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ABSTRACT

A senes ot studies were undertaken with the aim of assessing the stadc and dynamic
profiles of the most common types of epileptogenic lesions: hippocampal sclerosis and cortical
developmental malformations. Neuronal metabolic dysfunction measured by proton magnetic
resonance spectroscopic imaging (‘H-MRSI) overlaps the structural lesion displayed by
magnetic resonance imaging (MRI). The extent of neuronal metabolic dysfuncton, however,
tends to be wider than the MRI-visible lesion and may reflect the intrinsic nature and extent of
the original epileptogenic damage. In addinon, neuronal metabolic dysfuncton and
svnchronized neuronal finng often coincide spanally and vary together in intensity possibly

retlectng the seventy of the epileptogenic process.

Non-foreign ussue lesional, temporal lobe epilepsy (1LE) syndrome 1s a
heterogeneous condition, which displays a spectrum of neuronal damage. The ditferent
patterns of neuronal damage measured by MRI volumetry (MRIVol) and 'H-MRSI enable
accurate probabilistic prediction of TLE lateralizaton and discrimination of TLE from extra-
TLE. Furthermore, both MRIVol and 'H-MRSI have a prognosac value in surgical TLE

patients, which can be used to streamline surgical candidates.

The neuronal damage is present in the early stages of the epileptogenic process in
pauents with localizadon related epilepsy. This process 1s dvnamic and shows a slow
progressive neuronal loss and dysfunction in TLE panents, which is not related to seizure
burden. Neuronal metabolic dysfunction, lesions, spikes, cognitve decline, and psychiatnc

disorders are part of the epileptogenic process. These different domains parallel each other in
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a given time, although their pathophysiological processes are distinct. Thus seizures and

neuronal damage co-exist but are not causally related.

Normalization of neuronal metabolic function is seen in post-operative seizure-free
patents, with a recovery half ime of six months. However, the process of neuronal recovery
does not occur in patents who are seizure-free due to antepileptic medicaton. The
epileptogenic process causes disruption of normal neuronal network and in order to reverse
this disruption the epileptogenic area must be 1solated or resected surgically. The epilepuc
state is a translagon in ame of the acavity of the epileptogenic process. Seizures, stereotvped
behavioral manifestadons, are the hallmark of the epileprogenic process. Absence of seizures,
however, does not reflect inacuvity of the epileptogenic process. Neuronal damage as

measured bv N.A\/Cr can serve as a surrogate marker of the epileprogenic state.
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RESUME

Nous avons entrepris une série d’études, dans le but de déterminer les états basal et
longitudinal des rypes les plus fréquents de lesions épileptogenes: la sclérose hippocampique et
les malformadons du développement cortical. Les modificanons du metabolisme neuronal
détectés par imagerie spectroscopique de resonance magnénque (ISRM) se superposent aux
lesions anatomiques visualisées par imagerie de résonance magnéaque (IRM). Cependant,
Iétendue des modificanons métaboliques sont souvent plus larges que celle des lésions
détectées par IRM, et peuvent mettre en évidence la narure meéme et 'étendue de la région
¢pileptogene initiale. De plus I'étendue ainsi que l'intensité des modifications méraboliques
neuronales coincident souvent avec les décharges neuronales synchronisées, ce qui reflete la

séverité du processus épilepuque.

Le svndrome de I'épilepsie temporale (ETL) non-lésionelle consiste en un large spectre
d’atteinte neuronale. L'IRM volumetrique et 'ISRM permettent de latéraliser avec précision
I'épilepsie temporale et de la discriminer de I'epilepsie extra-temporale a l'aide d’une analvse
muld-paramétrique. Enfin ces deux methodes d’investgatnon permettent d’établir un

pronostque chez des patents candidats a une chirurgie.

