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Abstract

The aims of this study were to define patterns of seizure semiology and see if these can be localised to
particular regions, with special emphasis on frontal lobe epilepsies; to establish clinical features
differentiating frontal and temporal lobe epilepsies; to assess current classification of frontal lobe epilepsies
and to analyse partial epilepsies in a general population. The methods used differ from other studies in this
area, especially with respect to breadth of case mix; delineation of clinical syndromes, using statistical
techniques and prospective analysis of investigative abnormalities in relation to clinically defined seizure
types. Patients were sclected from hospital records with evidence of partial seizure onset, on the basis of
focal imaging abnormality, interictal or ictal EEG abnormality and clinical seizure pattern. Two hundred
and fifty-two patients with 352 seizure types were identified. Clinical seizure manifestations were recorded
prospectively and encoded according to sequential occurrence during the seizure. These data were entered
into a statistical cluster analysis, which was refined to 14 groupings, each corresponding to a different
seizure type. These patterns were displayed in flow charts, allowing assessment of seizure evolution.
Interictal EEG spike distribution and ictal EEG onset were related to each seizure type. The 126 lesions
identified on neuroimaging were measured by a template technique, and related to each seizure type, using
chi-square analysis. Investigations were also related to each other and the clinical seizure associations of
pure frontal and pure temporal lesions were assessed. The database of the National General Practice Study
of Epilepsy (NGPSE) was also analysed, using a clinical classification, to determine the relative frequency
of different partial seizure types in a general population.

Of 14 clinical seizure groupings, 2 had associations with frontal regions and 2 perirolandic associations.
Focal clonic and somatosensory seizures were associated with perirolandic lesions and other sensory
modalities and experiential phenomena with temporal EEG and imaging abnormalities. Seizures
characterised by tonic posturing were strongly associated with lesions of the lateral premotor cortex and
frontocentral EEG abnormalities. Seizures characterised by bizarre or frenetic motor activity "motor
agitation" were associated with frontal EEG abnormalities and with lesions of the frontopolar or
orbitofrontal cortex. These latter seizures were commonly nocturnal and occurred with higher frequency
than those in other groups but no other consistent pattern in diurnal variation or seizure frequency emerged.
For all seizure types with statistically significant associations with specific lesion sites, there was a
substantial minority of cases associated with lesions at different site. A direct comparison of seizures
associated with pure frontal and pure temporal lesions confirmed early version, clonic activity and tonic
posturing as frontal characteristics but found no consistent differences in characteristics of seizure timing.
Seizures with startle sensitivity occurred in 19 cases; MRI suggested lesions in the lateral frontal region or
the perisylvian region in this group. The NGPSE data supported a high frequency of seizure types
associated with frontal lobe abnormalities in the general population and a good prognosis of all partial
seizure categories.

These findings lend some support to the localisation of seizure types attributed to orbitofrontal and temporal
lobes by the ILAE but suggests that many regions of the frontal lobes do not have specific associated scizure
types, and that many seizure types, although being associated with one cerebral region, may relatively
frequently be due to lesions in other sites. The predictive value of clinical seizure type is thus less than
described from retrospective and highly selected post-surgical series, on which the classification is based.
The hospital and population-based studies suggest that scizure frequency, timing and prognosis are more
related to the population under study than the anatomical site of the underlying lesion.
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Section 1: Aims and structure of the study

The International League Against Epilepsy (ILAE!-2) has proposed a classification of six

seizure types arising from different anatomical regions of the frontal lobes (table 1,

below). and they suggest common pathological causes for each. Despite this apparently

clear-cut anatomical definition of frontal seizures, the National Institutes of Health,

Bethesda (NIH) has recognised frontal lobe epilepsy (FLE) as an area of poor

understanding and has highlighted it as a priority for epilepsy research3.

Table 1: Summary of ILAE classification of frontal lobe epilepsy

Region

Typical clinical features according to ILAE classification

Primary motor

Contralateral tonic or clonic movements according to somatotopy,

cortex speech arrest and swallowing with frequent generalisation. Ipsilateral
leg involved in paracentral seizures

Supplementary | Simple focal tonic seizures with vocalisation, speech arrest, fencing

motor area postures, and complex focal motor activity with urinary incontinence

Cingulate Complex focal motor activity with initial automatisms, sexual features,
vegetative signs, changes in mood and affect and urinary incontinence

Frontopolar Initial loss of contact, adversive and subsequent contraversive
movements of head and eyes, axial clonic jerks, falls and autonomic
signs with frequent generalised tonic clonic seizures

Orbitofrontal | Complex focal motor seizures with initial automatisms or olfactory
hallucinations, autonomic signs and urinary incontinence

Dorsolateral Simple focal tonic with versive movements and aphasia and complex

(premotor) focal motor activity with initial automatisms

Opercular Mastication, salivation, swallowing and speech arrest with epigastric

aura, fear and autonomic phenomena. Partial clonic facial seizures may
be ipsilateral and gustatory hallucination is common
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The aims of this study are:-
1) To identify clinical seizure types of partial epilepsies with localising value, with special
emphasis on frontal lobe epilepsies, using a novel methodology comprising:-
a) the initial delineation of groups sharing clinical symptoms and symptom
clusters of epilepsy in the study population, with the assistance of statistical
cluster analysis;
b) a prospective analysis of the investigational abnormalities associated with
each of the clinically defined seizure types.
2) These methods enable:-
a) the delineation of seizure types associated with frontal lobe abnormalities on
EEG and neuroimaging and their value in differentiation from epilepsies
associated with abnormalities in other regions, especially temporal lobe epilepsy;
b) the assessment of the intrafrontal localising value of different seizure-types;
c) the cross-correlation of clinical and investigative findings in different seizure
types.
3) The characterisation of the evolution of seizure manifestations in different seizure types
and the consideration of their possible anatomical and pathophysiological bases.
4) The appraisal of the ILAE classification of frontal lobe epilepsy in the light of seizure
groupings identified in the study.
5) In subgroups of patients, the application of new methods of magnetic resonance
imaging, including magnetic resonance spectroscopy and three dimensional acquisition of
structural MRI data and their assessment.
6) Utilising a clinical classification derived from this study, the analysis of partial seizure
types in the National General Practice Study of Epilepsy* (NGPSE), to obtain a
population-based estimate of the relative incidence of the seizure types reported in the

