patients all had medically refractory localisatbn-related epilepsy for a median of 25
years, range 6 to 40. All of the patients had regions of significantly decreased FMZVD. In
all cases the abnormalities were in the same location as the abnormalities seen on MRI,
though in two cases the areas of reduced FMZVD were more extensive: SM had reduced
FMZVD extending into the right temporal cortex which was normal on MRI (figure 6.1)
and GJ had reduced FMZVD extending into the MRI-normal left frontal cortex. No regions
of significantly increased FMZVD were seen, despite the very extensive nature of all of
the regions of decreased FMZVD. In addition, no PET abnormalities were seen remote
from the MRI lesions.
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6 . 4 . DISCUSSION

All six patients with acquired non-progressive cerebral injury leading to localisationrelated epilepsy had reduced FMZVD in the region of brain seen to be damaged on MRI; in
2 cases the region of reduced FMZVD was more extensive. No regions of increased FMZVD
were observed and no abnormalities of FMZVD were seen remote from the MRI lesion.
This finding confirms our hypothesis that the effect of cerebral injury on the GABA*cBZR complex in man would be comparable to that in animal models.

The absence of regions of increased FMZVD despite extensive regions of decreased FMZVD
and the absence of remote lesions despite abnormalities of overall brain morphology in
these subjects, indicate that analysis of such images using SPM does not introduce
artefacts, either through spatial normalisation of each image to a standard template or
through normalistion of mean global activity. The absence of artefact due to
normalisation of mean global activity is not surprising. The calculation is carried out in
two automated steps. The first step is the calculation of mean voxel intensity for each
entire image. The image is then thresholded at a chosen value, in these studies 80% of
the mean voxel intensity. The mean of all voxels above this threshold is calculated and
used as the "global" mean in the ANCOVA. This process excludes cerebrospinal fluid
(CSF), white matter and extracranial regions so that the voxel values are adjusted
relative to mean intensity of grey matter structures. In addition, this process excludes
regions of markedly low cortical FMZVD, such that even large regions of reduced FMZVD
do not bias the global mean in such a manner that would artefactually increase areas
after ANCOVA. This method is identical to that used in the study of MCD described in
Chapter 5. In addition, it should be emphasised that the present study and the prior study
of MCD are identical in every methodological respect and the same normal control series
was used.

Regions of low FMZVD found in these patients with acquired cerebral injury may be due
to loss of cortical neurons in the injured region. Additionally, specific loss of cBZR
receptors may play a part. That no increases in FMZVD were found implies that
increased cBZR is not a response to a neocortical epileptic focus, but that increased cBZR
binding is a specific marker of MCD. This finding is of clinical importance in the
interpretation of FMZ PET in patients with localisation-related epilepsy and normal
MRI, as the finding of increased cBZR binding suggests MCD as the underlying pathology.
The observation of regions of decreased FMZVD in patients with acquired lesions which
are more extensive than the MRI lesion implies that FMZ PET may be more sensitive in
the detection of such abnormalities and hence be of potential value in patients with
normal MRI.
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In conclusion, on the basis of this study, the study described in Chapter 5 and previous
studies [410, 475], isolated HS results in a localised region of loss of GABAyj^-cBZR
binding which does not extend beyond the mesial temporal structures and involves no
remote cortical areas; acquired cerebral injury results in localised neocortical regions
of loss of GABA^-cBZR which may be more extensive than the MRI lesion. MCD may
result in both localised and distant regions of increased and decreased GABA^-cBZR
binding which may be multiple. Extrapolating from these findings, it may be possible to
infer an aetiology in patients with localisation-related epilepsy and normal MRI who are
observed to have an abnormality of cerebral cBZR using ^^C-flumazenil PET. This
information may be most useful in the evaluation of such patients for possible surgery.
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Subject

Age

Sex

Duration
of epilepsy
(years)

SM

33

Male

31

GJ

47

Male

40

MD

26

Male

IJ

32

Male

GH

28

Male

OM

49

Male

29

21

MRI
finding

EEG
finding

AED
m g/day

Widespread
R lEA

CBZ 1 2 0 0
PMD 3 0 0

Aetiology

Seizures

R occipital
cortical
atrophy

Stroke in
infancy

CPS

L temporoparietal
cortical atrophy

Qosed
head
injury

CPS
GTCS

Bifrontal
brain damage

Qosed
head
injury

SPS
CPS
GTCS

Bilatera
frontal lEA

LTG 8 0 0
GVG 3 0 0 0

R posterior
temporal
cortical
damage

Bacterial
meningitis

CPS
GTCS

Bilateral
slow

PHT 3 0 0
VPA 1 0 0 0

Bilateral frontal
brain damage
L> R

Closed
head
injury

CPS

Bilateral
frontal slow

CBZ 1 8 0 0

Extensive L
cortical atrophy

Qosed
head
injury

CPS
GTCS

L centrotemporal lEA

LTG 4 0 0
GBP 8 0 0
CBZ 1 2 0 0

Regions with
significantly
reduced FMZVD

L slow;
CBZ 1 6 0 0
multifocal lEA LTG 4 0 0

Table 6.1. Clinical features and results o f SPM analysis.
R=right; L=left; SPS=simple partial seizures; CPS=complex partial seizures;
GTCS=generalised tonic-clonic seizures; IEA=interictal epileptiform
abnormality; CBZ=carbamazepine; PMD=primidone; LTG=lamotrigine; GVG=
vigabatrin; VPA=sodium valproate; GBP=gabapentin
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A

i

*

Figure 6.1. Subject SM.
A) Coregistered, normalised T1-weighted MRI
B) Volumetrically normalised FMZVD PET
0) Regions of significantly abnormal FMZVD superimposed on the MRI. Red, increased
FMZVD, blue, decreased FMZVD (p<0.001, corrected p<0.05).
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Chapter 7.
Benzodiazepine recep to rs in
d y s e m b ry o p la s tic neuroepith elial tu m o u r.

7 .1 . INTRODUCTION

Dysembryoplastic neuroepithelial tumour (DNET) is a recently described brain mass
lesion with distinctive pathological features and a favourable prognosis. It shares some
features with dysplastic lesions and may have a developmental origin. The usual
presentation is with treatment-resistant complex partial seizures of long standing
[1 1 3 -1 1 6 ]. Onset of epilepsy is usually in childhood [113, 114, 116]. EEG is usually
abnormal: localised slow activity and interictal spiking were seen in the substantial
majority, being usually more extensive than or distant to the lesion [113]. Typical focal
cortical dysplasia may be seen in areas of cortex distant to the DNET [117].

Using a method identical to that of the previous studies, the aim of this study was to
investigate the nature of abnormalities of cBZR using FMZ PET in patients with DNET.
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7 . 2 . METHODS

7 .2 .1 . S u b jects

This study included 5 male and 1 female patients who were recruited from the epilepsy
clinics of the National Hospital for Neurology and Neurosurgery, Queen Square, London,
UK. All had undergone high-resolution MRI including a T1-weighted spoiled gradient
recalled (SPGR) volume acquisition with 1.5mm thick slices as well as T2-weighted and
proton-weighted sequences with contiguous 5mm thick slices and T2-weighted images
(GE Signa 1.5T) which had identified a probable DNET. The same 24 normal subjects as
in Chapter 5 were included.

7 .2 .2 . Scanning pro to co l
7 .2 .3 . D e riv a tio n o f plasma in p u t fu n c tio n
7 .2 .4 . D ata analysis
7 .2 .5 . Production o f p a ra m e tric maps
7 . 2 . 6 . C o re g is tra tio n w ith MRI

These aspects of the method were identical to that used in Chapter 5.

7 . 2 . 7 . S ta tis tic a l P a ra m e tric M apping

Each subject was compared with the normal control group as described in Chapter 5. The
threshold chosen for both P(nmax >

k

)

and P(Zmax >

fi)

was P<0.05. In addition, for

those subjects in whom no regions were found to be significant when corrected for
multiple non-independent comparisons, the region of the DNET was examined in
isolation. The threshold chosen in this case was P<0.001, uncorrected.
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7 . 3 . RESULTS

The clinical features of the patients and the PET results are set out in table 7.1. The
patients all had medically refractory localisation-related epilepsy for a median of 15.5
years, range 6 to 33. Pathological confirmation was obtained at resective surgery in 4
cases; the remaining 2 have not undergone surgery. Three of the patients had single
regions of significantly decreased FMZVD. In all 3 cases the abnormalities were in the
same location as the abnormalities seen on MRI. One of these subjects had a single region
of significantly increased FMZVD in the occipital cortex. Two of the remaining 3 subjects
had a significant reduction in FMZVD in the DNET examined in isolation, without
correction for multiple non-independent comparisons. In these two the small region size
did not allow the regions to be significant when a correction for multiple nonindependent comparisons was made. Furthermore, in every case the Z-score peak within
the DNET represented the greatest decrease in FMZVD compared with the normal controls
anywhere in the dataset.
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7 . 4 . DISCUSSION

All six patients with DNET had reduced cBZR density in the region of brain affected by
DNET on MRI. In 3 cases the reduction of cBZR reached significance; in the remaining 3,
the DNET contained the most reduced FMZVD, but the small region size did not permit
this region to be significant when multiple non-independent comparisons across the
whole brain volume were taken into account. One subject had a single region of increased
FMZVD in the occipital cortex.

Regions of low FMZVD found in our patients may be due to relative reduction of neuronal
elements in the DNET compared with normal grey matter. Histological features of DNET
include a multinodular and multicystic appearance and the presence of both neuronal and
glial (oligodendrocytic and astrocytic) components [114,

116]; hence a relative

reduction of neuronal elements is plausible. Additionally, specific loss of cBZR may play
a part.

It remains unclear whether DNET should be classified as a tumour, that is a lesion with
prolferative potential, or as a developmental lesion related to malformations of cortical
development. The presence of accompanying cortical dysplasia is often prominent [114,
116]. It is this associated dysplasia that has led to the inclusion of DNET with
developmental lesions.

Furthermore, DNET located in the subependymal region with

nodular extension to the periphery has been recorded, suggesting an origin from
subependymal germinal matrix with nests of primitive neuroblasts arrested in their
embryonal

migration

[115].

However,

the

presence of occasional

mitoses and

immunoreactivity to the proliferating cell nuclear antigen in some cases indicate that
these lesions may have cellular proliferative activity [113].

Surgery for DNET may be highly successful [113], somewhat in contrast to the results
of surgery in MCD. It is possible this is explained by contrasting neurobiology: MCD may
often be a widespread phenomenon despite circumscribed MRI findings; DNET may be a
truly (uni)focal disorder permitting successful resfttive strategies. The findings of this
study would support this suggestion. The single region of increased cBZR found in one
subject may indicate distant MCD; however, this patient has had a good outcome following
resective surgery, implying that the region of increased FMZVD may not necessarily
indicate underlying dysplasia. Increased FMZVD in the occipital region has been observed
in some subjects with MCD in Chapter 5 and also in patients with normal MRI in Chapter
8. The explanation of this finding remains obscure.

In conclusion, DNET results in a localised region of reduced FMZVD which does not extend
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beyond the lesion; increased FMZVD may be seen exceptionally in distant cortex, but does
not ne cessarily imply a poorer surgical outcome.
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Interictal EEG
features
(* = ictal)

Drugs
(dose in mg)

Reduced FMZVD
regions p<0.001
corrected p<0.05

Highest Z-score
within lesion

Aura of anxiety;
automatisms

Rhythmic delta R
temporal

LTG 400
GBP 1800
TPM 200

None

3.43

6

CPS - deja vu, music
Also secondary gen

R temporal focus *

GVG 2000
PHT 425

R ant temp

6.33

50

18

CPS - strange sound,
loss of awareness

L temporal slow

VPA 2000

L ant lat temp

4.79

KO L med temp
DNET

30

16

CPS - deja vu, aphasia,
loss of awareness

L temporal focus*

GBP 900
LTG 100

None

4.28

SP R frontal;
DNET

19

6

SPS with motor
phenomena L arm

R frontal focus *

CBZ 1300
PHT 300
VPA 1000

R frontal

5.01

RW R amygdala
DNET

42

33

CPS - deja vu, epigastric Rhythmic delta over R
rising, olfactory
temporal. Ictal activity
hallucination
widespread R *

CBZ 1600
LTG 300

None

2.76

MRI location of
lesion; histology

Age

Duration of
epilepsy
(years)

NM R lateral temp

19

15

RIH R ant temp;
DNET

23

MIH L ant lat temp

Seizures

Table 7.1. Clinical features and results o f SPM analysis.
R=right; L-left; ant-anterior; lat=lateral; med=medial; temp=temporal; SPS=
simple partial seizures; CPS=complex partial seizures; CBZ=carbamazepine;
GBP=gabapentin; GVG=vigabatrin; PHT=phenytoin; VPA-sodium valproate
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I

1

Figure 7.1. Subject RIH.
A) Coregistered, normalised T1-weighted MRI
B) Volumetrically normalised FMZVD PET
0) Regions of significantly abnormal FMZVD superimposed on the MRI. Blue, decreased
FMZVD (p<0.001, corrected p<0.05).
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Chapter 8.
1iC -flu m a z e n il

PET

in

e x tr a te m p o r a l

epilepsy w ith normal MRI.

8 .1 . INTRODUCTION.

Advances in magnetic resonance imaging (MRI) have had a major impact on the
management of patients with refractory localisation-related epilepsy, allowing a
surgical approach to the resection of epileptogenic lesions [481-483]. An excellent
surgical outcome can be expected in patients with extratemporal epilepsy in whom a
single lesion is identified and resected completely
approximately

[103,

4 8 4 -4 86].

However,

15-20% of potential surgical candidates with localisation-related

epilepsy have normal MRI, even with the highest resolution equipment and multiple
sequences [487]. Removal of a presumed epileptogenic region of neocortex, in which no
lesion is identified on preoperative imaging, often results in a poor surgical outcome
[488, 489]. In order to detect an epileptogenic region in a patient with normal imaging,
invasive electrode studies are frequently undertaken. Such studies may identify the
seizure focus, but with the risk of concomitant morbidity from electrode placement.
Furthermore, it is not always apparent, even with high quality ictal surface EEG data,
where the electrodes should be placed to gain the greatest information.

Functional imaging may help to identify the source of seizures. There «/e little data on the
role of

T^C-flumazenil

PET

in patients

with

refractory

partial

seizures

and

unremarkable high quality MRI. In six patients with frontal lobe epilepsy, 5 of whom
had normal MRI, focal reduction in flumazenil binding was demonstrated that was
consistent with clinical and EEG data [413]. The validity of a comparison of this nature
crucially depends on the relative sophistication of the instruments and methodologies
used for the PET and MRI studies.