L’atteinte neuronale est observée des les premieres phases du processus epilepaque
chez les patients présentant une épilepsie localisée. Les vanations de ce processus sont
accompagnées d’une perte ou d’un disfonctionnement neuronal, chez les patients preséntant
une ETL, qui n’est pas corrélée avec la fréquénce des crises. Le processus épileptique peut

présenter plusieurs aspects tels que des modifications métaboliques, des Iésions anatomiques,
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des décharges neuronales, un déclin cognitf, et des maladies psychiatriques. Parmi ces derniers,
certains peuvent coexister malgré une pathophysiologie distincte. Ainsi, il n'y a pas de

correlation entre 'observadon des crises comitiales et d’une atteinte neuronale.

Chez les patents ne présentant plus de crises apres chirurgie, on observe une
normalisadon du métabolisme neuronal apres une demie-période de récupération de six mois.
Cependant, ce phénomene n’est pas démontré chez les pauents ne présentant plus de crise
sous traitement médicamenteux. Le processus épileptique entraine des altérations du réscau
neuronal, qui peuvent étre corrigées ou limitées par une résection de la région épileptogene.
Alors que les crises comitales ou un comportement stéreotype consatuent les signes du
processus epileptique, Pabsence de crises ne reflete pas une inacuvité du processus épilepuque.
Par contre, latteinte neuronale, mesurée par le rapport métabolique de NAA/Cr, constrtue un

marqueur substruaf du processus épileprique.
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PREFACE

This Ph.D. aims to evaluate the structural and metabolic charactensacs of the
epileptogenic lesion and its dynamic changes, with special emphasis on diagnosis, prognoss,
and clinical evolution of parual epilepsies. [ have chosen the opton offered in “Gudehnes

Concerning Thesis Preparation” that allows inclusion of original articles as part of the thesis.

This thesis is based on nine onginal articles. In six of them [ have done all the research
work, performed the staustical analysis and wrrten the manuscript. [n the remaining three [
have done part of the work; in paper 7, [ partcipated in the conceptualization of the idea,
analysis and interpretation of the data. I[n papers 3 and 8, [ participated in the
conceptualization of the idea, collection, analysis and interpretation of the data, and woung
part of the manuscrpt. All the authors of these nine articles have contributed significandy and
thus have co-authorship as specified in uniform requirements for manuscripts submitted to
biomedical journals Vancouver group, fifth edition (1997,
heep:/ www thelancet.com aewlincet, suby author/ /umtormthemt). Two papers (papers 1 and 7) have been
published in peer-reviewed journal of international reputation. Two papers (paper 3 and 6)

have been accepted for publicaton. Five papers (paper 2, 4, 5, 8 and 9) have been submutted.

This thesis is divided into five chapters. The first chapter reviews the current findings
and state of knowledge in the field of epilepsy with special emphasis on the two most common
tvpes of epileptogenic lesions: hippocampal sclerosis and cortical developmental

malformations, their clinical manifestaton, diagnosis and prognosts.

The core experimental findings of this thesis are presented in three parts in the second,




third and fourth chapters.

The second Chapter deals with the anatomo-functonal relationships of epileptogenic
lesions. This chapter comprises three papers, in which we assess the reladonship amongst
neuronal metabolic dysfunction as measured by proton magnetic resonance spectroscopic
imaging ('H-MRSI), structural brain lesion as detected by MRI, and epileptic neuronal firing as
measured by EEG. We demonstrated in the largest senies of pauents with corucal
developmental malformatons, confirming the findings of Kuzniecky et al.,! that different types
of cortical developmental malformadons present distnct degrees of neuronal metabolic
dvsfuncton, and in some cases, the neuronal metabolic dvsfunction extends bevond the MRI
defined lesion (paper 1). We also demonstrated that neuronal metabolic dysfuncnon can
extend beyond the primary epileptogenic area in about 40-50° 0 of cases (paper 2). We were
the first to demonstrate that frequency of interictal neuronal firing is negauvely related to the

degree of neuronal dvsfuncton (paper 3).

The third Chapter focuses on the clinical relevance ot new MR-based techniques. This
chapter comprises three papers which assess the clinical uality of magnetization transfer rano
in temporal lobe epilepsy (paper 4), a sophisticated mathemadcal approach towards MR data
sets for TLE lateralizaton and discimination berween TLE and extra-TLE (paper 5), and the
prognostic value of 'H-MRSI in surgical outcome (paper 6). We demonstrated that
magnetizaton transfer ratio is not useful for lateralizadon of TLE, contrary to a preliminary
report from the Queen Square group”. We were the first to report that TLE panents present
MR charactenstics that allow a probabilistic prediction, which further refines the lateralization
of TLE and disciiminadon between TLE and non-TLE patients (paper 5). We were the first to

report the surgical prognostc value of 'H-MRSI in refractory TLE (paper 6).