accompanying hospital study, that forms the main part of this thesis.
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The methods of this study differ from those generally applied in this area, with respect to:
i) the prospective nature of the analysis; testing the predictive value of clinical seizure
patterns, rather than retrospectively defining seizure localisations from cases sharing
similar results on investigations or post-surgical remission cases, without reference to
control groups;

ii) the breadth of case selection from general neurology as well as specialist epilepsy
practice, using several independent criteria without seeking concordance, prior to clinical
classification and therefore reducing the inherent bias of case ascertainment;

iii) statistical methods used in delineation of clinical syndromes and in the relationship of
clinical types to investigative abnormalities, especially of neuroimaging;

iv) the use of flow charts to describe seizure evolution in detail and consider the
mechanisms of ictal symptom generation and their possible pathophysiological
significance.

This introduction will examine current knowledge regarding clinical seizure patterns in
FLE and discuss the methods of localising seizure origin, with special reference to FLE.
Section 2 reviews the background to understanding of focal epilepsy. Section 3 describes
current knowledge of the anatomy of the frontal lobes. Section 4 discusses the current
understanding of the clinical features of frontal lobe epilepsy and the problems in their
interpretation. Sections 5-7 review the value and limitations of investigations commonly
used in focal epilepsy, with particular reference to frontal lobe epilepsy. Section 5
assesses the value of electrophysiological investigations; section 6 explores the
information provided by imaging in relation to underlying pathology and section 7 reviews
neuropsychological assessment. Section 8 discusses the role of surgical treatment in
relation to our knowledge of the underlying pathologies in epilepsy and the information

that surgery provides about the mechanisms of epileptogenesis.

Section 2: General Background
One of the major steps in the development of modern epileptology was the analysis of
seizure manifestations and their relationship to structural pathology especially by

Hughlings Jackson in the last century>. His findings introduced the concepts of focal
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epileptogenesis, opening avenues for epilepsy research and raising the possibility that
regional surgery may remove an epileptogenic lesion and relieve the seizure diathesis. A
few years later he collaborated with Victor Horsley in successfully exploiting this
potential, in the first operation for seizures of the modern era, on a patient with primary
motor cortex seizures®. Most early surgery was for focal clonic seizures, since it was the
type most reliably localisable on purely clinical grounds. The introduction of EEG fifty
years ago, allowed an extra dimension of preoperative and intraoperative investigation,
enabling the localisation of seizure types that could not be established on clinical criteria
alone. The seizure type with the most distinctive EEG signature was found to be
temporal lobe epilepsy’ and most surgery this century has been for TLE. During these
phases of development of epilepsy surgery, the pathology underlying an individual's
epilepsy could not be determined preoperatively. With the advent of CT scanning, foreign
tissue lesions started to be identified in some cases, but the majority of partial epilepsies
remained "cryptogenic”.

Two recent factors have had a major impact on the approach to presurgical assessment of
patients with intractable epilepsy. First, increasing recognition that identification of the
nature and extent of the underlying pathology is crucial in determining prognosis of
surgery. With the increasing sensitivity of imaging techniques, especially MRI, this has
caused a substantial shift in emphasis of investigation. This evolution of approach means
that studies of epilepsy localisation and surgery need to be considered in the light of the
investigations available when they were performed and many older studies may not be
comparable to more recent studies, undertaken in the era of MRI. Second, is the
increasing recognition of the importance of extratemporal epilepsy, of which the largest
subgroup is probably FLE. Epilepsy of frontal lobe origin is being increasingly recognised
and probably represents 20-30% of partial seizures3-8. The NIH estimates the number of
patients in the USA with frontal lobe epilepsy to be in the region of 569,000, of whom
171,000 continue to have incapacitating seizures, despite optimal drug therapy3.
Assuming the epidemiology of the disorder is similar in the UK, there are approximately
34,000 patients in this country with chronic frontal lobe epilepsy, for whom surgery might

be considered. The total number of operations for epilepsy, mostly of the temporal lobe,
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currently stands at less than 150 per year in the UK?.

The analysis of seizure symptomatology may give clues which are important to our
understanding of the underlying mechanisms, and help clarify the role and limitations of
surgical treatment. A greater knowledge of the clinically significant pathways of seizure
generation, in combination with advances in neuropharmacology, may also in the longer
term, be important in the development of other treatment modalities, allowing more

specific pharmacological interaction with the pathways involved in specific seizure types.

Central to the validation of current techniques of seizure localisation, is the use of a "gold-
standard", supposedly able to identify seizure generating cortex with absolute specificity
and selectivity, against which other investigative modalities are assessed. A widely
accepted dogma is that if a technique identifies a region, whose resection produces
permanent relief from seizures, then it correctly localised the maximally epileptogenic
cerebral cortex!0, Since only a small minority (<1%) of highly selected patients undergo
surgery for their epilepsy, alternative means are required to identify epileptogenic cortex in
the majority of patients, particularly if non-surgical means of focal treatment of seizures
become available. Even in patients who undergo surgery, the range of different outcomes
illustrates the variety of interactions between surgery and the seizure generating process
(figure 3, page 166) and reflects the incompleteness of current understanding of the
mechanisms and pathways of seizure causation and spread, raising doubts concerning its
usefulness as the "gold standard". How much epileptogenic cortex need be removed to
relieve a patient's epilepsy? If normal cortex is excised, only secondarily involved in
seizures, can this too produce a lasting remission? The more extensive the resection the
more likely is remission from seizures (the extreme case is hemispherectomy) and the less
valuable the localising information from surgery. Since frontal resections are often large,
only very general inferences may be made about localisation. The substantial failure rate of
surgery, even in the most highly selected patients, raises the question of the applicability of
current definitions of sites of focal seizure onset and the relevance of available tools to
assess them.

Nevertheless, current bias is toward seizure localisation as part of presurgical assessment.