Two key features of this study should be emphasised: Firstly, high-quality highresolution volumetric MRI was used; secondly, an entirely objective, automated and
statistically rigorous method was used for analysis of the PET data which permitted
analysis of the whole brain volume [410, 490].

The aim of the current study was to investigate cBZR in patients with a clear-cut
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electroclinical syndrome of localisation-related epilepsy and normal high resolution
volumetric MRI, in order to detect focal cortical regions of abnormal cBZR binding in
individual patients in comparison with normal controls.
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8 . 2 . METHODS

8 .2 .1 . S u b jects

18 patients were studied who were recruited from the epilepsy clinics of the National
Hospital for Neurology and Neurosurgery, Queen Square, London, UK. All had undergone a
high resolution MRI protocol including volumetric spoiled gradient recalled (SPGR)
sequence with 1.5mm slices, and coronal T2-weighted and proton-density sequences
with contiguous 5mm slices (GE Signa 1.5T), which had been reported to be normal by
an experienced neuroradiologist aware of the clinical information. Patients were
excluded from the study if taking drugs which are thought to interact with the cBZRGABAy^ complex (benzodiazepines, barbiturates, vigabatrin). The control group was the
same 24 normal control subjects as in Chapters 5, 6 and 7.

8 .2 .2 . Scanning p rotocol
8 .2 .3 . D e riv a tio n o f plasm a in p u t fu n c tio n
8 . 2 . 4 . Data analysis
8 . 2 . 5 . Production of parametric maps
8 . 2 . 6 . C o re g is tr a t io n with MRI

These aspects of the method were identical to that used in Chapter 5.

8 . 2 . 7 . S t a t is t i c a l Para me tri c Mapping

Each patient was compared with the normal control group using the same method as in
Chapter 5. The threshold chosen for both p(nmax > k ) and p(Zmax > n) was p<0.05.
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8 . 3 . RESULTS

The clinical characteristics of the patients, drug treatment, seizure charaderistics and
EEG features are described in Tables 8.1 and 8.2. According to these characteristics, the
patients were divided into two groups: 10 patients with unilateral frontal seizure onset
and 8 patients with neocortical onset not clearly from one frontal lobe.

In summary, 13 of the 18 patients had regions of significantly abnormal cortical
FMZVD; 10 had regions of increased FMZVD, 6 had regions of decreased FMZVD, and 3 of
these had both regions of increased and decreased FMZVD. 7 patients had an abnormality
somewhere in the lobe of presumed origin of the seizures; 12 patients had an
abnormality in the hemisphere of presumed origin, including 4 with the only
abnormality being in the medial occipital cortex, medial frontal cortex or the cingulate
gyrus. 9 patients had other remote abnormalities of FMZVD.

8 .3 .1 . P a tie n ts w ith u n ila te ra l fro n ta l se izu re o n s et

From clinical and EEG evidence, 10 patients had good evidence for a unilateral frontal
seizure onset. Patient AC had a left frontal region of decreased FMZVD with no other
abnormalites. Interictal epileptiform activity was seen only in the left frontal area. SW
had a left frontal region of increased FMZVD; ictal onset was from the left frontocentral
region, A further region of increased FMZVD was seen in the medial occipital cortex. AO
had bilateral frontal increased FMZVD, more on the right than the left; seizure
semiology and interictal EEG favoured a right frontal onset, though some interictal EEG
features were bifrontal. HD had bifrontal decreased FMZVD with also mid-cingulate and
right frontal increased FMZVD. In this case interictal EEG showed bifrontal abnormality,
but the seizure semiology favoured a right frontal onset (Figure 8.1). PK had bifrontal
increased FMZVD, more on the right. Ictal onset was right frontal. ML had a medial
frontal decrease in FMZVD, with seizure semiology suggesting a left frontal onset. PW
and PS had medial occipital increases in FMZVD. Patients MF and SC had no significant
abnormalities of FMZVD. Of these 10 unilateral frontal onset patients, 6 had an
abnormality in the lobe of presumed seizure onset.

8 .3 .2 . P a tie n ts w ith o u t clear eviden ce of u n ila te ra l fro n ta l seizu re o n s et

Eight patients did not have good evidence for a unilateral frontal seizure onset. Patient
CN had bilateral frontal increases in FMZVD and medial bilateral frontal decreases in
FMZVD. Seizure onset was probably in the right hemisphere. Patient NM had a right
frontal decrease in FMZVD; ictal onset was in the right posterior temporal region.

14 5

Patient AG had bilateral parietooccipital increases in FMZVD; localisation of seizure
onset was unclear, though possibly frontal. Patient AA had a medial cingulate increase in
FMZVD and a medial occipital decrease. Again, localisation of seizure onset was unclear,
though possibly frontal. Patient RB, with seizure onset probably from the posterior left
hemisphere had a right frontal increase in FMZVD. Patients KIO and RD, with bilateral
largely posterior temporal EEG abnormalities, both had normal FMZVD. Patient AIF with
seizures of possible frontal lobe origin also had normal FMZVD.
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8 . 4 . DISCUSSION

Thirteen of the 18 patients with extratemporal localisation-related epilepsy and normal
high-resolution MRI had regions of significantly abnormal cortical FMZVD; 10 had
regions of increased FMZVD, 6 had regions of decreased FMZVD, and 3 of these had both
regions of increased and decreased FMZVD. 7 patients had an abnormality somewhere in
the lobe of presumed origin of the seizures; 12 patients had an abnormality in the
hemisphere of presumed origin, including 4 with the only abnormality being in the
medial occipital cortex, medial frontal cortex or the cingulate gyrus. 9 patients had
other remote abnormalities of FMZVD. Of 10 patients with unilateral frontal seizure
onset, 6 had an abnormality in the implicated frontal lobe.

The method has a number of advantages over previously used methods. Voxel-by-voxel
images of FMZVD were obtained through a single injection, single scan protocol and were
then easily amenable to analysis using a voxel-based statistical technique, SPM. This has
the advantages of being entirely objective, automated, statistically rigorous and able to
analyse the entire brain volume. Region of interest (ROI) analyses, previously the
conventional technique for the analysis of ligand PET data, have the disadvantage of being
subjective, liable to observer bias and only sampling the areas of brain which were
predetermined. The analysis has shown that, even at a highly conservative statistical
threshold, abnormalities may be seen remote from the expected areas. This is consistent
with our previous study of patients with MCD [475]. The method had good specificity:
only one out of 24 normal controls had any regional abnormality of FMZVD. Further, a
previous study of patients with HS using the same method showed no abnormalities
outside the hippocampus in any case [410]. From this it may be concluded that the
remote and discordant abnormalities seen in many of the patients with normal MRI are
not “false positives”, but represent real abnormalities

In the group of 10 patients with unilateral frontal seizure onset, 6 of 10 had an
abnormality in the lobe of presumed seizure onset, although 4 were bilateral. These
results might provide guidance for further neurophysiological studies, particularly by
guiding the placement of invasive electrodes. The interpretation of the findings in the 8
patients without good evidence of unilateral frontal onset is less clear. However, the
finding of single lesions, particularly in patients NM and RB might again provide
guidance for further neurophysiological studies.

The study of Chapter 5 identified regions of increased FMZVD in patients with MCD
[475]. Increased FMZVD has been identified in 10 patients in the current study.lt is
possible that the finding of increased FMZVD in these patients may represent occult MCD.
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The studies of Chapters 6 and 7 revealed only regions of decreased FMZVD, confined to
the area of the lesion, in patients with extratemporal localisation-related epilepsy due
to dysembryoplastic neuroepithelial tumour, and also in patients with acquired lesions.
It is possible that regions of decreased FMZVD detected in patients with normal MRI
represent neuronal loss.

In the context of an attempt to locate the seizure focus in patients with localisationrelated epilepsy and normal MRI, the “gold standard” may be considered to be ictal
recordings from invasive electrodes. None of these patients have, as yet, been subjected
to such investigations. Intracranial EEG recordings would be the best way to advance an
understanding of these findings and place them into context in the clinical evaluation of
such patients. In addition, any patients subsequently undergoing resective surgery would
provide tissue to confirm or refute the suggestions as to possible aetiological
significance of the changes in FMZVD.

In conclusion, using an entirely objective method, regional abnormalities of the cBZRGABA^ receptor complex in 13 of 18 patients with localisation-related epilepsy and
normal MRI have been demonstrated. In a subgroup of patients with unilateral frontal
seizure onset, the regional abnormalities of cBZR-GABAy^ receptor density were
concordant with other data in the majority of cases. These findings may be very useful in
the evaluation of drug-resistant patients for surgery.
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S u b je c t

A g e G e n de r Years
of
ep ilep sy

AC

1 8 M ale

SW

2 4 Fem a le 1 8

AO

7

3 6 Fem a le 2 9

Drugs

T im e since

(d a ily
d o se
in m g )

la st se izu re ;
fre q u e n c y
( p e r m o n th )

S eizu res

HL

MF

L f r o n t fre q u e n t in te ric ta l
spikes

L fro n ta l

N o s ig n ific a n t
regions

GBP 1 8 0 0
CBZ 1 2 0 0

3 d ays

T in g lin g in m o u th , R arm
po stu rin g , evo lvin g
t o 2 ° g e n to n ic -c lo n ic

Ic ta l rfiy th m ic d is c h a rg e
L f ro n to c e n tra l

L fro n ta l

L fro n ta l an d i

12

PHT 6 0 0

1 6 hrs
30

L s e n s o rim o to r SPS;
CPS w ith a rm d ys to n ia ;

Runs o f b ila te ra l a n te rio rd o m in a n t sh arp and slow .
So m e s h a rp w a ve s in
R f r o n to te m p o ra l region
N o ic ta l fo c a l fe a tu re s ;
g e n e ralise d a tte n u a tio n on ly.

B ila te ral fro n ta l

N o s ig n ific a n t
regions

B ifro n ta l th e ta .

B ila te ral fro n ta l

B ila te ral fro n ta l

F eeling o f w e ak n es s on R,
loss o f aw are n es s,
R a rm d y s to n ia ,
hea d looks d o w n .

R f r o n t slo w and sharp;
ic ta l o n s e t R fro n ta l fa s t.

B ila te ral fro n ta l

N o s ig n ific a n t

L e f t fa c e c o n to rts w ith
le ft lim b m o v e m e n ts

N o c le a r ic ta l o n se t;
irre g u lar w id e sp re ad
rh y th m ic a l a c tiv ity

LTG 6 0 0

3 w e ek s
2

PHT 3 7 5

2 hrs

CBZ1800
R em ac 6 0 0

40

PH T 5 0
VPA 4 0 0
CBZ 6 0 0

6 w e ek s
3

H ead tu rn s t o L;
L a rm d ys to n ia ;
ta p s R hand

C o n tin u o u s R m id -fro n t
slow; o ccas io n al sh a rp
a c tiv ity in sa m e area.

CBZ 8 0 0
PHT 4 0 0

4 hrs
40

H ea d tu rn s t o L,
R a rm d y s to n ia ,
fid g e ttin g w ith L arm

Sh a rp w a v e s p h ase re v e rs e
a t F3 in s ta g e II sleep.
H ig h er a m p litu d e t h e ta L
an te rio r. N o c lea r ic tal
o n se t; slo w a c tiv ity
b ila te ra l a n te rio r.

CBZ 1 9 0 0
GBP 1 6 0 0

1 6 hrs
40

H ea d tu rn in g t o R and
R lim b je rking : seco n d
p a tte rn a rm d y s to n ia
and fac ial c o n to rtio n .

CPS w ith h ea d tu rn in g t o L;
w a n d e rs a ro u n d and m a y
run; 2 ” g en to n ic-clo n ic

2 8 F em a le 1 7

LTG 4 0 0

3 6 h rs
30

R a rm d y s to n ie and
rising; h ea d tu rn s t o R;
2 ” g e n to n ic-clo n ic

2 2 M ale

17

D ec re a s e d F M ZV D

F re q u e n t n o ctu rn al; h ea d
tu rn s t o L, L arm rises

GBP 1 2 0 0
CBZ 4 0 0

21 M ale

In c rea se d F M ZV D

2 w eeks
8

2 4 Fem a le 1 8

21

Pro b ab le
fo cu s
lo calisatio n

PHT 3 0 0
CBZ 1 0 0 0

2 ” g e n to n ic-clo n ic

1 8 Fem a le 11

EEG

3 s ig n ifica n t
regions

regions

R fro n ta l

N o s ig n ific a n t
regions

M edial fro n ta l

M e jj^ l o c c ip ita l

N o s ig n ific a n t
regions

M edial o c c ip ital

No sig n ific a n t
regions

L c e n tr a l sylvian high
a m p litu d e fa s t and sp ike
a c tiv ity , m a y be
ac c o m p a n ie d b y head
tu rn t o R and R lim b je rk s .

N o s ig n ifica n t
regions

No sig n ific a n t
regions

Lo w a m p litu d e slow and
sh a rp in R fr o n to -te m p

N o s ig n ifica n t
regions

No s ig n ific a n t
regions

L fro n ta i

Table 8.1. Clinical features o f 10 patients with probably unilateral onset
frontal lobe seizures and normal MRI. L=left; R=right; PHT=phenytoin; CBZ=
carbamazepine; GBP=gabapentin; 2° gen =secondary generalised; occip=
occipital; LTG=lamotrigine; Remac=remacemide; VPA=sodium valproate;
FMZVD=flumazenil volume o f distribution.
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S u b je c t

A g e G e n de r Years
of
ep ilep s y

Drugs

T im e since

(d a ily

la st seizu re;

do se
in m g )

fre q u e n c y
(p e r m o n th )

S eizu res

CN

37

M ale

33

PH T 4 0 0
O x ca rb 1 2 0 0

2 w e ek s L leg s e n so ry SPS ev o lv in g
10
to 2 ° g en to n ic-clo n ic

NM

47

M ale

37

CBZ 1 4 0 0
GBP 1 8 0 0

2 d ay s
6

CPS w ith fac ial grim acing ,
h ea d tu rn in g t o L ;m ay
e v o lv e to 2 “ g en
to n ic-clo n ic

CBZ 2 0 0 0
PH T 3 0 0

1 w eek
12

F re q u e n t n o c tu rn a l je rk in g
o f arm s. CPS w ith
no c le a r la té ralisa tio n .