The fourth Chapter focuses on the dynamic changes in lesions underlying epilepsy.
This chapter comprises three papers which assess the issue of neuronal damage and recovery
in TLE. Using MRIVol and 1H-MRSI, we were the first to demonstrate that there is evidence
of progressive neuronal loss and dysfunction in patents with intractable TLE (paper 7).
Normalization of N:AA is seen in post-operatve seizure-free patents and we were the first to
show that NAA recovery can be modeled as an exponenual functon with a recovery half ume
of 6 months (paper 8). We were also the first to show that the normalization of NAA in this

case appears to be due to removal and/or disconnecton of the epileptogenic area (paper 9).

The fifth Chapter provides a conclusion and summary.
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INTRODUCTION (RATIONALE AND OBJECTIVES)

There 1s a dynamic interplay between epilepuc lesions, setzures, and neuronal
structural-functonal state in the brains of patents with partial epilepsy. However, it is unclear
what are the strengths of these reladonships and thetr biological and clinical relevance for the
diagnosis and prognosis of partial epilepsy. Magnedc resonance (MR) based techniques allow
for the non invasive /n r7po study of the structural and funcaonal state of the human brain.
Thus, these different MR-markers of neuronal integnity can be used to improve ()
understanding of pathophysiological mechanisms of underlying epileptogenic lesions and (7)
diagnosis of epilepsy, and ulimately these knowledge can be applied to () improve our

management of patents with epilepsy.

There are a wide variety of epileptogenic lesions; hippocampal sclerosis and cortical
developmental malformations are the most common types. These types of lesions are often
seen in patients with refractory epilepsy. Fortunately, surgical therapy is an effectve alternative
treatment in many of these patients in whom an epileptogenic area can be defined and excised
without major neuropsychological sequelae. The surgical outcome has been less saastactory in
cortical developmental malformations compared to hippocampal sclerosis. The poor results
have been blamed on a more widespread microscopic abnormality. [f this were the case, one
would expect to find a more widespread neuronal metabolic abnormality in cortcal
developmental malformanons. [n temporal lobe epilepsy, the neuronal metabolic dysfuncton
often involves contralateral homologous region, however, it is unclear whether neuronal

metabolic abnormality can also extend to non-homologous regions of brain, and if present
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what are the mechanisms underlying the widespread neuronal dysfunction. The anatomical
distributon of interictal spikes and the neuronal damage often co-localize with the
epileptogenic area. An increase in spike frequency has been observed after seizures, and it was
suggested to represent neuronal damage, if this is the case, one could expect to find a

relatdonship between spikes and neuronal metabolic dysfuncton.

There is a small proportion of patients with refractory partial epilepsy with no MRI-
idennfiable lesion called "MR-negauves". This group of patients represents a major challenge
for defining the epileptogenic area. The soluton to this problem lies in the development of
more sensitive pre- and/or post-processing techniques or implementadon of already available
MR sequences used in other pathologies. Magnenzadon transfer (MT) is 2 magnetc resonance
sequence used in other pathologies such as multple sclerosis. MT is highly sensitive to
demyelinatng lesions, and a preliminary report in three patents with epilepsy showed
promising results, thus MT might be clinically useful for epileptic patients. MRI volumerry
(MRIVol) of amygdala and hippocampus and proton magnetic resonance spectroscopic
imaging ('H-MRSI) of the temporal lobes are sensitive to mesial temporal lobe neuronal
damage. The side of maximal abnormality often coincides with EEG lateralizaton. The
specificity of temporal lobe 'H-MRSI, however, is less clear. It is possible that applicadgon of a
more sophisticated mathematical approach to both MRIVol and 'H-MRSI data sets can
provide additional informadon on lateralizadon and also localizaton of the setzure focus. The
pattern of volume loss detected by MRIVol has shown surgical prognostc value, with best
outcome seen in patients with unilateral hippocampal atrophy, and with worst outcome seen in
patients with bilateral hippocampal atrophy or no atrophy. Although, temporal lobe 'H-MRSI
can lateralize the side of seizure origin in TLE patents, it remains unknown whether this type