Most series use surgical success as their measure of accuracy of localisation, resulting in
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widespread acceptance of surgical relief of seizures as the most accurate means of
identifying epileptogenic cortex currently available. Therefore, much of the discussion in
this introduction relates to studies of cases that have undergone surgery.

Clinical seizures are, however, the overt manifestations of aberrant neuronal activity, and
the orientation of investigation in this thesis is on the identification of patterns of clinical
seizure manifestations. These clinical patterns will be analysed prospectively in relation to
investigations (interictal EEG, ictal EEG and neuroimaging) to assess the degree to which
the location of abnormalities on investigation can be predicted from clinical seizure type.
This method avoids the bias introduced by the retrospective analysis of selected patients
who have undergone surgical resection and is the crucial difference in methodology
between this and previous studies. This approach, starting with the seizure manifestations
and working towards localisation, also more accurately reflects the problem facing the

clinician with each new patient with partial epilepsy.

Section 3: Anatomy of the frontal lobes
Section 3a: Gross structure

The frontal lobes constitute that part of the cerebral cortex anterior to the Rolandic fissure
and superior to the Sylvian fissure (figure 4, page 167) and further subdivisions are usually
made on the basis of cytoarchitectonic and proposed functional considerations. The
primary motor cortex is just anterior to the Rolandic fissure and is often combined with
post-Rolandic primary sensory cortex as "central sensorimotor cortex", because of their
close anatomical and functional relationships!l. Anterior to the motor strip, in Brodmann's
areas 6 and 8 (figure 5, page 168) are regions thought to be involved in the higher
organisation of motor activity; the premotor cortex (PMC) on the lateral convexity and the
supplementary motor area (SMA) on the mesial and superior surfacesl2. The premotor
area contains the frontal eye fields, which are implicated in eye movement and in the
dominant hemisphere, Broca's area, involved in the execution of speech. Inferior to the
SMA, on the mesial surface and wrapped around the corpus callosum, is the anterior part
of the cingulate gyrus, an integral part of the mesiolimbic system13. Anteriorly and

stretching to the frontal pole, is the agranular frontal cortex (prefrontal cortex), whose
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precise functions remain obscure, but where lesions produce pronounced deficits of
psychomotor sequencing!3. On the inferior surface is the orbitofrontal cortex, also closely
involved with the mesiolimbic system, especially in relation to autonomic activityl415.
Most research has attempted to relate seizure manifestations to these putative functional
areasl.

It is important to consider the detailed structure and connectivity of these regions as these
anatomical characteristics may be important determinants of seizure spread and seizure
manifestations. Most anatomical research has been conducted in the monkey whose gross
cortical anatomy is illustrated in relation to human anatomy in figure 6, page 169.

Current opinion17 is of functional systems that incorporate both sequential, convergent
processing and parallel processing components. Sanides!6 postulated two systems (figure
7, page 170), evolving during phylogeny, to form the cerebral cortex. The hippocampal,
archicortical moiety evolved through the cingulate cortex, predominantly to occupy the
mesial cortex; the SMA in the frontal lobes and the supplementary sensory area in the
parietal lobes. It is characterised by the presence of pyramidal cells in layer 5. The
olfactory, paleocortical moiety developed through the parainsular area of the central sulcus
to form the prefrontal association cortex and the second sensory areas for vision, hearing
and somatic sensation. These areas are deficient of pyramidal cells but contain large

numbers of granular cells.

Section 3b: Frontal intercortical connections

Figures 8-12, pages 171-173, summarise some major frontal lobe pathways. Within the
frontal lobes, connections tend to be between cortical subdivisions arising from the same
phylogenetic source, according to Sanides scheme. This also holds for longer interlobar
connections; the periarcuate area of the monkey receives input from the first visual, hearing
and somatosensory association areas, whereas the prearcuate, prefrontal cortex receives
input from the second sensory association areas of these modalities. There is however,
considerable integration of the two systems, e.g. reciprocal interconnections between the
PMC and SMA. The overall picture is of flow of information from anterior in the frontal

lobes to the precentral motor cortex, via two highly interrelated systems. They incorporate
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sensory information, projected forwards from the sensory cortex at the higher levels of
sensory integration to the most anterior frontal lobes and lower levels of integration closer
to the motor output cortices.

There are extensive topographic, interhemispheric projections through the corpus callosum,
between the two frontal lobes. Double labelling studies show that these are both from
neurons whose axons are exclusively interhemispheric and from neurons whose axons
branch, to give a commissural fibre and an ipsilateral projection fibrel7. Moreover, the
cortical columns receiving frontal interhemispheric inputs alternate with those receiving
ipsilateral parietal fibres!8. These variations provide additional potential for interaction
between the different regions of the brain in normal function and in the generation of

seizure manifestations.

Section 3c: Frontothalamic and frontostriate connections

Subcortical projections to the thalamus and corpus striatum also vary from different parts
of the frontal lobes. Different portions clearly project in a topographic fashion to the
dorsomedial nucleus of the thalamus18. The functional significance of these connections is
not clear, but like the prefrontal cortex and unlike the thalamic relay nuclei, this part of the
thalamus has multiple bi-directional connections with the corpus striatum and areas of the
limbic system, which may theoretically be implicated in seizure spread.

Pathology exclusive to the basal ganglia is not generally associated with epilepsy and it
seems unlikely that these structures play a central role in seizure genesis. Nevertheless,
they are intimately connected with the cerebral cortex19:20,21 and may be important in
modulating the expression of cortical outflow, and therefore, influence the clinical
manifestation of seizure discharges. Basal ganglia lesions may produce movements similar
to those seen in some seizures e.g. dystonic posturing and may occasionally cause
neuropsychological deficit akin to a "frontal lobe syndrome"22. Some older
electrophysiological evidence in animal models also suggests a role for the basal ganglia in
epilepsy23, and in humans, early researchers proposed discharges in the basal ganglia in
some epileptic subjects when none could be detected at the scalp24. On the basis of these

findings, lesioning of the basal ganglia was attempted in the treatment of epilepsy -
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although with little success25. In a rat model, the substantia nigra, which has close
relationships with the basal ganglia, has important modulatory influence on the expression
of seizures from the highly epileptogenic "substantia tempesta" of the prepyriform cortex26,
but the equivalent site in man is uncertain.