AG

26

M ale

11

EEG

Pro b a b le
fo c u s
lo calisatio n

In c rea se d F M ZV D

D ec re a s e d F M ZV D

T h e t a m o re m a rke d R
h em is p h e re . High v o lta g e
p o ly s p ik e /w a v e during
a tta c k ; no c lea r la té ra lis a tio n

R h e m isp h ere

Bil fro n ta l

Bil m e d ial fro n ta l
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Table 8.2. Clinical features of 8 patients without clear evidence of
unilateral onset frontal lobe seizures and normal MRI. L=left; R=right;
PHT=phenytoin; CBZ=carbamazepine; GBP=gabapentin; 2° gen =
secondary generalised; occip=occipital; LTG=lamotrigine; Remac=
remacemide; VPA=sodium valproate; Oxcarb=oxcarbezepine; FMZVD=
flumazenil volume of distribution.
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Figure 8. h
Subject 4; regions of abnormal FMZVD rendered onto the coregistered, volumetrically
normalised T1-weighted MRI. Right is on the left of the figure. Red: increased FMZVD
p<0.001, corrected p<0.05; blueidecreased FMZVD p < 0 .001, corrected p <0.05. (a)
transverse, (b) sagittal, (c) coronal sections; the white lines mark the position o f the
other two planes orthogonal to each section.
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Chapter 9.
A voxel-level m ethod fo r th e comparison of
s tru ctu ra l and functional imaging d ata.

8 .1 . INTRODUCTION

Ligand PET studies have been used successfully to investigate many neurological diseases
including epilepsy [393, 395, 406, 475, 491, 4 9 2 ], Parkinson's disease [493],
Huntington's disease [403, 494, 495], Alzheimer's disease [454], amyotrophic lateral
sclerosis [404] and others. Conventionally, ligand parameters were measured in a
region of interest (ROI) in a patient, or group of patients, and these data were compared
to the homologous region in a control group. Although automated region identification has
been proposed using a variety of different methods [455, 456] region placement
generally relies on an observer's expertise, is subject to observer bias and is limited in
terms of the regions of brain evaluated. A further difficulty with ROIs results from
systematic differences between the anatomy of patient and control groups. In a
degenerative disease such as Huntington's disease, for example, the reduction of ^^Cflumazenil binding detected in the striatum may be a consequence of volume loss in this
structure leading to partial volume effects. The apparently low ligand binding seen in an
atrophied structure may actually be normal in terms of ligand binding per unit volume;
indeed, partial volume effects leading to an apparent decrease in ligand binding could
conceivably mask a real increase in binding per unit volume. Hence it has been
recognised that methods of partial volume correction are necessary for a full
characterisation of PET data [450-454], These methods share in common the use of
high-resolution MRI to define cerebral structure and its coregistration with the PET
data.

In order to avoid the restrictions imposed by ROI methods, particularly the subjectivity
of region placement and the necegary limitation of the analysis to the selected regions, a
method was described in Chapter 5 for the analysis of ’ ’ C-flumazenil PET in patients
with

epilepsy

using

a

voxel-based

approach.

Statistical

Parametric

Mapping

(SPM)[475]. This study, and others described in this thesis and elsewhere [410, 490],
demonstrated that SPM successfully detected significant differences in ligand binding in
expected regions in the patient group compared to normal controls, but also detected
significant abnormalities in brain regions that were not predicted in advance, with high
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specificity.

SPM has also been applied to the voxel-based analysis of structural MRI data [496]. The
next logical step was to attempt a voxel-based comparison of functional imaging and
structural imaging in the same patient. PET data from a patient or patients can be
compared with PET data from normal controls and the MRI from a patient or patients can
be compared with the MRI of normal controls. The differences between the patients and
control subjects within each of the two modalities can then be compared, both in terms of
the anatomical postion and relative magnitude. Thus the issue of partial volume
correction of the PET data is bypassed. This allows the identification of apparent
functional abnormalities in ligand binding that are actually simply proportional to a
change in the volume of a grey matter structure at that point (that are not generally
interesting) and, conversely, the identification of functional changes that are not related
to, or not accounted for by, any structural change (and hence interesting). This
represents a group x modality interaction.

As an example of this approach the structural and functional imaging data from patients
with partial seizures due to malformations of cortical development (MCD) have been
compared. The data were derived from two published studies of the same group of
patients: a study of regional cerebral volume measured on MRI in patients with partial
seizures due to MCD and in a normal control group [54], and a study of cerebral ^^Cflumazenil binding to the y-aminobutyric acid type A-benzodiazepine receptor complex
(GABA^-BZR) in patients with partial seizures due to MCD and in a normal control
group [475], described in Chapter 5. The region-based data derived from the MRI study
was used as a validation of the voxel-based approach to MRI morphometry. A method was
developed that was based entirely on existing tools in the current release of the
Statisitical Parametric Mapping software at the time of writing (SPM95). This method
not only contributes to the understanding of the specific issue of alterations of
benzodiazepine receptor density in malformations of cortical development, but may also
be applied generally to compare structural and functional data in the whole range of
brain disorders.
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9 . 2 . METHODS

9 .2 .1 . S u b jects

Ten patients were studied, who were recruited from the epilepsy clinics of the National
Hospital for Neurology and Neurosurgery, Queen Square,
previously been

reported

in two

previous

studies,

London, UK. All have

one of

MRI volumetry

in

malformations of cortical development associated with localisation-related epilepsy
[54] and one of benzodiazepine receptor density in this disorder [475], described in
Chapter 5. The data from these studies were used. Twenty-four normal subjects of
similar age were studied in the PET investigation. A separate group of 32 normal
subjects were included in the MRI study. Sixteen normal controls were selected from
each study control group in order to obtain the best possible age and sex match between
the two control groups.

9 .2 .2 . Scanning p ro to c o l - PET
9 .2 .3 . Prod uction o f p a ra m e tric maps o f 11 C -fiu m a z e n il binding

These are as described in Chapter 5.

9 . 2 . 4 . Scanning p ro to c o l - MRI

MRI was performed using a 1.5T GE Signa (GE, Milwaukee, USA). A coronal spoiled
gradient recalled sequence (SPGR) was performed for morphometric analysis (TE 5ms,
TR 35ms, flip angle 35 degrees, acquisition matrix 256x128, 1 NEX, field of view
24cm, producing 124 contiguous slices 1.5mm thick).

9 .2 .5 . S e g m en tatio n o f MRI and MRI v o lu m e try

MRI images were transferred to an independent imaging analysis workstation (Allegro,
ISG Technologies, Toronto, Canada). This permitted segmentation, division into ROIs and
subsequent volume

measurements,

as described

previously [54].

In brief, the

segmentation was acheived by a combination of selection of a pixel intensity threshold
with subsequent region growing from a seed placed by the operator and manual editing to
separate other unwanted structures from the ROI. A binarised image of the entire MRIdefined cortical grey matter from both cerebral hemispheres (MRIGM) was produced for
each subject and used for analysis with SPM. Cortical grey matter and subcortical
matter volumes of interest from each hemisphere were divided into 10 coronal regions
of interest, each spanning one tenth of the total anterior-posterior extent of the
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hemisphere. The volume of each grey matter and subcortical block was measured and
normalised for total intracerebral volume as described previously

[54]. In this

previous study a high degree of intra- and inter-observer reliability was established
for the volume measurements. For each coronal volume of interest, measurements were
made of the grey matter volume for each hemisphere, the subcortical matter volume for
each hemisphere, the ratio of grey matter volumes from opposite hemispheres, the ratio
of subcortical matter volumes from opposite hemispheres, and the ratio of grey matter
volume and subcortical matter volume for each hemisphere. Thus, a total of 80 measures
was produced for each brain. The previous study showed no normal control had more than
one abnormal measure; abnormality was defined as the presence of more than one
abnormal measure.

9 .2 .6 . D ata analysis

Data were analysed on a Sun SPARCclassic workstation (Sun Microsystems, Mountain
View, CA) using Analyze version 7.0

(Mayo Foundation) [471],

MATLAB (The

MathWorks Inc., Natick, Mass.) and Statistical Parametric Mapping (Wellcome Dept, of
Cognitive Neurology, Institute of Neurology, London) [457-459 ].

9 .2 .7 . S p a tia l n o rm alis atio n o f PET and MRI

All of the images were transformed into a standard three-dimensional space. Because the
normal data for MRIGM and FMZVD were from different individuals, two separate but
anatomically identical images were required as templates: one for the MRIGM images and
one for FMZVD images. To ensure these templates were in exact register, one normal
MRI was chosen. This image was segmented as described above to produce an MRIGM
image and a second image with the thalami, basal ganglia and cerebellum included. Both of
these images were flipped in the transverse plane and then averaged with its unflipped
counterpart to produce two symmetrical images. Finally, both images were smoothed
with an 8mm isotropic Gaussian kernel, to produce two anatomically identical images,
one consisting of only cerebral cortex (the MRIGM template) and the other with cortex
and subcortical structures (the FMZVD template).

9 . 2 . 8 . S ta tis tic a l P a ra m e tric Mapping

For the analysis of each individual modality in isolation, the SPM{t[ were transformed to
the unit normal distribution (SPM{Z}) and thresholded at p < 0.001. To correct for the
multiple non-independent comparisons inherent in this analysis, the resulting foci were
then characterized in terms of spatial extent

(k )

[4 5 9 ]. This characterization is in
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terms of the probability that a region of the observed number of voxels (or bigger)
could have occurred by chance (P(nmax >

k

))

over the entire volume analyzed (i.e a

corrected p-value). The corrected p-value chosen was p < 0.05.

9 .2 .9 . A nalysis o f s tru c tu ra l d a ta using SPM

Each individual patient's MRIGM image was compared with the normal group as described
previously

in Chapter 5 for the comparison of individual and normal group FMZVD

images. All images were smoothed with a 13x13x9mm Gaussian kernel, resulting in an
effective smoothness identical to FMZVD images smoothed at 10x10x6mm. The smoothed
MRIGM images can be regarded as images in which voxel intensity reflects the local grey
matter volume at a spatial resolution identical to that of the PET studies. Global mean
voxel value was included as a confounding covariate and this analysis can therefore be
regarded as an ANCOVA [476]. The occurrence and position of significant regional
differences between the patients and the normal controls were compared with the results
from the MRI volumetric analysis described above [54], as a validation of the use of
SPM in this context.

9 .2 .1 0 . Analysis o f ^ ^ C -flu m azen il PET d a ta

Each individual patient's FMZVD image was compared with the normal group, described
previously in Chapter 5.

9 .2 .1 1 . Com parison o f MRI and PET im ages

Having spatially normalised the images, the comparison of MRI and PET was greatly
facilitated. The transformed, smoothed images were maps of local grey matter volume
and local flumazenil V^ at the same resolution. The question addressed at each voxel was:
which is the greater effect, change in local grey matter volume, or change in
benzodiazepine receptor density? In essence, the analysis was a group by condition
interaction within SPM, "group" being individual patient or normal controls, and
"condition" being imaging modality, MRI or PET.

In order for this analysis to be possible there must be a consistent relationship between
grey matter volume and FMZVD at each voxel over subjects. The measure of FMZVD per
unit grey matter volume could be variable across brain regions, however. In order to
compare the two sets of images the variance at each voxel should be comparable between
the imaging modalities. A consistent correlation between grey matter volume and FMZVD
at each voxel was assumed. Proportional scaling was used to acheive global normalisation
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of voxel values between scans, to render the variance at each voxel, in the two sets of
data, the same.

Two contrasts can be specified testing for an interaction between the MRI and PET
datasets: Regions showing unexpectedly high FMZVD compared to grey matter volume,
and regions showing unexpectedly low FMZVD compared to grey matter volume. These
results can be compared with the comparison of individual FMZVD images against the
normal controls to reveal those areas of brain in which apparently significant
differences in FMZVD were due to abnormalities of local grey matter volume. Regions
were defined with a threshold of p < 0.01. Regional abnormalities were retained only if
they were significant after a correction for multiple comparisons [459], using p < 0.05
for the analysis of MRIGM and FMZVD images in isolation and and p < 0.5 for the
interactions. A low threshold was chosen for the interactions to ensure a low type II
error in detecting mismatch between tracer uptake and grey-matter density. Since
heterotopic nodules were excluded from the MRIGM images by virtue of the segmentation
process, any result showing a significant interaction confined only to heterotopic nodules
(present in the FMZVD images but not in MRIGM images) was excluded.

The method is summarised in figure 9.1.
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9 . 3 . RESULTS

The clinical features of the 10 patients are described in table 9.1.

9 .3 .1 . SPM analysis o f MRI s tru c tu ra l d a ta and com parison w ith re g io n based m orphom etries

Comparison of each normal control MRIGM image with the remaining 15 normal controls
revealed only one significant region in one individual at the statistical threshold of p <
0.001, corrected p < 0.05. Since 32 tests were made (examination for regions of
increased grey matter volume and examination for regions of decreased volume in each of
16 subjects) at least one significant region was expected by chance.

Five of the 10 patients had abnormal block volumes according to the region-based
morphometries; the approximate position of these abnormal blocks is marked in Figure
9.2. Since the block volume measurements were performed on data which were not
spatially normalised, the position of the blocks were approximately indicated by dividing
the spatially normalised brain into 10 equal coronal partitions. Several measures were
made in each block (grey matter volume, white matter volume and both within-block
ratios and ratios between the block volumes and those of the opposite hemisphere
homotopic block); the various categories of block abnormality have not been separated
since the different measures are not necessarily independent.

Using SPM and a threshold of p < 0.05 (corrected) with ANCOVA, the same five patients
were found to have abnormalities of MRIGM. The remaining five patients were found to
be normal by both techniques. The SPM results are displayed next to the block volume
results for comparison in Figure 9.2. Although some abnormalities are anatomically
concordant, particularly in MC, RFI and JW, others are not. Flowever, using these two
methods, the concordance in terms of detection of an abnormal brain is striking. SPM
permitted the identification of regions of increased or decreased grey matter volume
with respect to controls in greater anatomical detail compared to region-based
morphometries.

9 .3 .2 . Com parison o f s tru c tu ra l and fu n c tio n a l im ages

Figure 9.3 shows the SPM results of analysis of the MRIGM data displayed alongside the
SPM analysis of the FMZVD data; the results of the analysis of the interaction between
these two imaging modalities is also shown. For all of these analyses proportional scaling
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was used and regions were defined using a threshold of p < 0.01, significant regions are
reported at p < 0.05 for the within-modality comparisons and at p < 0.5 for the
interaction. In two cases (SH, KS) no abnormalities were found with either modality and
no significant interaction was revealed. In two further cases (TJ, and TP) significant
abnormalities in one imaging modality were associated with comparable abnormalities in
the other modality such that no regions of abnormal FMZVD per grey matter volume
were identified: TJ had a region of increased FMZVD in the right central region accounted
for by increased grey matter volume in that area; TP had a region of decreased FMZVD in
the right posterior temporal/occipital area accounted for by a decrease in grey matter
volume in that area. In both of these cases there were other areas of abnormal grey
matter volume which were associated with comparable changes in FMZVD in those areas
which, while non-significant when examined alone, were sufficient to exclude any
significant interaction.