of examination has surgical prognostic value that can add informaton to MRIVol
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There is a debate whether neuronal damage is progressive and caused by seizures, and
if neuronal damage is present at eatly stages of epileptogenic process. Since MR-based
techniques can provide measurement of neuronal integrity, these issues can be assessed using
two methodological designs: longitudinal and cross-section. The longirudinal design would be
more appropriate, but its major drawback would be ime necessary to detect any changes in the
measurements, as this could be years. An alternative would be a cross-sectional design study.
Neuronal metabolic dysfunction can be reversible in padgents with TLE who become seizure-
free after surgical ablaton/disconnection of epileptogenic area. The time course of recovery
from neuronal metabolic dysfuncton is unknown, and this information may help understand

mechanism underlying normalizaton of neuronal metabolic functuon in epilepsy.

We undertook a series of studies trying to answer these questions. The studies in this
thesis were divided into three interrelated chapters; the first part studies the anatomo-
funcuonal reladonships in epileptogenic lesions, the second part evaluates the clinical relevance
of new tvpes of MR-based techniques, and the third part investigates the dvnamic changes in

lesions underlyving epilepsy. Specifically, the objectves of this thesis are to assess:

L Anatomo-functional relationships in epileptic lesions

‘V

The extent and degree of neuronal metabolic dysfuncton in patents with cortcal

developmental malformaton and epilepsy.

\ %

The anatomical distabution of neuronal metabolic dysfunction in partal epilepsy
and the clinical differences between patients with more widespread 1. localized

neuronal metabolic dysfuncton.

\ %

The relatonship between interictal scalp spike frequency and the underlying brain
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neuronal metabolic dysfuncton.

Clinical relevance of new types of MR-based techniques

The clinical usefulness of magnetization transfer in the lateralizaton of patents

with TLE.

The use of pattern recognition of temporal lobe proton MR spectroscopic imaging
(*H- MRSI) and MR volumetric MRVol) data for the lateralizadon and

discriminaton between temporal lobe epilepsy (ILE) and extra-TLE.

The clinical relevance of 'H-MRSI in the prognosis of surgical pagents with

refractory TLE and bilateral hippocampal atrophy.

Dynamic changes in lesions underlying epilepsy

Progression of neuronal damage in TLE panents.

The ume course of postoperatve NAA recovery in patents with refractory TLE.

The degree of neuronal metabolic dysfunction in the temporal lobes of padents
with newly diagnosed partal epilepsv, and the reversibility of this dvsfuncton with

anu-epileptic medicaton.



CHAPTERI|

Review of the literature

Epidemiology

Epilepsy is defined as non-provoked, recurrent, stereotvped seizures. In the general
populaton of developed countries, the prevalence of epilepsy has been esumated to be about
five to 10 people in 1,000 inhabitants with an annual inctdence affecang 50 to 75 people in
100,000 3. Current ana-epilepuc drugs (AEDs) can achieve seizure control in about 80° 0 of
patents with epilepsy®’. The remaining 20° o comprise a group of patients with refractory
epilepsy. Extrapolanng these figures to Canada, in a population of 26 million, there are
approximately 30,000 to 40,000 cases of chronic epilepsy. Of the 15,000 new cases every vear,
20% will die in 5 vears®”, leaving 12,000 cases. Of these, 800 are well controlled on AEDs,
and the remaining 20°0 (~ 2,000) of new cases will be added to the backlog of patents with

chronic epilepsy every vear.

The natural history of epilepsy is unclear. The first effecuve medicaton, bromide, has
been in use long before the advent of a proper epidemiological study design. Therefore, much
of the knowledge about the dynamics of epilepsy 1s based on the clinical evolution of treated

epilepsy.