Views of the structure of the basal ganglia and their relation to the cerebral cortex recently
have undergone substantial revision. Current opinion suggests that there are anatomically
segregated regions within the basal ganglia, each subserving a different loop from cerebral
cortex to corpus striatum to globus pallidus to thalamus back to cortex. It is suggested that
each loop receives input from several, related cortical regions and then projects back to a
more restricted cortical target. Separate loops are postulated to be related to sensorimotor
cortex, extraocular movements, dorsolateral prefrontal cortex, lateral orbitofrontal cortex,
anterior cingulate cortex and possibly other regions. Outputs to the SMA are particularly
prominent. This convergence represents a mechanism whereby cortical regions may interact
without direct intercortical spread. Moreover, recent evidence suggests a role for the basal
ganglia in limbic function20. There are connections at various levels between the limbic and
the motor components in the basal ganglia, which suggests possible extracortical sites of
interaction, for example in the generation of motor automatisms. In discussing the
generation of seizure manifestations, the involvement of subcortical centres must also be
considered, particularly in motor seizures, which by definition manifest via descending
pathways. Whilst not usually candidates for the origin of seizures, they may also modulate
seizure spread via extracortical loops, for example the thalamocortical loop suggested for

models of absence epilepsy2”.

Section 4: Clinical seizure localisation

The first clue to a focal seizure is its semiology. Numerous clinical manifestations have
been observed in frontal lobe seizures (table 1, page 14). There are considerable problems,
however, in localisation of seizures on the basis of some of these characteristics and

sometimes it may even be difficult to differentiate epileptic from non-epileptic attacks.

Section 4a: Intrafrontal versus extrafrontal localisation

Focal electrical discharges result in clinical manifestations, at least partly related to the
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connectivity of the region involved28. The major efferent connections of the primary motor
cortex are relatively straightforward, somatotopic outputs to lower motor neurons, whose
clinical activity is easily recognised. Seizures arising from this area cause the characteristic
clonic motor progression identified by Hughlings Jackson, that bears his name>. However,
seizures originating from other areas, with more complex connectivity, are less easily
predictable. Moreover, where more than one area subserves a particular function, it may be
impossible to localise seizure onset on the basis of a given clinical feature. For example,
conjugate eye deviation can be elicited by direct stimulation from frontal, occipital and
parietal lobes of the brain as well as cerebellum and superior colliculi and there are complex
interactions between these regions29.

Overlap with phenomena usually attributed to seizures arising in other lobes, occurs over a
whole spectrum of clinical manifestations e.g. formed and unformed visual hallucinations
from documented structural lesions of the anterior mesial frontal cortex30, which would
usually be attributed to more posterior sensory and association areas. A rising epigastric
aura is said to be a characteristic feature of temporal lobe seizures, but epigastric sensations
are also noted in frontal attacks3!, possibly relating to the close interconnections between
these regions in the mesiolimbic system. Similarly, the close relationship between the pre-
and post-Rolandic sensorimotor cortices means there is substantial overlap of their clinical
seizure manifestations; numbness and tingling in the periphery” and tonic posturing32 have
been reported from both regions.

Further to complicate the picture, there is evidence in experimental models, that seizure
propagation may occur via non-synaptic mechanisms (reviewed by Yaari and Jensen33),
perhaps by activating fibres of passage through electrotonic coupling, changes in local
electric field or ionic concentrations. This probably occurs most commonly in the
hippocampus, where axons are very tightly packed, and is a mechanism by-passing normal
synaptic transmission and allowing unpredictable activation of pathways and seizure

manifestations. However, the clinical significance of these mechanisms remains uncertain.

Section 4b: Ictal motor activity

Motor activity is a prominent ictal manifestation of frontal lobe epilepsy®34.35,36 This

may include clonic movements; tonic seizures without clonic accompaniment37; gross or
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semi-purposive motor activity and complex motor automatisms38,39,40, Head turning is
particularly common but Cotte-Rittaud and Courjon demonstrated it may originate from all
four lobes of the cerebral cortex4!. However, in their study it was the initial manifestation
in 32 of 37 cases arising from the frontal lobe, but occurred later in the course of the
seizure in all of 20 temporal lobe attggks, in which head version was prominent. This
suggests that head version is a resultA involvement of extratemporal regions, either cortical
or subcortical. It may, however, be difficult to differentiate seizure phenomena due to
activity in the primary epileptogenic region from that which arises as a result of spread
beyond it. For example, it has been demonstrated that propagation of discharges, via the
uncinate fasciculus, between the lateral convexity of the frontal lobe and the temporal lobe,
may occur in a matter of milliseconds#2. Clearly, this is too fast for clinical observation to
distinguish a primary from a propagated manifestation.

Motor activity is often the most obvious feature of a seizure to an observer. If the seizure
onset is with a subjective manifestation e.g. a sensory manifestation, then the identification
of this important early localising feature is dépendent on the awareness of the patient at the
time and his later ability to recall it. Equally, large parts of the cerebral cortex, including
much of the frontal lobes, are "silent", producing external manifestations only indirectly, via
connections with other regions. Seizures arising in silent areas may erroneously be
attributed to more eloquent regions "downstream" e.g. motor phenomena or vocalisation,
occurring in seizures with frontopolar or orbitofrontal onset38:43:44, perhaps reflecting

pathological impulse propagation down physiological pathways.

Section 4c: Motor Automatisms

Attempts are made to classify ictal motor activity as simple or complex and make inferences
regarding the localisational significance of each. Simple clonic jerks are associated with
perirolandic recruitment to a seizure, but the more complex movements are thought to be
qualitatively different in frontal and temporal seizures. Tonic postures, bicycling movements
of the legs or striking movements of the hands are usually attributed to the frontal
lobes#0,45.46,47,48  Swallowing and orofacial movements are seen frequently, but not
exclusively, in temporal lobe seizures?0:4%. Some complex motor automatisms e.g. genital

manipulation or gesturing have been noted during seizures originating from both frontal and
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temporal lobes3%-51, However, studies using intracerebral EEG in some patients have
suggested that certain automatisms only occur once there has been spread of the discharge
to the temporal lobes#6:48 which at first sight is counter-intuitive, since it is the frontal
lobes that are especially involved in motor planning.