The remaining six cases all showed significant interaction effects, with regions of
significantly abnormal FMZVD per grey matter volume. Five of the seven subjects found
to have abnormalities of FMZVD examined in isolation (MC, AF, RH, MS, JW) were
shown to have a significant interacton between MRIGM and FMZVD, demonstrating that
the abnormal FMZVD is not merely a consequence of abnormal anatomy, but reflects
abnormal benzodiazepine receptor density in these grey matter regions. However, this
was not the case for all areas in these subjects. For example, the cingulate gyrus in JW
and left parietal cortex in RH, which were found to show abnormal FMZVD examined in
isolation, were found to have a proportionate change in grey matter volume in these
areas. Specifically, in the case of JW, increased cingulate FMZVD was accounted for by
an unsuspected increase in grey matter volume in this area; in the case of RH, decreased
left parietal cortex FMZVD was accounted for by an unsuspected decrease in grey matter
volume in this area.

In one subject, SN, interaction analysis showed an abnormality of ^^C-flumazenil that
was not evident on analysis of the FMZVD data in isolation: the left prefrontal area
showed an increase in grey matter volume, but no corresponding increase in FMZVD.
Even in those subjects in whom both abnormality of MRIGM and abnormality of FMZVD
were seen when analysed in isolation, the interaction analysis provided “added value”.
For example, in RH a schizencephalic cleft is seen in the left central area, reflected by
increased MRIGM and increased FMZVD in this area. The interaction analysis shows,
unexpectedly, that the posterior lip of the cleft has reduced ^^C-flumazenil binding per
grey matter volume and the anterior lip has increased ’ ^C-flumazenil binding. Further,
in subject MS there were no regions of decreased FMZVD but several regions of decreased
grey matter volume; the interaction analysis revealed that some of these areas of
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decreased grey matter volume have relatively high ^^C-flumazenil binding, which was
not apparent in the analysis of FMZVD images alone.

SN, TP and KS had significantly high FMZVD compared with MRIGM in the region of
heterotopic nodules only. These results were artefacts consequent upon the exclusion of
heterotopic nodules from the MRIGM images, and are not shown.
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9 . 4 . DISCUSSION

9 .4 .1 . V o x e l-b a s e d analysis o f MRI using SPM

This study has shown that five of ten patients with MCD and localisation-related epilepsy
had abnormalities of regional cerebral volumes as measured in coronal blocks. It has
also been shown that these same five patients had abnormalities of regional grey matter
volume detected using SPM. The remaining five patients were found to be normal by both
techniques. The specificity of SPM in this context was demonstrated by the finding that
only one of the sixteen normal controls was found to have a single region of abnormal
MRIGM in comparison with the remaining 15 controls. This chance finding was expected
at a corrected threshold of p < 0.05. SPM permits an anatomical localisation of regional
abnormalities of cortical grey matter volume at a resolution greatly superior to the
block volume method. In addition, SPM is entirely objective and is not constrained by
predetermination of volumes of interest. The finding of an abnormality of a block volume
does not allow the location of this abnormality to be pinpointed. The analysis of
structural MRI data using SPM may be a useful technique in the investigation of patients
with epilepsy as well as other neurological and psychiatric disease, particularly to
delineate the extent of a structural abnormality or when no abnormality is evident by
visual inspection.

9 .4 .2 . V o x e l-b a s e d com parison o f MRI and PET in MCD using SPM

This study has also shown that six of 10 patients showed regions of cerebral cortex with
disproportionate flumazenil binding compared with local grey matter volume by
formally testing for an interaction effect. Five of these had regional abnormalities of
FMZVD on examination of the FMZVD images alone. These included both areas of increased
FMZVD as well as areas of decreased FMZVD. In addition, it was shown that one patient
with abnormalities of MRIGM but no abnormality of FMZVD examined alone showed
abnormal FMZVD when compared with MRIGM. Finally, no patient with both MRIGM and
FMZVD images found to be normal when examined in isolation was found to have any
disproportionate

flumazenil

binding.

The

identification

of

regions

of

increased

flumazenil binding in patients with MCD when abnormalities of cortical volume have
been taken into account confirms the previous finding of increased flumazenil binding
when FMZVD images were examined in isolation in Chapter 5 [475]. This might be
explained by either an increased density of neurons bearing GABA^ receptors, an
increased density of these receptors per neuron, or an increased affinity of these
receptors. Other potential explanations for the finding of increased flumazenil binding in
patients with epilepsy included abnormalities of grey matter structure, or possibly an
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artefactual consequence of global normalisation of FMZVD data. Since both anatomical
abnormality and global normalisation would have the same effect in MRIGM images as in
FMZVD, direct comparison of these two modalities allows the exclusion of these effects: it
was found, in the majority of cases, that regions of relatively low or high flumazenil
binding remained when these factors were taken into account. Therefore, the finding of
regions of increased flumazenil binding, as well as decreased flumazenil binding per unit
volume of grey matter, is a real phenomenon. In some cases, however, abnormalities of
FMZVD images examined in isolation were shown to be accounted for by subtle and
previously unnoticed abnormalities of grey matter volume. For example, RH had a region
of low FMZVD in the left parietal lobe; in the same area there was a region of reduced
MRIGM. As a result, no disproportionate flumazenil binding was seen in that area.
Similarly, increased FMZVD was observed in the cingulate of JW; increased MRIGM was
also seen in this area, such that no disproportionate flumazenil binding was detected.

No individual with both normal FMZVD and normal MRIGM examined independently had
any disproportionate flumazenil binding when the two modalities were compared. The
normal control group for MRIGM was composed of different individuals from the normal
control group for FMZVD. This study has shown that the detection of abnormality of
MRIGM in normals is exceptional. Chapter 5 has already shown that abnormalities of
FMZVD in normal controls are also very rare [475]. It is an assumption of this study
that both anatomy and function would be normal in all of the normal controls, although
only one modality of imaging has been performed in each normal. It is reassuring that no
patient with normal MRI and PET imaging, analysed independently, showed any
significant abnormalities when the structural and functional data were compared
directly.

9 .4 .3 . V o xel-b a sed com parison o f MRI and PET - general m ethodological
co n sid eratio n s

Several important general issues are addressed by these findings. It might be thought
that the processes of volumetric normalisation and smoothing of images might
artefactually create apparent anatomical abnormalities in normal brain images, or
remove real abnormalities from abnormal images. It has been demonstrated that neither
of these phenomena occur. In total 26 individuals were studied; five were found to be
abnormal by a rigorous and meticulous regional volume measurement technique; the
same five were designated abnormal by SPM.

The technique allowed for inferences about abnormalities in FMZVD per grey matter
volume in a way that avoids using the ratio itself. This was achieved by testing for
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interactions. This is important because alternative approaches based explicitly on the
ratio would not lend themselves to parametric statistical analysis because quotients of
this sort are not normally distributed. In order to combine the two modalities of data
implicitly in a statistical model, similar distributions under the null hypothesis are
required. In this case proportional scaling by the whole brain mean was used to achieve
this.

A crucial feature of the method is the use of proportional scaling for global
normalisation of voxel values. Assuming a constant relationship between MRIGM and
FMZVD in each brain region, global normalisation by proportional scaling also leads to a
proportional scaling of the error variance such that homoscedasticity is assured. The
interaction effect can only be examined under this condition. The assumption of a
constant relationship between MRIGM and FMZVD in each brain region is entirely
reasonable given that (under normal circumstances) tracer uptake will be proportional
to receptor density, which will in turn be proportional to local grey matter volume. It
has been shown that differences between normal controls in each nrradality are hard to
detect, therefore there is a predictable distribution of values at each voxel in the two
modalities. It is also important to ensure the spatial autocovariance structure of the two
data sets is the same. This can be achieved by differential smoothing to the same
smoothness; the method of estimating smoothness has been described elsewhere [497].

The feasability of using different templates for different imaging modalities while
maintaining exact registration of the two normalised images for the same individual has
been shown. This is partly demonstrated by the point above: misregistration would
result in artefactual differences between the two imaging modalities in individuals with
normal imaging in each modality considered independently. It is also demonstrated by the
observation that in a number of cases abnormalities in one modality are precisely
counterbalanced by abnormality of the other modality in the same anatomical region.
Abnormalities of FMZVD and MRIGM would only be seen to "cancel out" if the
coregistration was adequate.

A number of criticisms could be made of this method. Firstly, MRIGM images were
assigned a single constant voxel value to all regions of cortex before smoothing;
benzodiazepine receptor density is known to be not constant across all grey matter
regions in human brain by autoradiographic mapping [159]. Although gross differences
in receptor density over the brain may violate the assumption of homoscedasticity above,
they are not, in themselves a problem for the technique: This is because a low (or high)
receptor density will result in a difference between FMZVD and MRIGM means only ie. a
main effect of modality. However, FMZVD per unit grey matter differences represent
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interactions and are not affected by this main effect. This argument assumes, of course,
that the error variances are the same for the FMZVD and MRIGM data after
normalisation. If this is not the case more sophisticated normalisation transformations
may be required (eg. by weighting every segmented image by the mean FMZVD image
over all subjects). Secondly, no account has been taken of the contribution to apparent
FMZVD values in cortex by "spill-in" from activity in surrounding white matter.
However, it has been shown that benzodiazepine receptor binding in white matter is
negligible compared to cortex [159]. For a ligand with significant white-matter
binding, the assumption of a non-grey value of zero in the MRIGM images would have to
be re-evaluated. A more sophisticated approach would be to combine grey, white and CSF
segmented image partitions linearly in a way that best predicted the mean FMZVD image
in a least squares sense. Finally, the method outlined here has still required interactive
segmentation of the MRI data by a skilled investigator. This is labour-intensive and
somewhat subjective, although our data has been shown previously to have been
segmented with good inter- and intra-operator reliability [54]. Automated MRI
segmentation techniques now available as part of SPM96 (Wellcome Department of
Cognitive Neurology, Institute of Neurology, London, UK) should enable this step of the
analysis to be automated and rendered entirely objective.

Although voxel-based comparison of MRI and PET using SPM has many advantages,
particularly the automated and objective analysis of all brain regions, this method may
have some disadvantages. The spatial transformation of images and normalisation to
global mean enable relative regional changes to be detected but at the expense of the
detection of global change and the measurement of absolute quantitative values. A ROIbased approach, though subjective in terms of region placement and limited to the
regions selected, allows absolute quantification. Using SPM to compare structural and
functional images might be used to detect regions of significant abnormality and to
determine whether any functional abnormality could be explained by structural
abnormality in that region. These significant regions could then be analysed with a ROI
technique employing partial volume effect correction [450-454] to obtain absolute
quantitative values.

In conclusion, the validity of a voxel-based technique for the comparison of individual
structural images with a normal group of such images has been demonstrated, which
allows subtle structural abnormalities to be located. Previous chapters of this thesis
described the application of voxel-based methods to the comparison of individual PET
ligand images with a group, which allowed functional abnormalities to be located.
Building on these two approaches, a novel technique has been described in this chapter
for the direct comparison of structural and functional images using SPM, which allows
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issues concerning partial volume effects and mixed tissue sampling in PET ligand images
to be resolved. This is pertinent to any ligand PET investigation in which either atrophy
of a structure or increase in volume, as in MCD, may be encountered. Using this method
we have demonstrated that although patients with MCD show changes in cortical volume
and changes in FMZVD these changes are often disproportionate; 6 out of 10 of the
patients showed abnormalities of FMZVD which were not accounted for by changes in
cortical volume. The abnormality of FMZVD per grey matter volume detected by this
method demonstrates the existence of a functional abnormality in patients with MCD in
addition to structural abnormality. This functional abnormality could be due to abnormal
neuronal density or abnormal numbers or affinity of benzodiazepine receptors. The
analysis of ligand PET data should always include a comparison with structural data, in
the form of high-resolution MRI, which is greatly facilitated by the approach described
here.
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Table 9. h Clinical features of the W patients with MCD.
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Figure 9 . 7.
Cartoon illustrating schematically the method of voxel-by-voxel comparison o f
structural and functional data. Subject JW is used as an example.
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grey m atter volume are shown.
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Chapter 10.
T h e c o r tic a l-s u b c o r tic a l GABA^-BZR
syste m in fro n ta l lobe seizures
1 0 .1 . INTRODUCTION

Most hypotheses explaining how seizures arise implicate a relative imbalance between
local cortical excitatory and inhibitory influences. Over the past two decades these
concepts have been refined, particularly in animal models of epilepsy arising in the
limbic system and in epilepsy in man caused by hippocampal sclerosis. Other than in an
animal model of chronic neocortical injury in which a sub-population of GABAergic
cortical interneurons is lost [230], relatively little is known of the mechanisms of
seizures in neocortical epilepsy.

Cortical excitability and the spread of seizure activity are strongly influenced by
subcortical structures [180, 236, 241]. The current model of basal ganglia function in
relation to the neocortex is complex, but permits some predictions in man concerning
the control of cortical excitability by the striatum (figure 1 .1 2 )[2 4 9 ]. Neocortical
input to the striatum is excitatory, and glutamatergic. The striatum also receives an
inhibitory, GABAergic, input from the pallidum. The major outputs from striatum are
inhibitory, GABAergic outputs to the internal portion of the globus pallidus and the
substantia nigra pars reticulata. These latter areas project via GABAergic inhibitory
pathways to the ventral anterior and ventral lateral nuclei of the thalamus, which in
turn project, via excitatory pathways, to the cortex. Thus, inhibiting the activity of the
striatum leads to increased inhibition of the thalamus and hence decreased cortical
excitability.

Potentiation of inhibition is associated with an increased number of GABA^-BZRs [1 8 8 ].
Flumazenil volume of distribution (FMZVD), a parameter measurable at the voxel level
with PET, is directly correlated with benzodiazepine receptor density and hence acts as
an index of GABA^-BZR density.

Using the technique of Statistical Parametric Mapping (SPM), an automated and
objective means of comparing groups of images, a group of 10 patients with unilateral
frontal lobe epilepsy (FLE) and normal MRI was investigated in order to detect any
abnormalities of FMZVD in the cortex and basal ganglia.