Patents with epilepsy have a higher morbidity and mortality nisk than the general

population. Sudden death has been estimated to be 6 tmes higher than the general




population’. Some of the nsk factors include difficulty controlling epilepsy!*-!2, and associated
cardiovascular disorder'?.  Furthermore, the social stigma associated with epilepsy and the
prejudice towards patents with epilepsy undermine the padent’s confidence and cause

psvchological stress.

Etiology

There are a number of factors known to cause epilepsy, ranging from genetic to
acquired. Progress has been made in the molecular genetcs of epilepsies'+!9. Genedc factors
are considered to be of etiological significance in 40°o to 60°0 of cases'”. Mutations in genes
responsible for epiepsy can be categonzed into (i) alteraton in ion channels, () disrupton of
normal brain development, (i) progressive neuronal degeneranve processes, and (i2)
impairment of neuronal cell energy metabolism. For example, autosomal familial nocrurnal
frontal lobe epilepsy presents a clinical phenotype charactenized by seizures beginning in
childhood with clusters of short lastung tonic posturing setzures arising trom sleep, and normal
EEG", often misdiagnosed as a sleep disorder!”™. A locus was mapped to chromosome
20q13.2-q13.3 (Phillips et al.,*"), with a mutaton in the gene that encodes the a4 subunit of the
niconnic acetylcholine receptor™>. The consequence of this mutaton is unclear, but it is
thought to cause alteratons in Ca** channel permeability™. [n cortical developmental
malformaton (CDMI), for instance band heterotopia, an X-linked disorder 3, commonly
referred to as ‘double cortex’ because of the extra ectopic laver of gray matter®, two research
groups cloned the mutated gene that encodes a novel protein, named doublecortin®-*. The
functon of doublecortin is vet unclear, possibly it plays a role in the signal transducton

pathway?. Another N-linked disorder, familial peniventricular nodular heterotopia has a
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phenotype characterized by female, normal intelligence, with seizures often of the partal type
beginning in the second decade and presenting with contiguous smooth ectopic neurons along
the lateral aspects of the third ventricle™3-32. Eksioglu et al.> mapped the locus to
chromosome Xq28. The candidate region includes regions that encode for protein filamin 1%,

which is an important regulator in cell migradon.

[nterestingly, MRI has brought new insights in the phenotype expression of some
famulial parual epilepsies. For example, Fernandez et al.™ reported on two families with
several members who had a history of febnle convulsions. They found that patents who had
experienced febrile convulsion as well as unaffected members had significant hippocampal
asymmetry as compared to normal controls. In a parallel study, VanLandingham* reported
MRI findings in 27 infants who had febnle convulsions. The results suggested that some
padents had a pre-existing abnormality. Two of the 27 who had prolonged lateralized tebrle
seizures had follow-up scans that showed the development ot hippocampal sclerosis. Ina
stmilar line of research in familial temporal lobe epilepsy, which presents a heterogeneous
clinical manifestation?’, Kobavashi et al.™ showed in their preliminary results in 15 unrelated
families that many of the affected and unaffected members presented an MRI phenotype with

atrophy and/or morphological alteratons of the mesial temporal structures.

Examinadon of pest-mortem and surgically removed specimens from patents with
chronic refractory TLE reveals that hippocampal sclerosis (HS) is the most common type of
pathology followed by CDM.% Hippocampal sclerosis is often present as part of the temporal
lobe epilepsy syndrome. This syndrome is characterized by a constelladon of clinical signs and
svmptoms of temporal lobe type seizures, neuro-cognitive impairment, and temporal lobe

spikes. Association with a history of childhood febrle convulsions is found in up to 30-40%
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of the cases*, followed by a latent “silent” period unul early adolescence when seizures
begin. The tvpe of precipitaning factor in HS appears to be important in the pattern of
arophy. Free eral*’ demonstrated that unilateral HS was associated with a history of early
febrile convulsions while bilateral HS was more closely linked to a historv of meningits and

encephalits.