The differentiation of various forms of motor activity is unclear and a gradation of
complexity is probably more appropriate. Nor is it clear the difference between ictal and
postictal automatisms and whether this differentiation has any clinical significance. This
study will be able to assess the statistical association of different automatic activities with
frontal and temporal lobe seizures, and their timing within the progression of the seizure. If
the motor pathways of the frontal lobes are not required for the execution of motor

automatisms, then the output from temporal lobe may be via subcortical motor centres.

Section 4d: Intrafrontal localisation

Sublocalisation of ictal clinical features within the large volume of the frontal lobes has
been attempted by Delgado-Escueta at al47 and formalised in the ILAE classification!.
They propose tonic motor manifestations in SMA and dorsolateral frontal regions,
associated with speech arrest and autonomic phenomena in the former and sexual
automatism and pseudo-absence in the latter. Automatisms appear to be relatively less
common in mesial SMA seizures than in dorsolateral frontal seizures in some series#3:52,53,
but have been noted frequently by Talairach et al from the cingulum34:33, on the mesial
surface and also from the orbitofrontal cortex36:57.58  although numbers of cases in all
these series combined were less than the current study. Table 1 presents the manifestations
attributed to different regions in the ILAE classification, showing the extensive overlap
between them.

Delgado-Escueta et al47 suggest anterior cingulate epilepsy resembles anterior temporal
lobe epilepsy with atypical absence and prominent autonomic features, consistent with
results of electrical stimulation of the cingulate cortex34 and its close connectivity in the
limbic system38. This pattern has also been reported in orbitofrontal attacks*®. However,
studies?7-48 have also emphasised a component of unilateral tonic motor activity seen in

many cingulate and orbitofrontal seizures; evidence of substantial overlap of manifestations



26

attribute to other frontal and even temporal areas.

Section 4e: Vocalisation and speech arrest

Vocalisation is said to be a common feature of frontal lobe seizures38:59:60, but is also seen
in temporal lobe epilepsy” and it is not clear whether there are qualitative differences
between frontal and temporal vocalisations. Localisation within the frontal lobe is
uncertain: there are some reports of successful frontal cortical resections for seizures in
which vocalisation was prominent, but these were from frontopolar, supplementary motor
or orbitofrontal regions, so providing little localising value43:3461, This may merely reflect
the variety of pathways involved in vocalisation; a view supported by electrophysiological
evidence, demonstrating the great variety of sites from which vocalisation can be elicited by
intracranial stimulation, in man and animals3033,35,62,

Equally, Delgado-Escueta et al*7, maintain that speech arrest is characteristic of temporal
lobe attacks. This is, however, a very difficult symptom to define in spontaneous seizures,
although described by Penfield and Jasper” and is easier to elicit by direct cortical
stimulation. In order that cessation of speech be due to higher language disorder and not
due to an abnormality of the motor component of speech, the patient must be fully aware,
have no demonstrable abnormal motor activity or ictal paresis of the mouth. This is very
difficult to determine in the brief duration of a seizure but reports have suggested this
phenomenon in relation to spontaneous and elicited paroxysmal activity arising from the
frontal lobe, including from lateral premotor34.35, and orbitofrontal cortices*4. Penfield
and Rasmussen%2 demonstrated that both vocalisation and speech arrest could be produced
by stimulation of partially overlapping portions of the pericentral region of both dominant

and non-dominant hemispheres.

Section 4f: Tempo of ictal activity

Jacksonian focal motor seizures manifest as a sequential activation of the peripheral
musculature, over seconds to minutes, presumably reflecting a slow progress of the seizure
discharge down the precentral homunculus, facilitating seizure localisation. However,
other seizures may spread from a regional onset so rapidly that the attack appears

generalised from the start, precluding localisation on clinical grounds alone. This pattern is
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seen in akinetic or tonic drop attacks37:63,64,

Frontal seizures are said to be characterised by sudden onset, short duration and rapid
recovery. They are said to occur in clusters, particularly at night65. Many of these features
can be explained by the predominance of motor activity in frontal seizures. Seizures with a
sensory onset will inevitably appear more gradual as the patient reports the sensation before
there is spread to an observable motor attack. More posterior seizure types are
characterised by frequent auras, which may cluster. This may be the sensory, simple partial
seizure equivalent of clustered frontal motor seizures. Finally seizure types with no motor
manifestations are only detectable in sleep by special monitoring equipment and their
nocturnal frequency is, therefore, undetermined.

Moreover, not all frontal seizures are short and followed by rapid recovery; automatisms
and confusional states are frequently seen in seizures arising from a variety of frontal sites
48,52-54 Epilepsia partialis continua, one of the commonest highly focal, prolonged seizure
types, is of perirolandic origin.

This study will be able to address the issue of differences in these characteristics of tempo

between frontal and other seizure types.