170

1 0 .2 . METHODS

1 0 . 2 . 1 . S u b jects

We studied 18 patients who were recruited from the epilepsy clinics of the National
Hospital for Neurology and Neurosurgery, Queen Square, London, UK. Clinical details of
the patients are summarised in tables 8.1 and 8.2; the individual patient findings were
described in Chapter 8. All had partial seizures and had undergone a high resolution MRI
protocol including II-w eig h ted volume acquisition with 1.5mm partitions and both
coronal T2-weighted and coronal proton density acquisitions covering the whole brain in
contiguous 5mm slices (GE Signa 1.5T). The MRI data had been reported to be normal by
an experienced neuroradiologist aware of the clinical information. The data from the
same 24 normal subjects as in Chapter 5 were used.

1 0 .2 .2 . Scanning p rotocol

Scans were performed using an ECAT-953B PET scanner (CTI/Siemens, Knoxville)
[460]. Data were acquired in 3D mode, with the septa retracted to improve sensitivity
[425]. Dual energy window scatter correction [427] was employed.

1 0 . 2 .3 . D e riv a tio n o f plasm a input fu n c tio n
1 0 . 2 .4 . D ata analysis
1 0 .2 .5 . Production o f p a ra m e tric maps

These aspects of the method were identical to that used in Chapter 5.

1 0 . 2 . 6 . S ta tis tic a l P a ra m e tric Mapping

Images from patients with a unilateral onset in the left hemisphere were flipped so that
all subjects with unilateral onset had right-sided foci.

For the comparison of the patient and normal groups, the SPMjt} were transformed to
the unit normal distribution (SPMjZ}) and thresholded at p<0.01, p<0.001

and

p<0.0001 uncorrected. There was no a priori hypothesis defining the regions to be
examined;therefore, to permit analysis of the entire brain volume a correction for
multiple non-independent comparisons was made. Each focus exceeding the uncorrected
threshold was then characterized in terms of spatial extent
threshold chosen was p<0.05.

(k )

[459]. The corrected
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For the analysis of correlation between FMZVD and seizure frequency, seizure frequency
(total number of all seizure types per month as determined from patients’ prospectively
compiled diaries) was included in the model as a covariate of interest in a parametric
analysis. The patient data were examined alone. Firstly, all 18 patients were examined
for regions where FMZVD correlated significantly with seizure frequency; this analysis
was confined to those regions found significant in the group comparison above.
Therefore, the SPM{Z} was thresholded at p<0.001, uncorrected. Secondly, the 10
patients with unilateral frontal seizures were examined alone for regions where FMZVD
correlated significantly with seizure frequency; this analysis was confined to the frontal
cortex. Therefore, the SPM{Z} was thresholded at p<0.001, uncorrected.

The significant regions were then superimposed on an “average normalised” MRI
constructed from a voxel-by-voxel mean of the normalised T1 -weighted MRIs of 8 of the
normal control group.
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1 0 . 3 . RESULTS

Three separate analyses were performed. Thirteen patients had unilateral seizure foci, 7
on the right and 6 on the left; five had bilateral foci or seizures not clearly lateralised.
Images from patients with unilateral left-sided foci were flipped so that all unilateral
foci were on the right during the group analysis.

The first analysis compared all 18 patients with the 24 normal controls. This revealed
FMZVD significantly increased interictally in a number of cortical and subcortical
regions. No regions of decreased FMZVD were found. The main regions of increased
FMZVD were the ipsilateral motor cortex (highest Z-score in this region 5.68),
ipsilateral putamen (Z = 5.2 1), ipsilateral lateral premotor cortex (Z = 4.8), anterior
cingulate (Z=5.08), contralateral putamen (Z=4.4), contralateral lateral premotor
cortex (Z=4.35) and contralateral motor cortex (Z = 3.94) (figure 10.1a).

In the second analysis only the data from the 18 patients was examined, looking for
regions where FMZVD correlated significantly with seizure frequency, confining
attention only to those regions identified in the first analysis. FMZVD correlated
negatively with seizure frequency in a number of regions. Three of these regions
coincided with anatomical areas found significant in the first analysis; ipsilateral
putamen (Z=3.97), cingulate (Z=3.45) and ipsilateral premotor cortex (Z=3.1)
(figure 10.1b and figure 10.2). No significant positive correlations between FMZVD and
seizure frequency were observed when examining all 18 patients together.

In the third analysis only the data from a subgroup of 10 patients with unilateral frontal
lobe seizure foci was examined for voxels in which FMZVD correlated significantly with
seizure frequency. The analysis was confined to frontal cortex. FMZVD correlated
positively with seizure frequency in only one area, a region of ipsilateral frontal cortex,
Z=3.76 (figure 10.1c). No significant negative correlations between seizure frequency
and FMZVD were found for this subgroup.
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1 0 . 4 . DISCUSSION

Significantly increased FMZVD in 18 patients with LRE and normal MRI, compared to 24
normal controls, has been shown in the ipsilateral putamen, ipsilateral primary motor
cortex, ipsilateral lateral premotor cortex, anterior cingulate, contralateral putamen,
contralateral

primary

motor

cortex

and

contralateral

lateral

premotor

cortex.

Furthermore, FMZVD correlated negatively with seizure frequency in ipsilateral
putamen, cingulate and ipsilateral premotor cortex. FMZVD correlated positively with
seizure frequency in a region of ipsilateral frontal cortex in 10 patients with unilateral
frontal lobe seizures.

These changes are complex and suggest a central role of the GABAergic system in either
the pathogenesis or adaptive modulation of seizures, or both. It is postulated that these
findings indicate an adaptive response. This adaptive response could either be a
physiological one, via intrinsic mechanisms, or the result of antiepileptic medication.

The increase in FMZVD (assumed to reflect an increase in GABA^-BZR density) is
largely confined to the striatum/pallidum, motor cortex, anterior cingulate and lateral
prefrontal cortex, a distributed network known to be involved in simple motor tasks in
man [498]. Two of these areas, the ipsilateral premotor cortex and anterior cingulate,
also demonstrated a negative correlation between FMZVD and seizure frequency,
suggesting that this putative adaptive response serves to reduce seizure frequency. This
increase in GABAy^^-BZR density could reflect receptor upregulation because of impaired
GABA release, implying impaired inhibition in these regions and hence that these changes
are part of the cause of the seizures. Alternatively, the increase in receptors may be an
'attempt" to increase cortical inhibition, an adaptive response reducing the tendency for
seizures. The negative correlation between FMZVD and seizure frequency in a subset of
these regions suggests that this is an adaptive response.

These data suggest that an increase in (jABA^^-BZR density in the ipsilateral putamen is
associated with a reduced seizure frequency in patients with LRE and normal MRI. If
increased GABA^-BZR density reflects increased inhibition locally, the increased
inhibition of the putamen would result in reduced cortical excitability in the lobe of
seizure origin, via a polysynaptic pathway through either globus pallidus pars interna
or substantia nigra pars reticulata and the ventral anterior and ventrolateral thalamic
nuclei. Thus, one can speculate that the greater the increase in GABAy^-BZR density in the
striatum the fewer the seizures, as observed in this study. If the increase in GABA^-BZR
density were due to an upregulation following reduced GABA release, then one could
hypothesise that a greater increase in striatal GABA^-BZR density (and hence the less
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the inhibition in this area because of reduced GABA release) would result in more
cortical excitation and hence more seizures. This was not observed.

A region of the ipsilateral frontal cortex showed a positive correlation with seizure
frequency. We interpret this as receptor upregulation because of impaired GABA release,
implying impaired inhibition in this region. Only one other study has examined the
correlation between GABA^-BZR density and seizure frequency; the majority of the
patients in that study had temporal lobe seizure foci and the GABA^-BZR density at the
seizure focus correlated negatively with seizure frequency [414]. The differences in
patient group and methods prevent a meaningful comparison of this previous study with
the data presented here.

These arguments may be assembled into a model for the role of the GABAy^-BZR system as
a feedback modulator of neocortical seizures (figure/^j). The essential elements of this
model are: (1 ) locally impaired GABA^-mediated inhibition in the seizure focus as part
of the local epileptogenic mechanism; (2) increased GABAy^-BZR density in a motor
network including cortical and basal ganglia regions as a result of seizures, as an
adaptive response; (3) reduced cortical excitation as a result of increased striatal
inhibition. The model suggests that the increased cortical GABAy^^-BZR density is a
relatively ineffective seizure suppressing mechanism, perhaps indicating a relative
failure of cortical GABA^-BZR function as part of the underlying epileptogenic
mechanism. The increase in inhibition of the striatum is relatively more effective,
possibly since it relies on the reduction of excitatory mechanisms rather than in
increase in inhibitory mechanisms. Evidence for (2 )

has been discussed in the

introduction: Increased GABA^-BZR density has been observed in the dentate gyrus,
hippocampus and olfactory bulb of limbic kindled seizure models [185, 187], in a
kainic acid model [197] and in the cobalt focus model [223}. An increased number of
GABAA-BZRs is associated with potentiation of inhibition [Otis, 1994 # 1 0 6 9 ]. The
increased GABA^^-BZR density observed in our study could be the result of gene
expression or the result of antiepileptic drug action. Alteration in neuroreceptor [199]
and other gene expression [203] as a result of the occurence of seizures has been
demonstrated.

Although the changes in FZMVD have bee/»interpreted as changes in GABA^-BZR density,
it is recognised that FMZVD is a compound measure related both to density of available
receptors and receptor affinity. However, studies in which BZ receptor density and
affinity have been measured separately in patients with epilepsy [406, 416] have
shown no changes in receptor affinity, so this is unlikely to be the explanation.
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These data demonstrate for the first time in man the existence of a potential GABAergic
basal ganglia influence on epileptogenicity. It has previously been suggested that the
principal site of action of GABA-modulating antiepileptic drugs in some animal models is
in the basal ganglia regions rather than in cortical seizure foci [499]. It is plausible
that in man a variety of cortical abnormalities may give rise to partial seizures, but a
common pathway in seizure frequency modulation and of the effect of antiepileptic drugs
may lie in the GABAergic system of the basal ganglia.

In conclusion, a widespread increase in FMZVD in motor regions in patients with
neocortical localisation-related epilepsy and normal MRI has been demonstrated. A
subset of these regions show a negative correlation between FMZVD and seizure
frequency. In patients with frontal lobe seizure foci, a cortical region in the ipsilateral
frontal lobe showed a positive correlation between FMZVD and seizure frequency. A
testable model is postulated to explain these findings in which seizures give rise to a
widespread increase in GABA^-BZR density; the increase in cortical GABAy^-BZR density
does not effectively modulate seizure frequency, but the increase in GABA/^-BZR density
in the basal ganglia acts to reduce seizure frequency.
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(a)
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Figure W .U Results of group analyses o f LRE patients.
(a) Regions of significantly increased FMZVD in 18 patients with LRE compared with
24 normal controls using SPM. Results for three different uncorrected thresholds,
each then corrected for multiple non-independent comparisons at p<0.05, are
superimposed: p<0.01 - yellow; p<O.OOI - orange; p < 0 .0001 - red.
(b) Regions showing a negative correlation o f FMZVD and seizure frequency in the
group o f 18 patients at p<0.01 uncorrected are shown in green.
(c) Region showing a positive correlation between FMZVD and seizure frequency in a
subgroup of 10 patients with unilateral frontal lobe seizures at p<0.001 uncorrected
is shown in blue.
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Figure 10.2. Scattergraphs of seizure frequency versus FMZVD, corrected for global
activity using ANCOVA, at the voxels with maximum Z-score in a parametric analysis
of the patient data alone: (a), (b) and (c) include all 18 LRE patients: (d) includes
only 10 right frontal focus patients.
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Figure 10.3.
A model of the GABAergic system and its influence on seizure frequency in frontal
lobe seizures in man.
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Chapter 11.
Cerebral a c tiv a tio n in m a lfo rm a tio n s of
cortical d evelo p m en t.
n.1. INTRODUCTION
Malformations of cortical development (MCD) are increasingly recognised as an
important aetiology of localisation-related epilepsy [500, SOI]. MRI detects most of
these lesions [28] but both EEC [102, 501] and surgically resected specimens from
such patients [100] frequently suggest the abnormality is more extensive than the MRIdefined lesion. Using PET and ’ ^C-flumazenil to label benzodiazepine receptors. Chapter
5 has shown that the majority of patients with MCD had regions of significantly
abnormal receptor binding remote from the MRI lesion [475]. These lines of evidence
suggest that lesions detected by MRI may be merely the "tip of the iceberg".

Impairments of cognitive performance are frequently observed in such individuals [71,
93, 94, 102], although only 9 out of a series of 100 patients with MCD [501] were
found to be mentally retarded. This finding is perhaps surprising in view of the
extensive nature of the lesions in many of these patients. One possible interpretation of
this finding is that the developmentally and structurally abnormal regions of cerebral
cortex may be able to participate in normal cognitive tasks to good effect; alternatively,
the brain may be atypically organised such that remote and unaffected areas of the brain,
which would not normally participate in the performance of a particular task, may have
developed the ability to perform a task normally associated with the abnormal area of
brain. These two possibilities are not mutually exclusive.

Activation studies using

PET can identify areas of cerebral cortex that subserve a

variety of tasks, from simple motor to complex psychological paradigms [461].
Comparison of the distribution of blood flow in scans at rest with the distribution of blood
flow during performance of a particular task identifies brain regions showing increases
or decreases in relative cerebral blood flow (rCBF) during performance of that task. In
the past such investigations required the pooling of results from several subjects in
order to detect significant change. Recent improvements in scanner technology have
resulted in a five-fold improvement in sensitivity, through the implementation of 3D
acquisition [425], such that it is now possible to detect with confidence local changes in
perfusion of 3% between conditions in a single subject. Furthermore, recent advances in
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the technique of statistical parametric mapping (SPM) [457 -4 5 9 ] allow both the
assessment of significant change within an individual and also a comparison of the
pattern of activation seen in that individual with that seen in a normal control group.