Raymond et al.# studied 100 padents with CDM and refractory epilepsv and found
that pre- and perinatal problems occurred in one third of patents, however, less than 5% of
these problems were considered severe. The clinical manifestanon of CDM was quite varable
and classified as generalized in 16 and localizadon-related in 84 patents. Even in panents with
localization-related epilepsy, the syndromes were vanable and classified as frontal (32°0),

temporal (31%), parietal (14%0) and occipital (7°0) lobe epilepsy.

Moreover, patients with refractory epilepsy can present with both HS and CDM on
MR imaging series*>%. The association between HS and an extra-hippocampal lesion is known
as a dual pathology and is observed in approximately 5% to 20°0 of pauents with retractory
cpilepsy in MRI sedes¥¥, [n a pathological series this figure rises to 30°o of padents®”. Ina
sentes of 167 patients with lesional epilepsy studied by Cendes et al.,* using MRI the most
common types of concomitant extra-hippocampal lesions seen in dual pathology were early
gliotic scars and CDM independent of the lesion location. The authors suggested that a
common pathogenic mechanism during pre- or perinatal development may explain the
occurrence of concomitant HS and associated developmental abnormalines or predisposition

to prolonged febrile convulsions.

These particular types of pathologies highlight the complexity and heterogeneity of

factors causing epilepsy. In most cases the pathophysiology mechanisms is likely to be



multifactorial, genetic and acquired, rather than an isolated factor participating in the

epileptogenic process.

Role of Antiepileptic Drugs in Epilepsy

And-epileptic drugs can be divided into major categories depending on the mechanism
of action®”¥: (j} sodium currents, (%) T-calcium currents, (#) GABA\ currents, and (i7) NMDA
currents. Many of the AEDs have multiple mechanisms of acton. The first ine AEDs target
primarily the sodium channels while the most recently developed drugs act on GABA and

NMDA systems3!52,

The short term effect of AEDs in epilepsy is quite well established., that is to prevent
the reocurrence of seizures, however their long term effects are not so well defined?’.  Much
of this is due to the limited knowledge on the natural history of epilepsy. It is not known in
what situadon the AEDs could actually cure the epileptogenic process and/or prevent the
progression of this process. In some patents, the epileptogenic process is self limited. An
example is Rolandic epilepsy with onset of infrequent seizures in childhood and remission by
mid adolescence™. The assumpton that epilepsy progresses is controversial. Although this is
not a general phenomenon, it has been observed to different degrees in some patents,
manifesting itself by progressive memory decline, appearance of behavioral problem, and

exarcebation of seizure frequency and seventy.

There is experimental evidence, however, that the newly developed AEDs, because of
their action on NMDA or GABA systems, are also neuroprotective®>>? and can prevent

epileptogenesis and progression of neuronal damage and its consequences.



Pitkanen et al.,%’ compared the efficacy of carbamazepine, a sodium channel blocker,
and vigabatrin, an irreversible GABA \ rransaminase inhibitor, in preventing hippocampal and
amygdaloid damage in the perforant pathway sumulation model of status epilepticus in the rat.
They found that both drug treatments were equally effective in decreasing the number and
seventy of seizures during electrical sumuladon. However, in the vigabatrin group, the damage
to the hippocampus was significanty less severe than in the carbamazepine group. The
severity of neuronal damage in the hippocampus did not differ between carbamazepine and

vehicle-treated animals.

Loscher et al.,%' reported an interesung finding on the novel antconvulsant,
levetracetam, in amygdala-kindling in rats, a model of temporal lobe epilepsy. The mecharusm
of acton of levetiracetam is unclear, but it has been suggested that it acts on the GABA
svstem®”. They found that after terminadon of daily treamments with levearacetam, amygdala
stimuladons elicited shorter lasung behavioral seizures and afterdischarges in the amygdala
compared to vehicle treated controls. These data indicate that levenracetam did not simply
mask the expression of kindled seizures through an annconvulsant action, but exerted a true

anuepileptogenic effect.

There are several “newly marketed” AEDs such as vigabatrin, lamotrigine, topiramate,
gabapentn, which have been shown to be very etfecave in controlling seizures®’, however, the

long term effects of these drugs remain to be seen.