Section 4g: Non-epileptic seizures and consciousness

A hallmark of generalised tonic clonic seizures has been believed to be loss of
consciousness. Although it has long been appreciated that, in absence seizures, loss of
contact is dissociated from generalised motor activity%0, it has only recently been
recognised that bilateral motor activity can occur with preservation of awareness. So
deeply entrenched was the belief that patients had to be unconscious during an epileptic
seizure with bilateral movements, that signs of awareness during such attacks were, until
recently, interpreted as indicative of non-epileptic seizures, resulting in inappropriate
treatment and unnecessary stigmatisation. The pattern of such motor activity; often large
amplitude, pseudo-purposeful activity e.g. bicycling of legs, rather than the typical, small
amplitude, clonic movements of classical generalised tonic clonic seizures38:43,67 has
contributed to this error93,

A problem in determining consciousness in epileptic seizures is that when an observer
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interacts with a patient during a seizure, he is dependent on intact sensory and motor
pathways and internal processing to elicit an appropriate response. Any one of these may
be disrupted by a seizure, resulting in apparent "impairment of consciousness". It is difficult
to know whether this represents a disruption of a "central consciousness", or merely of its
tools of communication58, or at what level the two merge. Amnesia for the attack may
make a patient retrospectively appear to have been "unconscious" even though he was
aware at the time7. Similarly dysphasia, seen frequently in relation to seizures, alters the
ability to comprehend and respond and may erroneously be interpreted as unconsciousness.
The definition of consciousness and the dualist and materialist views of its relationship to
brain function remain controversial®%:70, If consciousness does have a discrete anatomical
basis, then widely differing regions including frontall3 and parietal cortices and
interhemispheric structures’0 have been proposed as important components of its substrate.
In the field of epilepsy, Jasper’l suggested "loss of consciousness" in temporal seizures was
only seen with bilateral spread. However, in 14 patients with stereotactic EEG recordings
and stimulations’2, "loss of consciousness" occurred in 24.6% of unilateral temporal
discharges with no measured contralateral spread, both in pure neocortical and pure limbic
discharges. In frontal attacks, impairment of awareness appears to very variable; in pure
motor seizures there is often complete preservation, but loss of awareness is dramatic and
devastating in akinetic and tonic drop attacks, where frontal discharges are thought to

generalise, almost instantaneously, across the corpus callosum.

Section 4h: Lateralisation of epileptic activity

The clinically significant primary motor cortex innervation of the musculature (except the
upper face) is purely contralateral and this is reflected in primary cortex clonic seizures.
For other motor seizure phenomena, lateralisation is more difficult to determine. A
number of studies have addressed the issue of lateralisation of head turning; estimates of
supplementary motor area discharges responsible for contralateral versus ipsilateral head
turning range from 33% to 100%43,60,73,74,75  This variation may be explained by the
bilateral motor representation in the SMA31L,76, There is little evidence to suggest

lateralisation of non-motor epileptic phenomena in the frontal lobes, with the possible
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exception of peri-ictal dysphasia, lateralised to the dominant frontal lobe.

Section 4i: Summary

The above examples serve to illustrate the problems in trying to identify seizure patterns
specific to the frontal lobes. Even differentiation from non-epileptic seizures may be
problematic! Where epilepsy is diagnosed, localisation may be uncertain; frontal lobe
epilepsy may present with features more frequently associated with other lobes or present
as a generalised epilepsy. Motor manifestations are arguably the most prominent and easily
recognisable of all seizure manifestations, and as the major final cortical motor output is
from the frontal cortex, seizures arising from other areas may spread into motor regions
and appear to be frontal in origin. Bilateral cortical representation of many types of motor
activity may make laterality of frontal seizures difficult to determine. Moreover, there
appears to be considerable overlap between seizure phenomena arising in different parts of
the frontal lobe.

The difficulties may reflect inaccuracies in our methods of localisation of epileptogenic
cortex. However, the postulated interconnected, parallel and sequential processing, within
the frontal lobes, suggested from anatomical and physiological studies!6.77:78 provide a
substrate for blurring the effects of seizure discharges triggered from different regions. If
the observable clinical effects of frontal lobe seizures represent merely aberrations of a final
common output pathway, with a limited repertoire of clinical manifestations, then it may be
impossible, on clinical grounds alone, to recognise the individual signatures of the various
"silent" cortical regions converging onto it.

Some differences can be determined, however, in the neuropsychological effects of
variously sited frontal lobe lesions13:79 and in the electrophysiological properties of cells in
different frontal regions’7-80 which may also, therefore, manifest in different seizure
patterns; if not in different phenomena, then possibly in variations in the order in which
they are recruited into the seizure.

In order to define the seizure manifestations that are characteristically frontal, it is vital
therefore, not only to illustrate the shared features of FLE, as is done in post-surgical
series, but also to show that they are different from epilepsy from other regions. For this

reason, patients with frontal lobe abnormalities are compared to others with evidence of
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extrafrontal regional involvement, in the same experimental design in this study. This

differentiation is also a key problem in clinical practice.

Section S: Electroencephalographic localisation

EEQG is the best established means of investigation of seizure dynamics. The EEG
modalities used are: ordinary scalp recording; scalp recording enhanced by the use of
special electrodes and intracranial recording. Each of these methods may be used
interictally or ictally, the latter is usually combined with vidéo recording of seizure
semiology3!,82,

Central to the analysis of EEG is the "inverse problem". This theoretical limitation states
that if the brain is considered a uniform volume, from which discharges may arise that are
of any magnitude and with any orientation, then there is an infinite number of combinations
of discharges that can give rise to any given surface EEG pattern. If these assumptions are
correct, it is impossible to define the discharge generators from the surface EEG pattern,
although in practice, valuable information can be obtained. In addition to this theoretical
limitation, there are a number of physical problems in EEG recording, seen especially in

frontal lobe epilepsy.

Section Sa: Scalp EEG

The major problems seen in scalp recordings are: attenuation of signal; artefactual
interference; poor spatial resolution and inability to detect deeply sited discharges.

Scalp recordings are inevitably taken at a site distant from the electrical generator. The
attenuation that follows means a large volume of cortex must be involved in the discharge,
before it will register at the scalp. Moreover, an electric field that is oriented perpendicular
to the skull may not be detected at the scalp on a bipolar recording. Therefore, scalp
recordings tend be biased in favour of large, transverse electric fields, subjacent to the skull.
Much of the frontal cortex lies in deep gyri or on the mesial or orbitofrontal cortical
surfaces, where standard electrodes may fail to detect discharges. Increasing the number of
electrodes®2 may improve the accuracy of localisation, but is very unlikely to uncover

epileptogenic cortex undetected by standard techniques. Occasionally, supra- or
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infraorbital surface electrodes will detect orbitofrontal discharges, not seen with standard
electrode arrays83:84,

Special semi-invasive sphenoidal electrodes have established a place in the investigation of
temporal lobe epilepsy, but special electrodes for frontal seizures e.g. naso-ethmoidal
electrodes for orbitofrontal epilepsy have found less general favour, as up to 40% of
patients find them unpleasant, and the same information can almost always be obtained with
non-invasive supraorbital electrodes83.