The aim of the present study was to investigate whether regions of malformed cerebral
cortex participate in normal cognitive functions. We also compared the overall pattern
of activation in each subject with MCD with a normal control group for the task in
question, in order to determine whether there was atypical organisation of cortical
function in apparently normal cortex in these subjects, as a consequence of MCD. In
order to adopt the strongest possible methodology, we chose activation paradigms which
had already been demonstrated to produce robust activation in normal subjects and a
widely established analysis technique, SPM, to identify activation in individual subjects
and to compare each subject with a normal control group.
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1 1 .2 . METHODS

1 1 .2 .1 . S u bjects

Patients were recruited from the Epilepsy Clinic of the National Hospital for Neurology
and Neurosurgery, Queen Square, London, UK and from the National Society for Epilepsy,
Chalfont Centre, Chalfont St. Peter, UK. All had undergone MR imaging including an SPGR
T1-weighted volume acquisition, proton density and T2-weighted images (GE Signa
1.5T) which had identified MCD. The visually evident extent of the MR images was
determined by an experienced consultant neuroradiologist. All patients suffered from
partial seizures and were taking antiepileptic drugs. Clinical details of the patients are
provided in table 11.1.

Normal controls were volunteers recruited from friends and colleagues of both the
investigators and patients. All were neurologically normal, with no personal or family
history of neurological illness or family history of MCD.

Ethical committee approval for this project was obtained from both the National Hospital
for Neurology and Neurosurgery and the Hammersmith Hospital. Approval to administer
the radioisotope was obtained from the Administration of Radioactive Substances
Advisory Committee (ARSAC) UK.

1 1 .2 .2 . PET scanning

PET scans were

carried out at

the

Medical

Research Council Cyclotron

Unit,

Hammersmith Hospital, UK, on a Siemens-CTI 953B (CTI Inc., Knoxville, Tenn., USA)
in 3D mode with the collimating septa retracted. Radioactivity was administered as an
Hg^^O bolus infused over 20 seconds followed by a 20 second saline flush. 12 PET
emission scans were collected over 2 hours for each subject, with a 10 minute interval
between the start of each scan. The effective dose equivalent of radioactivity per subject
was S.OmSv. Integrated radioactivity counts were collected over a 90 second acquisition
period, commencing at the rising phase of radioactivity counts in the head; these data
were used as an index of rCBF [473]. A transmission scan was collected at the beginning
of the scanning period to correct for attenuation of radioactivity by cerebral and
extracerebral tissues. All active experimental conditions began 60 seconds before the
start of the data acquisition period and continued through to the end of this time.
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1 1 .2 .3 . E xp erim en tal designs

11.2.3.1. Occipital cortex activation

Five patients with MCD involving the occipital cortex and 7 normal subjects were
studied. All undertook a Rapid Visual Information Processing (RVIP) task [473]. This
task, primarily a test of visual sustained attention, has been shown by this study to give
rise to significant increases in rCBF in bilateral calcarine sulci, fusiform gyri,
superior parietal cortex, inferior frontal gyri, supplementary motor areas and right
superior frontal gyrus, when compared with a rest condition. Subjects studied were of
either left or right handedness; handedness has not been shown to influence the pattern of
activation.

Two experimental conditions were used: rest and RVIP. Each condition was repeated 6
times. During the rest condition the subjects remained still and at rest with eyes closed
with low ambient noise. During the RVIP condition subjects were asked to look at the
centre of a screen on which were presented digits one at a time in an apparently random
order at a rate of 100 per minute. Subjects were required to detect any of four specified
sequences of three digits (viz.

1-3-5, 2 -4 -6 , 3 -5 -7 , 4 -6 -8 ) and to register

detection with a button press. Target sequences occurred 8 times per minute; correct
responses during the 1.5 seconds after target presentation ("hits") and button presses
occurring without the appropriate target stimulus ("false alarms") were recorded
automatically. An index of performance was determined as described previously [473].

11.2.3.2. Dominant left frontal cortex activation

Five right handed patients with MCD involving the left frontal cortex and 7 right handed
normal subjects were studied. All undertook a Motor Sequence Learning (MSL) task
[502]. This task gives rise to significant increases in rCBF in left sensorimotor cortex,
bilateral lateral premotor cortices, supplementary motor cortex, dorsal prefrontal
cortex, bilateral cerebellar cortex and nuclei, and bilateral putamina.

Two conditions were used: rest and MSL. During the active condition subjects were asked
to learn a sequence of 8 key presses with the fingers of their right hand on a four-key
keypad. This was performed as follows: A computer-generated pacing tone occurring
every two seconds was the cue to press a key. Initially, the subject would guess, and
press any key. If the response was incorrect a low-pitched tone was produced, indicating
that the subject should guess again at the next pacing tone. If the response was correct a
high-pitched tone was produced to indicate the subject had guessed correctly and should
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proceed to guess the next key press in the sequence at the next pacing tone. In this way
the subject proceeded until the sequence of 8 key presses had been successfully guessed.
Following this

a series of rapid tones indicated the subject should return to the

beginning of the process and attempt to recall the sequence. If the sequence was recalled
correctly a new sequence was started for the subject to guess. If the subject made
errors, an "incorrect" tone was produced in an identical manner to the first attempt at
the sequence. The number of errors during sequence learning was recorded. For each of
the six active condition scans a different sequence of 8 key presses was presented. The
rest condition consisted of lying with eyes closed, fingers resting unmoving on the keys,
listening to tones produced by the computer which simulated the tones produced during
an active condition.

1 1 .2 .4 . D ata analysis

Data were analysed on a Sun SPARCclassic workstation (Sun Microsystems, Mountain
View, CA) using Analyze version 7.0

(Mayo Foundation) [471],

MATLAB (The

MathWorks Inc., Natick, Mass.) and Statistical Parametric Mapping (Wellcome Dept, of
Cognitive Neurology, Institute of Neurology, London) [457-459].

1 1 .2 .5 . S ta tis tic a l P a ra m e tric M apping

Each of the twelve rCBF images for each subject were aligned together using an
automated

PET to

PET coregistration.

Following

realignment

all

images

were

transformed into a standard anatomical space. This normalizing spatial transformation
matched each scan to a

template image that already conformed to the standard

space. As a final pre-processing step these images were also smoothed using a
20x20x12mm FWHM Gaussian kernel.

Effects were estimated according to the general linear model at each and every voxel
[457]. Global activity was taken to be a confounding covariate and this analysis can
therefore be regarded as an ANCOVA [476]. To test hypotheses about regionally specific
effects the estimates were compared using linear compounds or contrasts. The resulting
set of voxel values for each contrast constituted a statistical parametric map of the t
statistic SPMjt}. The SPM{t} were transformed to the unit normal distribution
(SPM{Z[) and thresholded at a chosen threshold.

To correct for the multiple non-

independent contrasts involved in examining many voxels simultaneously, the resulting
foci were characterized in terms of spatial extent

(

k

)

and peak height (^) [4 5 9 ]. This

characterization is in terms of the probability that a region of the observed number of
voxels (or bigger) could have occurred by chance (P(nmax <

k

)),

or that the peak
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height observed (or higher) could have occurred by chance (P(Zmax < ^i)) over the
entire volume analyzed (i.e a corrected p-value).

The high-resolution SPGR volume acquisition (GE Signa 1.5T) MRI for each patient was
coregistered with a PET image for that individual [458]. The PET image used was the
mean image of all 12 realigned scans. The coregistered MRI was transformed to the
standard space using the identical transformation parameters used for transformation of
that individual's PET.

Contrasts were assessed between task and rest for each entire normal control group. The
Z-score threshold used was 3 (p < 0.001); the regions reported remained significant
after a subsequent correction for multiple non-independent corrprisons at p < 0.05.

For each individual patient, the analysis was carried out in two steps. The first step
revealed the brain regions involved in task performance in each individual patient; the
second step allowed each individual patient's activation pattern to be compared with the
normal control group, which may reveal reorganisation of cortical functions. Finally,
the effect of difference in task performance between the individual patient and the
normal group was examined, to address the possibility that differences in activation
pattern were due to differential task performance.

11.2.5.1. Significant changes in rCBF in the whole brain of each patient

Contrasts were assessed between the active condition and rest for each individual patient
in order to demonstrate all of the regions associated with significantly increased rCBF
and significantly decreased rCBF during the task versus rest. To identify the overall
pattern of activation, a Z-score threshold of 3 (p < 0.001) was used: the regions
reported remained significant at p < 0.05 after a subsequent correction for multiple
non-independent comparisons. If no significant regions were seen at this threshold, the
visually-determined region of MCD was examined alone at a threshold of p < 0.01
uncorrected.

11.2.5.2. Comparison of individual activation pattern with the control group

To demonstrate the significant differences in activation pattern between the findings for
each patient and the appropriate normal control group an interaction between group (ie.
individual patient or normal controls) and condition (task or rest) was assessed. Two
contrasts can be examined, one revealing brain regions showing a relatively greater
tendency to increase rCBF with the task in the patient compared to the normal controls.
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the other revealing brain regions showing a relatively greater tendency to decrease rCBF
with the task compared to the normal controls. It was anticipated that the normal
subjects would exhibit a certain amount of variability in terms of brain regions
activated by the task and the relative "strength" of activation observed in those regions.
The aim was to detect reorganisation of cerebral function in the patients which was
outwith the variability seen in the normal control group. In order to determine normal
variability, each normal subject was compared with the remainder of the control goup;
this interaction was also thresholded at p < 0.001 uncorrected, corrected for multiple
non-independent comparisons at p < 0.05. The number of brain regions detected in this
interaction, the peak Z-scores and the extent of each region were noted for each normal
individual. Similarly, each patient was compared with the normal control group and the
number of brain regions detected in this interaction, the peak Z-scores and region extent
were noted. Post-hoc, a more stringent Z-score threshold and a threshold for region
extent were determined, such that no normal individual was found to have any region
above this new threshold in comparison with the remainder of the normal group. A
patient was regarded as showing atypical organisation of function if any brain regions
were detected above these more stringent Z-score and region extent thresholds.

Finally, to test the hypothesis that differences in activation pattern between the
individual patients and the control group were the

result of differential task

performance between the patients and normal subjects, an interaction between patients
and normal subjects was examined using task performance as a confounding covariate, in
order to identify those areas of brain with a difference in activation in the patients and
normal subjects that was not due to differential task performance.
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1 1 . 3 . RESULTS

Clinical features of the patients are described in table 11.1.

1 1 .3 .1 . O ccip ital c o rte x a c tiv a tio n

11.3.1.1. Significant changes in rCBF in the whole brain of each patient

All 5 patients showed regions of significantly increased blood flow with the task relative
to rest at the statistical thresholds selected (figure 11.1). Four of the 5 patients showed
significant change in rCBF in the region of MCD: Subject DL, with frontoparietal band
heterotopia and occipital subependymal heterotopia showed widespread activation of
cortex overlying heterotopia and activation of a region of subependymal heterotopia in
the left occiptal lobe; subject EM was found to increase rCBF in a heterotopic nodule;
subject SN showed no activation of a heterotopic nodule but a significant decrease in
rCBF in overlying cortex; subject TP showed activation of part of the area of right
temporo-parieto-occipital dysgenetic cortex. Subject MW showed failure of activation of
the abnormal cortex.

11.3.1.2. Comparison of individual activation patterns with the control group

Comparing each normal subject with the remainder of the control group at Z > 3 (p <
0.001, corrected p < 0.05), all the normal subjects showed at least one significant
region. No normal subject had any region significantly different from the rest of the
control group at a threshold Z > 6 with an extent of greater than 72 voxels; this was
chosen as the threshold for examination of the patients. Three of the five patients had
brain regions significant at this threshold (table 11.2 and figure 11.1). DL had a left
frontal region showing a relatively greater increase in rCBF with the task than in the
controls (figure 11.3). This subject also had two regions showing relatively greater
decrease in rCBF: one in the right superior temporal region, the other in the left
occipital cortex. EM had relatively greater increase in rCBF in the heterotopic nodule in
the left occipital lobe and in the overlying cortex, and relatively greater decrease in
rCBF in the right primary motor cortex, right superior temporal cortex and in the midcingulate (figure 11.4). TP had significantly greater increase of rCBF in the left
posterior-inferior temporal area (figure 11.5).

There was no significant difference between the task performance of the patient group
and the normal control group. Furthermore, using task performance as a covariate, no
differences between the control group and any patient were found to be due to differential
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task performance.

The results are summarised in table 11.3 and illustrated in figures 11.1, 11.3, 11.4
and 11.5.

1 1 .3 .2 . L e ft fro n ta l c o rte x a c tiv a tio n

11.3.2.1. Significant changes in rCBF in the whole brain of each patient

All 5 patients showed regions of significantly increased blood flow with the task relative
to rest at p < 0.001, corrected p < 0.05 (figure 11.2). Four patients showed significant
activation of the region affected by MCD. In subject AF activation was seen in cortex
overlying subependymal nodular heterotopia. In subject EG activation was seen in cortex
overlying band heterotopia. In subject RH activation was seen in cortex lining the
schizencephalic clefts and in surrounding regions of focal cortical dysgenesis. Subject KS
showed vigorous activation of the nodular heterotopia on the left. In addition, AF had a
region of significantly increased rCBF in a heterotopic nodule in the right frontal lobe at
p < 0.01 and EG had extensive task-related decrease in rCBF in the heterotopic bands at p
< 0 .01 .

11.3.2.2. Comparison of individual activation pattern with the control group

Five of the normal subjects, when compared with the remainder of the control group at Z
> 3 (p < 0.001, corrected p < 0.05), showed at least one significantly different region.
No normal subject had any region significant at a threshold of Z > 4.9 and extent greater
than 106 voxels. Two of the five patients had regions that were significantly different
from the control group at this threshold (table 11.2 and figure 11.2). KS showed
significantly greater decreases in rCBF in occipital cortex bilaterally (figure 11.6). KT
had a significantly greater increase in rCBF in the inferior (hand) region of the right
precentral gyrus (figure 11.7).

There was no significant difference between the task performance of the patient g^up and
the normal control group. Furthermore, using task performance as a covariate, no
differences between the control group and any patient were found to be due to differential
task performance.

The results are summarised in table 11.3 and illustrated in figures 11.2. 11.6 and
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1 1 . 4 . DISCUSSION

We have shown that eight out of ten patients with MCD showed significant changes in
rCBF in affected brain regions with appropriate tasks. These findings included changes in
rCBF seen in regions of focal cortical dysgenesis, in the cortex lining schizencephalic
clefts, in subependymal grey matter heterotopia and in the cortex overlying band and
subependymal heterotopia. Two subjects showed no significant change in rCBF in an area
affected by MCD; in both, focal cortical dysgenesis failed to activate. In addition, there
was a significant alteration in the overall activation pattern in five patients, compared
with a normal control group, using a very high statistical threshold that was shown to
exclude outliers from the normal control group. In three of these patients this alteration
in overall pattern of activation included regions of cortex which appeared entirely
unaffected by MCD on MRI. Two further subjects with generalised MCD (one with
subependymal heterotopia and one with anterior band heterotopia and posterior
subependymal heterotopia) showed extensive reorganisation of the activation pattern in
cortex overlying the heterotopia that appeared structurally normal on MRI. The rigorous
methodological approach has identified regions of brain in these patients which were
significantly involved in the task and were remote from brain regions showing similar
changes in rCBF in the normal control group.

Generally, the brain regions recruited during the performance of the visual and motor
tasks by the patients were similar to those recruited by the normal group. Furthermore,
measures of task performance indicated that the patients were performing the tasks in a
comparable manner to the controls and differential task performance did not explain the
differences seen between the patients and normal controls. Additionally, the alterations
in the activation patterns seen were related anatomically to the site of dysgenesis in most
of the patients: for example, in subject TP the dysgenetic occipital cortex did not activate
normally and the major activations in the posterior hemisphere were "displaced"
anteriorly into the boundary area between structurally normal and affected cortex. KT
had dysgenesis encroaching into the inferior part of the left primary motor area which
would normally be strongly activated by the motor learning task but, in contrast,
activation was seen in the inferior right primary motor cortex. AF, EM, DL and KS
showed activation of the subependymal heterotopia underlying the motor or visual
cortical areas. These findings argue strongly that the alterations in activation pattern
seen in our patients were directly related to the presence of MCD.

It is well-recognised that the region of brain involved in the performance of the same
task as determined with

PET in different individuals may vary in terms of position

and magnitude of blood flow change [503]. Thus, significant differences might be
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observed between any one normal individual and the mean and variance of a separate
normal group. The study of Watson et al. showed that although the position of the
maximally activated voxel in the vicinity of occipital area V5 (the visual motion area)
varied by up to 27mm, this peak voxel was always found within a particular sulcus of
the occipital region. The detection of any difference between a patient and a normal
control group in our study may be no more than an illustration of this normal
idiosyncrasy. Indeed, it was shown that the majority of our normal control group did
have significant differences from the remainder of the control group. However, the
method enabled the range of this normal variability to be determined and to show that the
differences between five of the patients and the normal subjects were of a significantly
greater order of magnitude. This distinction between normal variability and unequivocal
abnormality is crucial in any attempt to reveal cortical reorganisation. These methods,
available within the SPM software package, could be easily applied in other areas of
research in which cortical reorganisation or plasticity is hypothesised.

The activation paradigms used were known to activate a distributed network and involve
more than one aspect of cognition. An alternative might have been to use apparently
simple tasks intended only to activate the dysgenetic area, employing only one simple
cognitive or motor function. However, the aim was simply to determine whether any
activation could be observed in dysgenetic regions and whether reorganisation of cortical
functions would be seen in patients with MCD. The approach was to use statistically
robust, established activation paradigms, rather than to design new, potentially simpler
paradigms because the nature of the activation pattern was not relevant to the question
being addressed. In addition, SPM was chosen rather than a region of interest based
approach because it was not possible to predict a priori which regions of brain would be
involved in the task performance in the subjects with MCD. A volumetric transformation
to a standard template was used as in the previous study of MCD patients using ^^Cflumazenil and SPM described in Chapter 5 [475, 504]. Although the MCD patients had
anatomical abnormalities, excellent volumetric normalisation was seen.

The ability of areas of MCD to participate in cognitive processing has not been
demonstrated previously. Other studies, however, indicated that this might be the case.
Evoked potentials may, in some cases, be recorded overlying regions of MCD [422].
Electrical stimulation of brain regions affected by schizencephaly has also been shown to
give rise to motor responses [124]. Using ^®F-deoxyglucose PET, heterotopic nodules
and bands were shown to have a resting metabolic activity that was similar to normal
cortex [380, 384]. Furthermore, in a single case studied twice with

PET, once at

rest and once with a task, increased task-related metabolic activity was observed in the
nodule [387]. The finding in this chapter of activation in heterotopic nodules used a
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more robust method and amply confirms this prior suggestion.

Three patients showed a failure of activation of the region affected by MCD: 2 showed no
significant activation of the region of focal cortical dysgenesis; 1 showed no activation of
a heterotopic nodule. However, these patients have been tested with only one task; it is
possible that other paradigms might activate these regions. The limitations imposed by
radiation exposure with PET prevent the evaluation of each patient with more than one
paradigm; functional MRI has a potential advantage in this respect. Such studies may be
relevant in the presurgical evaluation of patients with MCD if the major functions
relevant to the area in question could be tested.

The detection of a different pattern of rCBF changes in the patients with MCD compared to
the normal controls raises some interesting neurobiological questions. Firstly, in the
presence of cortical malformation, does the observation of a change in blood flow imply a
change

in neuronal

activity,

or could the

blood flow responses

be occurring

independently of neuronal activity? The blood flow changes seen were of a similar
relative order of magnitude in the patients as in the controls (ie. the Z-scores peaks
were of similar height) and the patients and normal controls performed the tasks at a
similar level of competence. It would be most unlikely that the patients performed the
same task to the same level as the normal controls, producing regions of significant blood
flow change of the same order of magnitude as in the normals, but these blood flow
changes were unrelated to the neuronal task. Secondly, what are the effects of a chronic
seizure disorder, anticonvulsant drugs and interictal spikes on the patterns of blood flow
responses to a task? There are n(?p%y{^data specifically addressing these issues; the
current study indicates that in some cases there was no significant difference between
the patient and the normal control group, implying that these factors do not necessarily
result in rCBF differences between a patients with MCD and normal controls.

In addition to differences in local gross anatomy or histological appearance, it is possible
that there may be changes in connectivity within the brains of subjects with MCD. As a
follow-up to the current study we are examining the “effective” connectivity [505] of
the brains of the subjects with MCD in comparison with the normal controls by using an
“eigenimage” analysis, looking for a generalised eigenimage solution that shows the
pattern of effective connectivity maximally expressed in the normals but minimally
expressed in the patient with MCD and vice versa.

In conclusion, it has been demonstrated that regions of MCD may participate in normal
cognitive activity and that the presence of even localised MCD can be associated with an
abnormal organisation of cortical function. This atypical organisation of cognitive
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function may reflect abnormal connectivity between areas of MCD participating in the
task, may be an adaptive response of the brain in order to compensate for the MCD, or
may be a reflection of the more widespread nature of MCD than is evident with MRI. In
some patients with MCD a lack of activation is seen in the affected area, suggesting that
this region may be relatively non-functional. The use of functional imaging studies with
PET and functional MRI to reveal such findings may in the future become an
important preoperative evaluation in such patients in whom surgery is being considered.
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Patient
Age Duration of
Gender
epilepsy
(years)

Handedness

MRI findings

Seizures

Seizure
Time since last
frequency
seizure

EEG findings

AED
(mg/day)

Occipital malformation of cortical development

DL

Male

24

5

L Bilateral frontoparietal band SPS
heterotopia; bilateral
CPS
occipital subependymal
heterotopia

2 weeks

Some slow; no
focal or
epileptiform
features

CBZ 8 00
VPA 500

6/year

2 months

No definite
abnormality

CBZ 1200

Rare

6 months

No definite
abnormality

CBZ 700

8 days

R posterior
hemisphere
interictal
epileptiform
activity

VPA 25 0 0
CBZ 600
LTG 100

EM

Female 25

10

R

SN

Female 26

7

R Single R parieto-occipital
heterotopic nodule

TP

Female 29

27

R

R temporo-parietooccipital and L occipital
cortical dysgenesis and
heterotopias

CPS
CPS 1/day
2° gen. SPS 1/week

13

R

Right temporo-ocdpital
dysgenetic cortex

SPS
CPS 3/year
2 weeks
CPS
2* gen, 2/year
2" gen.

MW

Male

18

Single R parieto-occipital CPS
heterotopic nodule

3/month

SPS

R posterior
CBZ 8 00
hemisphere
interictal
epileptiform activity

Left frontal malformation of cortical development

Bilateral subependymal
heterotopia

AF

Female 47

21

R

EG

Female 24

11

R Bilateral band heterotopia

RH

Female 34

33

R

KS

Female 30

6

R

KT

Female 19

12

R Extensive L hemisphere
cortical dysgenesis

CPS
CPS 3/year
2 months Bilateral temporal PHT 75
interictal
2° gen. 2* gen. 1/month
epileptiform activity
tonic

SPS
CPS

CPS 2/week

3 days

No definite
abnormality

GVG 3000
GBP 1800

Bilateral cortical
L arm focal 1/week
dysgenesis and
motor
schizencephaly L and R
2“ gen.
frontal

4 days

No definite
abnormality

CBZ 800

Bilateral subependymal
heterotopia

4 days

No definite
abnormality

VPA 6 00
PHT 300

7 days

Widespread L
slow

CBZ 800
GVG 30 0 0

R arm focal 3/week
sensory
2" gen.

CPS

2/month

Table 77.7.
Clinical details o f patients with MCD.
L=left, R=right, SPS=simple partial seizures, CPS=complex partial seizures, 2°gen.=
secondary generalised seizures, CBZ=carbamazepine, VPA=sodium valproate, LTG=
lamotrigine, PHT-phenytoin, GVG^vigabatrin, GBP=gabapentin, AED=antiepileptic
drugs.
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Subject
No. significant
regions

Relative rCBF
Region size
change compared (2x2x4mm
with controls
voxels)

Peak Z-score

Location

Occipital cortex activation

DL

EM

TP

3

4

1

Increase

178

7.88

L middle frontal gyrus

Decrease

105

6.68

R superior temporal gyrus

Decrease

100

7.97

Increase

615

9.3

Decrease

219

7.61

Decrease

151

7.54

Decrease

168

6.92

Increase

169

7.5

Decrease

584

6.58

R occipital

Decrease

515

6.19

L occipital

Increase

244

6.2

L occipital cortex

L occipital cortex overlying nodule
R precentral gyrus
R superior temporal gyrus
Mid-cingulate gyrus

L posteroinferior temporal

Left frontal cortex activation

KS

KT

2

1

R precentral gyrus

Table 11.2. Atypical cortical organisation in the patients with MCD.
The brain regions found significant in the patients, using an interaction effect to
compare each patient with the appropriate control group, as described in the text.
The number o f such regions, relative change in rCBF, extent in number o f voxels,
peak Z-score height and anatomical position are described.
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Patient

rCBF change in
region of MCD
p<0.01

rCBF change in rCBF change in
Atypical organisation
region of MCD cortex overlying
in apparently
p<0.001
heterotopia p<0.001 normal cortex

Occipital cortex activation
DL

No

No

Yes

Yes

EM

Yes

No

No

Yes

SN

No

No

Yes

Yes

TP

Yes

Yes

Overlying cortex

Yes

affected by MCD
MW

No

No

Patient has no
heterotopia

No

Left frontal cortex activation
AF

Yes

No

Yes

No

EG

Yes

No

Yes

No

RH

Yes

Yes

Patient has no
heterotopia

No

KS

Yes

Yes

Yes

Yes

KT

No

No

Patient has no
heterotopia

Yes

Table 7 7.3. Summary o f the cerebral activation findings in 10 patients with MCD.
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Subject

Anatomical
abnormality
on MRI

Increases in
rCBF
Z> 3

Decreases in
rCBF
Z > 3

G reater tendency to
increase rCBF
compared with normals
Z> 6

G reater tendency to
decrease rCBF
compared with normals
Z> 6

DL

#'
M

EM

i

No significant
voxels

SN

No significant
voxels

No significant
voxels

TP

goÿttol

MW

corord

No significant
voxels

No significant
voxels

Normal control group

Figure 11. 1. Sum m ary o f RVIP results.
The distribution o f MCD and th e brain regions showing significant Increases and
decreases In rCBF with the RVIP task and the brain regions found significant under
the group b y condition In teractio n decrlbed In the te x t. The results are displayed as
m axim um In ten s ity projections Ie. as though looking a t the relevant aresa In a "glass
brain"; upper le ft: la te ra l projection, upper right: coronal projection, low er le ft: axial
projection. In all projections right o f th e brain Is rig h t o f the Image.
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Subject

Anatomical
abnormality
on MRI

Increases in
rCBF
Z > 3

Decreases in
rCBF
Z> 3

Greater tendency to
Greater ten d en cy to
increase rCBF
decrease rCBF
compared with normalscompared with normals
Z > 4 .9
Z > 4 .9

No significant
voxels

No significant
voxels

No significant
voxels

No significant
voxels

RH

No significant
voxels

No significant
voxels

KS

No significant
voxels

AF

EG

KT

No significant
voxels

No significant
voxels

No significant
voxels

Normal control group

Figure 11. 2. Sum m ary o f MSL results.
The distribution o f MCD and th e brain regions showing significant increases and
decreases in rCBF with the MSL task and the brain regions found significant un d er
the group b y condition in teractio n d ecribed in the te x t. The results are displayed as
m axim um in ten s ity projections as in Figure 1.
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i
M

«
ncrease p < 0 .0 0 1

■

Increase p < 0 .0 0 0 1

R elativ ely g re a te r increase Z > 6

■

D ecrease p < 0 .0 0 1

■

D ecrease p < 0 .0 0 0 1

R elatively g re a te r d e c re a s e Z > 6

Figure 11. 3.
Sub ject D L
Bilateral subependym al h ete ro to p ia Is p re se n t In th e p o sterio r hem ispheres, band
h ete ro to p ia Is p re s e n t anteriorly. S elected transverse sections from the 3 D d a ta s e t
are Illustrated, superim posed on the coreg istered and volum etrlcally norm alised T 1 w elg h ted MRI. Rows (a ) and (c ) show th e regions with significantly Increased o r
d ecreased rCBF with the task versus re s t a t the thresholds shown. Rows (b ) and
(d ), which are th e sam e transverse sections as In the rows Im m ed iately above, show
the result o f th e com parison o f the Individual p a tie n t’s a ctiva tio n p a tte rn w ith th a t
o f th e con tro l group, a t th e thresholds shown.
Significant Increase In rCBF Is seen In the le ft fro n tal lobe overlying band h e te ro to p ia
and In a region o f subependym al h ete ro to p ia In the le ft tem p o ral lobe; significant
decrease In rCBF Is seen In the rig ht tem p o ral lobe. Com parison w ith the norm al
con tro l group shows relatively g re a te r Increase In rCBF In th e le ft fro n tal c o rte x and
relatively g re a te r decrease In rCBF In the le ft tem p o ral lobe.
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i
Increase p < 0 .0 0 1

»

»