Some frontal seizures may be without any abnormal surface ictal EEG accompaniment, or
else the prominence of motor activity results in artefact that obscures the EEG. This has
caused some specific diagnostic problems: first, the absence of EEG change lends support
to the inappropriate diagnosis of pseudoseizures; second, there may be uncertainty whether
a manifestation is a seizure or another disorder e.g. a primary movement disorder as
originally suggested in the "nocturnal paroxysmal dystonia" of Lugaresi86.87.

In studies of partial epilepsy with various locations, scalp EEG missed up to 50% of
resectable cases®8:89,90,91  Of 113 patients with frontal lobe epilepsy reported from
Montreal47:92, only 12% had focal interictal spiking and focal ictal abnormality was present
in only 22% of 302 seizures recorded from 16 patients; the commonest problem being
bilateral EEG abnormality from unilateral lesions.

Scalp EEG also has a false positive rate; causing multifocal or widespread epileptogenic
cortex to be interpreted as unifocal, potentially indicating operations that would prove
unsuccessful92. Whilst this problem has also been recognised in FLE?3, it is less frequently
a problem than is lack of specificity of the EEG in this region.

It is well recognised that the ictal scalp EEG may present with generalised discharges from
the start of the seizure, without giving any clue to the region of onset. This pattern of
"secondary bilateral synchrony" occurs especially from mesial frontal and cingulate
foci33,36,57,61,62,94,95,96 and is seen particularly in those seizures that appear to be
clinically generalised from the onset. These seizures often cause sudden falls and are
particularly devastating for the patient. They frequently result in severe injury, which is both
acutely harmful and associated with long term neuropsychological decline. It is a pattern

for which investigators may resort relatively frequently to the use of intracranial EEG, in
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order to improve localisation. As discussed below, however, these techniques have their

own limitations and may not achieve their aim.

Section Sb: Invasive EEG

More invasive methods usually follow one of two conceptually and technically different
routes. First, intracerebral, multiple contact electrodes may be placed stereotactically
within the brain substance (SEEG). These electrodes typically detect discharges from up to
5-10mm away, resulting in a high spatial resolution but sampling only very small brain
volumes. This technique is used to address specific issues of localisation where there is a
limited number of alternative hypotheses; e.g. electrodes may be implanted in both mesial
temporal lobes, when discharges are known to be mesial temporal but lateralisation is not
clear. It is suggested that SEEG, whilst helping in many of the uncertain cases, may make
decisions more complex in others97-98 particularly in the frontal lobes, although in highly
selected cases, has given useful localising information, where extracranial EEG was non-
specific92. It is important to note that most studies of intracranial EEG predate high
resolution MRI and the role of intracranial EEG may change when MRI is evaluated fully.
In the frontal lobes, targets are more difficult to select after conventional tests. The small
volume sampled may result in the ictal onset being missed, unless very large numbers of
electrodes are inserted, with their attendant risks. Even if the onset is detected, it may not
be clear whether this merely represents one sample part of a much larger epileptogenic
zone, as the electrodes may be considerably separated, in order to cover enough of the
frontal lobes. Munari et al% used SEEG, including the frontal lobes, in 250 patients. They
found that even with a relatively large number of electrodes, localisation was considerably
less successful than in the temporal lobes. A clearer understanding is required of the
clinical seizure types of frontal lobe epilepsy, if intracranial EEG is to be accurately targeted
within the large volume of the frontal lobes, in order to answer the questions asked of it.
Second, large electrode grids may be placed epidurally or subdurally to sample much larger
volumes of cortex with less attenuation and without the interference of artefacts seen on
the scalp EEG100, In some series this has a higher morbidity than SEEG and may be more

difficult to apply to mesial discharges and those located deeply in the sulci, which are
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amongst those causing the greatest diagnostic problems10!, Van Veelen et all02 found that
subdural electrodes were often inadequate to localise deeper placed discharges and some
patients required a combination of subdural and intracerebral electrodes.

Another approach is detection of interictal spikes at operation by electrocorticography,
which is relatively easier than preoperative implantation. Spikes were focal in only 12% of
72 cases with probable frontal lobe epilepsy recorded by the Montreal group92.

The increased spatial resolution of intracranial EEG, compared to scalp EEG, means that
where it does detect a region, in which there is a consistent localised discharge, that
precedes the clinical onset of the patient's habitual seizures, it is generally considered to
have a much greater positive predictive value for surgical outcome than scalp EEG103,
Conversely, where the clinical onset precedes the EEG changes, the value of the

investigation is limited.

Section Sc: Special methods of EEG analysis

A number of methods of computer analysis of EEG are being evaluated in an attempt to aid
localisation of apparently synchronous discharges using: phase differences; small
(millisecond) time differences; dipolar seizure patterns and mutual information
analysis!%4,105,106  However, these are still experimental and undergoing evaluation. Some
improve the yield of intracranial electrodes, rather than obviate the necessity of their
insertion.

These examples illustrate that it is often in those instances where the clinical diagnosis and
localisation are least certain, that the EEG is least contributory and additional investigations
are required for seizure localisation. Early surgical series, that predate modern imaging,

nevertheless suggest that the information from the EEG may have prognostic valuel07:108

Section 6: Localisation by Imaging
Section 6a: Structural scans and their pathological correlates

In some cases partial epilepsy is clearly due to a focal structural lesion e.g. tumour!09, and
frequently more minor pathological abnormalities may be found. Sclerosis of the mesial
temporal structures is identified in up to 60-70% of temporal lobe specimens resected for

surgery?1,110,111 byt there is no such uniformity in the lesions underlying frontal lobe