■

Increase p < 0 .0 0 0 1

R elatively g re a te r increase Z>

■

D ecrease p < 0 .0 0 1

■

D ecrease p < 0 .0 0 0 1

R elatively g re a te r dec re a s e Z > 6

Figure 11 A .
S ub ject EM (a and b ) and subject SN (c and d).
S ub ject EM has bilateral subependym al nodules in the occipital lobes. S u b ject SN has
a single large h ete ro to p ic nodule in the rig h t p arietal lobe. S e le cted transverse
sections from the 3 D d ata se ts are illustrated, superim posed on the c oreg istered an d
volum etrically norm alised T 1 -w e ig h te d MRI.
S ub ject EM: Row (a ) shows the regions with significant increased or d ecreased rCBF
with the task versus re s t a t the thresholds shown; row (b ), which is th e sam e
transverse sections as in th e ro w im m ed iately above, shows the result o f th e
com parison o f the individual p a tie n t’s activatio n p a tte rn w ith th a t o f th e con tro l
group, a t the thresholds shown. Significant increase in rCBF is seen in the le ft
occipital c o rte x overlying th e h etero to p ia and in the h ete ro to p ia itself. Comparison
with the norm al control group shows relatively g re a te r increase in rCBF in th e le ft
occipital cortex overlying the h ete ro to p ia and in the h ete ro to p ia its e lf and relatively
g re a te r decrease in rCBF in the rig h t superior tem poral and p re ce n tra l gyri.
S ub ject SN: Rows (c ) and (d ) show the regions with significant increased o r
decreased rCBF with th e task versus re s t a t the thresholds shown. This p a tte rn was
indistinguishable from th e norm al controls.
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Increase p < 0 .G D I

■

In crease p < 0 .0 0 0 1

R elativ ely g re a te r increase Z > 6

■

D ecrease p < 0 .0 0 1

■

D ec re as e p < 0 .0 0 0 1

R elatively g re a te r dec re a s e Z > 6

Figure 11.5.
S ubject TP (a and b ) and sub ject M W (c and d).
S ubject TP has subependym al h e te ro to p ic nodules in th e tem p ro al and ocipital lobes
with abnorm al co rtex a t the occipital pole bilaterally. S ubject M W has a single region
o f abnorm al cortex in the rig h t tem p o ra l lobe. S e le cted transverse sections from the
3 D d ata se ts are illustrated, superim posed on the coreg istered and volum etrically
norm alised T 1 -w e ig h te d MRI.
S ubject TP: Row (a ) shows th e regions with significant increased o r d ecreased rCBF
with th e task versus re s t a t th e thresholds shown; ro w (b ), which is th e sam e
transverse sections as in the ro w im m ed iately above, shows th e result o f the
comparison o f the individual p a tie n t's a ctivatio n p a tte rn with th a t o f th e con tro l
group, a t the thresholds shown. Significant increase in rCBF is seen in bilateral
p o sterio r tem p o ra l/o c cip ita l cortex. Comparison w ith th e norm al c o n tro l group shows
relatively g re a te r increase in rCBF in th e le ft p o sterio in ferio r tem p o ral cortex.
S ubject MW: Rows (c ) and (d ) show th e regions with significant increased or
d ecreased rCBF with the task versus re s t a t the thresholds shown. N o a ctiva tio n is
shown in the abnorm al region o r in the adjacen t occifital cortex; how ever, this
p a tte rn was indistinguishable from th e norm al controls.
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ncrease p < 0 .0 0 1

■

In crease p < 0 .0 0 0 1

R elatively g re a te r increase Z > 4 .9

■

D ecrease p < 0 .0 0 1

■

D ecrease p < 0 .0 0 0 1

R elatively g re a te r d ecrease Z > 4 .9

Figure 11.6.
Subject RH (a and b ) and sub ject KS (c and d).
S ubject RH has tw o schizencephalic clefts, one a t the le ft fro n tal pole and the o th e r
in th e rig ht c en trl region. S ubject KS has bilateral generalised subependym al nodular
h eteroto pia. S e le cted transverse sections from the 3 D d a ta se ts are illustrated,
superim posed on the c o reg istered and volum etrically norm alised T 1 -w e ig h te d MRI.
S ubject RH: Rows (a ) and (b ) show the regions with significant increased o r
d ecreased rCBF with the task versus re s t a t the thresholds shown. A ctiv atio n was
seen in the co rtex associated with b o th schizencephalic clefts; however, this p a tte rn
was indistinguishable from th e norm al controls.
Subject KS: Row (c ) shows th e regions with significant increased o r decreased rCBF
with th e task versus re s t a t th e thresholds shown; ro w ( d), which is the sam e
transverse sections as in th e ro w im m ed iately above, shows th e result o f the
comparison o f the individual p a tie n t’s activatio n p a tte rn w ith th a t o f the control
group, a t the thresholds shown. Significant increase in rCBF is seen in the
h ete ro to p ia on th e le ft. Comparison w ith th e norm al con tro l group shows relatively
g re a te r decrease in rCBF in b ilateral occipital cortex.
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ncrease p < 0 . 0 0 1

■

Increase p < 0 . 0 0 0 1

Relatively g r e a t e r increase Z > 4 . 9

■

Decre ase p < 0 . 0 0 1

■

Dec re as e p < 0 . 0 0 0 1

Relatively g r e a t e r d e cre as e Z > 4 . 9

Figure 11.7.
Subject KT.
Extensive abnormal cortex is present in much of the left hemisphere. Selected
transverse sections from the 3D dataset are illustrated, superimposed on the
coregistered and volumetrically normalised T1 -weighted MRI. Row (a) shows the
regions with significant increased or decreased rCBF with the task versus rest at the
thresholds shown. Row (b), which is the same transverse sections as in the row
immediately above, shows the result o f the comparison o f the individual patient’s
activation pattern with that of the control group, at the thresholds shown.
Significant increase in rCBF is seen only in the right precentral area. Comparison with
the normal control group shows relatively greater increase in rCBF in this same area.
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Chapter 1 2.
Discussion.

1 2 .1 . SUMMARY OF THE MAIN FINDINGS

The main findings of this thesis were:

- Malformations of cortical development (MOD) are associated with abnormalities of
regional ^’ C-flumazenil volume of distribution (FMZVD). In particular, multiple
regions of both increased and decreased FMZVD may be seen in patients with MCD, both
within lesions visible on MRI and extending beyond. The finding of a region of increased
FMZVD may be indicative of the presence of MCD.

- Acquired cerebral lesions, such as head injury and stroke, are associated with regions
of reduced FMZVD, usually confined to the MRI lesion. FMZVD abnormalities are not seen
in remote brain areas.

- Dysembryoplastic neuroepithelial tumours (DNET) are associated with a single wellcircumscribed region of reduced FMZVD confined to the area of the MRI lesion. Remote
changes in FMZVD may exceptionally be seen, perhaps associated with occult MCD.

-

In

patients

with

neocortical

localisation-related

epilepsy

and

normal

MRI,

abnormalities of regional FMZVD are seen in the majority of cases. These abnormalities
may be single or multiple and consist of either increases or decreases in FMZVD or both.
Concordance of these FMZVD abnormalities with EEC data is strongest in patients with
unilateral frontal lobe epilepsy. The finding of decreased FMZVD in patients with normal
MRI may be evidence of prior cerebral injury; the finding of increased FMZVD suggests
the presence of occult MCD.

- MRI data may be analysed at the voxel level with statistical parametric mapping
(SPM) to identify regions of anatomical abnormality, in a manner analagous to the
analysis of PET data. Findings so obtained are in accord with those using regional
volumetric techniques in patients with MCD. MRI data may also be analysed in
conjunction with PET data at a voxel level with SPM to allow structural abnormalities to
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be taken

into account when

analysing function.

Using such an approach,

the

abnormalities of FMZVD in patients with MCD were shown to be over and above any
abnormalities of anatomy. In some cases, simultaneous analysis of structure and function
allowed abnormalities of FMZVD to be detected which had not been detected when
functional data were examined alone.

- In patients with localisation-related epilepsy and normal MRI, a cortical-subcortical
motor circuit was identified in which abnormalities of FMZVD were observed. In
particular, increased FMZVD was seen in the ipsilateral striatum and pallidum, anterior
cingulate and ipsilateral premotor areas, with contralteral areas also but less
significantly affected. In the basal ganglia, the greater the increase in FMZVD the fewer
the seizures experienced by the patient; in the ipsilateral frontal cortex of patients with
unilateral frontal lobe seizures, greater increases in FMZVD reflected greater seizure
frequency.

- Regions of MCD may participate in normal cortical functions as indicated by
significant changes in rCBF in these regions during behavioural tasks. Reorganisation of
the cortical pattems of activation can be seen in some of these patients.

1 2 .2 . NEUROBIOLOGICAL IMPLICATIONS

The main theme of the investigations detailed in this thesis is to determine the functional
integrity and consequences of malformations of cortical development. The main theme of
the findings is the identification of widespread functional change as a consequence of
apparently circumscribed and localised malformations. It is plausible to suggest that a
developmental lesion would have an extensive impact: not only might a localised region
contain

neurons

connections,

with

abnormal

orientation,

structure

but distant regions connected directly

and

local

intracortical

or even indirectly through

polysynaptic pathways might be functionally abnormal as a consequence of misdirected
axons, abnormal dendrites or abnormal synaptogenesis, for which there is much
suggestive evidence [40, 51-54, 70]. In the patients with MCD, abnormalities of local
benzodiazepine receptor binding were seen; in many patients there were also remote
regions of abnormal cBZR. This has been interpreted as evidence of the presence of
distant, in some cases occult, malformation, but these regions could have abnormal cBZR
as a result of functional changes in otherwise normal areas of cortex, as a consequence of
remote malformation. The rCBF studies in these patients showed, in some cases, a
widespread abnormality of the activation pattern, often involving normal-appearing
cortex. This again could reflect functional changes in otherwise normal areas of cortex,
as a consequence of remote malformation. The widespread nature of the functional
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consequences of MCD is in accord with the recognised poor response to surgery in these
patients and their widespread EEC abnormalities

[94,

100].

Furthermore,

the

possibility of reorganisation of cortical functions has been suggested by other lines of
evidence [92, 421]. Activation of a region of brain affected by MCD was observed in
many patients in the rCBF study described in this thesis. Although the involvemnt of a
“lesion” in normal brain function is perhaps surprising, electrophysiological studies
also show normal responses from regions affected by MCD [46 , 124, 422].

In contrast, acquired lesions (eg. stroke, trauma) were associated with single regions of
reduced cBZR confined to the locality of the MRI lesion. As they occur after the period of
synaptogenesis in embryonic life, acquired lesions might not be expected to result in
extensive neuroreceptor changes in remote areas. The local reduction in cBZR may be
due to a loss of all cell types, or a selective loss of GABAergic synapses or a specific cell
type. Surgical or autopsy histology are required to clarify this.

The findings in DNET were similar to those in acquired lesions - single, wellcircumscribed regions of reduced cBZR. These lesions are possibly part of the spectrum
of MCD - and the finding in one case of a remote region of increased cBZR might tend to
confirm this. However, the finding of isolated lesions in the majority of cases suggests
that these lesions behave as acquired rather than congenital abnormalities and is in
accord with the good response to surgery in such patients.

The aetiology of epilepsy in patients with focal seizure disorders but normal MRI is
frequently obscure. Having identified typical cBZR binding abnormalities in the patients
with MCD, acquired lesions and DNET, in combination with the known cBZR findings in
hippocampal sclerosis from other studies, it is possible to attempt to interpret the cBZR
changes seen in the patients with normal MRI. It is suggested that such patients with
single areas of reduced cBZR are most likely to have acquired brain lesions while
patients with regions of increased cBZR may have occult MCD.

A study of a group of patients with normal gross anatomy and seizure foci all in
neocortex provided the opportunity to look for abnormalities of the GABA^-cBZR system
in the basal ganglia. The identification of a cortical-subcortical motor system showing
marked cBZR binding abnormalites suggests a model of the control of cortical
excitability, and hence seizure frequency, via an increase in GABA^-cBZR in the
striatum. Such a model appears plausible given current knowledge of basal gangliamotor cortical interactions and the influence of the basal ganglia in animal models of
epilepsy [180, 236-2 41]. This model is testable and implies that control of seizures
might be improved by increasing inhibitory basal ganglia output; this would be a novel
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approach,

1 2 . 3 . FUTURE STUDIES

Most hypotheses concerning the mechanism of seizures postulate a relative imbalance
between inhibitory and excitatory neurotransmitter systems. It would be of great
interest to undertake a parallel set of studies examining glutamatergic and GABA
receptor binding. Unfortunately, PET tracers for excitatory amino acid receptors do not
yet exist.

Of those PET tracers in current use, a number might provide interesting and
complimentary data. In particular, diprenorphine (a non-selective opioid receptor
ligand) is an obvious candidate. Opioids are co-secreted at some GABA^ synapses, hence
diprenorphine binding may be a further way of investigating the GABAergic system
indirectly. Furthermore, abnormalities of carfentanil binding to ^-receptors have been
noted in TLE; investigation of this system in MCD might be of interest.

The finding of abnormalities of cBZR in the basal ganglia in partial seizure disorders
could be developed via studies of other neurotransmitter systems with PET, particularly
the opioid system and the dopaminergic system. Of great interest would be the
performance of multiple tracer experiments in the same individual, allowing a crosscorreldbn between changes in different systems to be made and also to allow the
evaluation of the impact of drugs and changes in seizure frequency. The evolution of a
newer generation of PET scanners with increased sensitivity would potentially allow an
increased number of studies to be undertaken in one individual by using lower
radioactivity doses.

The hypothesis explaining the changes in cBZR in the motor system in localisationrelated epilepsy is testable. It would be possible to examine changes in receptor density
in these regions in animal models; in addition it would be possible to undertake lesioning
or stimulation experiments in such animals specifically to test hypotheses regarding the
influence of specific struc tres on seizures. In man, fMRI could be employed to look for
signal changes occurring with interictal spikes, again addressing issues surrounding
cortical-subcortical interactions.

The activation studies in MCD reveal changes in overall activation pattern; these studies
do not necessarily imply changes in connectivity. Newer SPM techniques in development,
specifically eigenimaging, allow the elucidation of effectively connected networks. Such
analyses could be applied to data already obtained.
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It would be valuable to have confirmation of the nature of cBZR binding changes observed
with PET via in vitro studies of surgical resection specimens. Such specimens are not
often obtained due to the infrequent nature of such relatively unsuccessful surgery. The
planning of such surgery might be influenced by fMRI studies of a range of cognitive and
motor paradigms aiming to characterise the functional capacity of regions of MCD.
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