34

epilepsy. By far the largest series of pathology in frontal lobe epilepsy to date was
described by Rasmussen in postoperative patients before the era of modern scanning
techniques’. Of 250 cases, 63 were due to tumour, 90 had a clear history of major head
injury or gunshot wound. Other rarer causes were birth trauma, encephalitis and gliosis,
either with an identifiable cause e.g. previous abscess or discovered at operation, with only
29 cases with unknown pathology. This represents a highly selected series and the
incidence of clear-cut pathology is generally much lower, although a consistent trend
appears to be for the frontal lobes to bear much of the brunt of cranial trauma and minor
degrees of dysplasia have been recognised more frequently since this study was undertaken.
Where there is a visible abnormality on a brain scan, whose location is consistent with other
lines of investigation, the result is considered strong supportive evidence of seizure
localisation, and the surgical success rate for seizure remission is greater where a
macroscopic lesion is resected, than if epileptogenic cortex with no identifiable lesion is
removed112,113,

In one study computerised tomographic X-ray scans (CT) identified lesions in up to 65%
of patients with refractory epilepsy!!14. However, many of these abnormalities were non-
specific or non-focal and the number of diagnostically helpful CT scans, identifying focal
lesions such as gliomas or hamartomas, is probably about 20%115,116,117,118,119,120  The
yield from magnetic resonance imaging is higher than from CT and studies in the late
1980's gave yields of around 50%, but detection rates are ever
increasing115,117,121,122,123,124,125,126  This rate of detection applies even in milder cases
of temporal lobe epilepsy, where the seizures are not refractory to medical treatment126,
suggesting the presence of a visible lesion does not necessarily imply more severe epilepsy.
MRI has found a particular niche in the detection of mesial temporal sclerosis121:122, This
subgroup of temporal lobe epilepsy has an especially good surgical prognosis, with claims
of detection rates of mesial temporal sclerosis (MTS) approaching 100% with the most
recent, specially tailored MRI sequences123.124,127 3_D image acquisition and the
application of geometric principles of stereology to image analysis!28. Calcification
remains easier to interpret on CT at the moment, unless special MR sequences are used, but

other abnormalities are better defined on MR1125,126,129
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Gross congenital disorders of neuronal migration e.g. lissencephaly, microgyria and
pachygyria, have been recognised for many years as associated with mental handicap and as
a potent cause of severe epilepsy!30. These lesions are usually obvious on both CT and
MRI131, With the increasing sensitivity of MRI, in particular its ability to differentiate grey
and white matter on T1 sequences, small neuronal migration defects have been recognised
increasingly, in association with focal epilepsy!32,133,134_ These may be isolated
abnormalities or part of a more general disorder e.g. tuberose sclerosis. The smaller
lesions are certainly better seen on MRI than on CT. Focal epilepsy has been successfully
treated by the excision of both isolated tubers and sporadic NMD's in otherwise normal
individuals. One case of the latter is reported in the current study. The exact role of
microcortical dysgenesis remains unclear, since it may have an appreciable background
rate!35 (of the order of 2-5%) in normal individuals and autopsy studies have demonstrated
focal, nodular abnormalities in the brains of up to 26% of normal individuals. They
appear to be fewer in number than in patients with mild clinical abnormalities e.g.
dyslexial36, and differ in histological characteristics from the more severe forms of
dysplasial35. There appears to be a particular predilection of these lesions for the frontal
lobes in some series137:138 although in one series of MRI, the lesions of tuberose sclerosis
were less reliably identified in the frontal cortex than elsewhere!39. A golgi study showed
dysplastic nodules to contain neurons with abnormal branching patterns radiating a
considerable distance through the cortex, suggesting a microanatomical substrate for

pathological cortical circuitry140.

Section 6b: Functional isotope scans

Structural scans provide static images of the brain, which need to be correlated with a
dynamic test of abnormal cerebral activity, in order to assess their relevance to the patient's
epilepsy. Conventionally the EEG has been used and this remains the most direct measure
of epileptic activity, to which other modalities are compared. In recent years, however,
functional imaging has been applied; positron emission tomography (PET) or single photon
emmission CT (SPECT), mostly utilising markers of cerebral blood flow or glucose
metabolism. The analysis of the scans produced is made complex by the very variables the

techniques are designed to assessl4l. As well as limited spatial resolution, determined by
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the physical processes involved, the images are influenced by a temporal interaction
between: (a), the dynamics of radioactive decay of the particle used; (b), the
pharmacodynamics of the ligand-tissue interaction and (c), the fluctuations of cerebral
activity according to whether cerebral state is ictal, postictal or interictal at the time of the
injection.

Penfield’ noted focal hyperaemia of the cerebrum in seizures during surgery and this has
been reflected in PET and SPECT scans, with increased isotope uptake in the ictal
region142,143 Conversely, most studies show interictal hypometabolism of the epileptic
zonel17,144,145  There is considerable variation144.146 however, with interictal scans
being hypometabolic, isometabolic or hypermetabolic. The patients for whom these scans
are used, usually have frequent seizures and are in a constant state of flux between ictal,
interictal and postictal states. They also suffer frequent subclinical electrographic
discharges. Variations probably relate to these confounding temporal factors. In addition,
since the abnormality is either hypometabolic or hypermetabolic, according to ictal state, it
is probable that vascular changes are secondary in the epileptic process.

Where abnormalities are seen on MRI or CT, the corresponding regions of abnormal
perfusion on PET and SPECT are consistently more diffuse than or discordant with
abnormalities on the structural scans!17 and with the extent of the underlying pathological
lesion147 on histological examination.

It is likely that PET scans overestimate the cortex involved in epileptogenesis.
Nevertheless, these scans are an extra tool in the preoperative assessment of investigations.
Set against this is that the more tests are applied, the more likely it is for one or more to be
discordant, so complicating preoperative assessment. In one study, of only 22 patients,
PET appeared more sensitive than MRI in detecting of neuronal migration defects!48, but
this was prior to the most recent MRI technology. PET and SPECT generally have
lateralising rather than highly localising value and may identify abnormalities suggesting

multiple epileptogenic regions in some patients, so saving them from unhelpful surgery!15.

Section 6¢: Magnetic resonance spectroscopy

The most commonly used MR scanning uses sequences weighted to identify normal and

































































































































































































































































































































































































































































































































































































































































































































































































































































































