All AEDs, however, are not devoid of side effects, which can range from mild
somnolence to life-threatening hepatic failure. Some side effects only became apparent after a
number of vears. For instance, felbamate was withdrawn from the markert after it was linked

to fatal bone marrow aplasia®. More recently, vigabatrin has been implicated in causing visual
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field constricuon®3.

Surgical treatment is an alternative for those 20% of patients with epilepsy in which the

current AEDs show no benefit.

Surgical Treatment of Epilepsy

The success of a surgical treatment for seizure control depends on the definidon and
extent of the resection of the epileptogenic area . However, approximately only 30° o of
patents undergoing extensive pre-surgical investgarion will eventually undergo surgerv™ due
to (2) inadequate technology for defining the epileptogenic area, and (#) epileptogenic area is
too large or is located in an cloquent region which prevents surgical intervendon. Therefore,
to have a cost/effective surgtcal program for epilepsy, two major lines of research should be
carried out: 1) develop new strategies for seizure localization, and 2) improve pre-selection
mechanisms for candidates undergoing extensive pre-surgical investigation. [t would be
important to have a mechanism that can rapidly select suitable surgical candidates for
investigation. Localization of the epileptogenic area has evolved over ume and relies largely

upon current knowledge and the available technology at a given ume and site.

The first epilepsy surgery performed by Sir Victor Horslev was guided solely by
semiology. Currently, there are several different techniques available for seizure localizaton
including: radio-ligand imaging techniques (SPECT, PET), magnetic resonance techniques
(MR imaging, and MR spectroscopy), neuropsvchological testing, magnetoencephalography,
and video-EEG monitoring. It is difficult to make a non-biased comparison of these different
tvpes of tests, as they each provide insight into the different facets of epilepsy. Thus, the

definition of the epileptogenic area is a multimodal task and relies on the convergence of



various results to the same location in the brain.

Gloor® proposed a seizure localization approach based on the conceptualizaton of
the epileptogenic area and the epileptogenic lesion. He made three assumptons: 1) in partial
seizures, a lesion must exist. 2) if a structural or funcoonal lesion can be demonstrated, the
chances of that lesion being the cause of setzures is high, and 3) the area from which seizures
onginate is likely to overlap or to be in the vicinity of the lesion. In Gloor's words the
definidon of the epileptogenic area in anatomical and pathophysiological terms is impossible.
Although defining a lesion has been simplified in the past decade with the advent of modern
neuroimaging techniques, especially MRI, some difficulues remain (7) epileptogenic area varies
in extent, (%) within the epileptogenic area there are different degrees of setzure induced
potenaal, and (#) the epileptogenic area’s properties present dvnamic changes in the nome

domain.

Liders and Awad’! proposed a more Cartesian approach and subdivided the
epileptogenic area into (7) pacemaker () lesion, () irntadve zone, (/) symptomatogenic zone,
and () functonal zone. This subdivision s supported by the findings from different
complementary examunations and clinical manifestatons. The pacemaker corresponds to the
area of the brain from which seizures onginate. The epileptogenic lesion corresponds to a
structural lesion, which can be revealed by MRI in many cases. The irntauve zone
corresponds to an area of abnormal neuronal firing as defined by EEG. The
svmptomatogenic zone refers to the areas in the brain responsible for the behavioral
manifestatdon of the seizures. The functional zone corresponds to the impairment of cerebral

functon related to the epileptogenic process.

Although all of the different examinations play a role in seizure localizaton, video-



EEG remains the gold standard. Video-EEG monitoring is conducted in hospitals for a
perod of days or weeks, because this is usually done after drug reduction with the aim of
recording seizures. The duraton of the monitoring is usually dictated by the number of
recorded seizures required. In some patients with no clear localization, an invasive
neurophysiological approach (surgical placement of intracranial electrodes) is performed,
which increases the overall risk as well as the complexity of the exam. In light of the costs and
rsks associated with video-EEG, other techniques have been invesugated in order to help in
seizure localizanon with the aim of decreasing the duraton of monitoring and to avoid

invasive recording in some cases.

Impact of MR-based Techniques in Epilepsy

MRI is based on the detecnon of a signal denived mainly from water. The
concentration and mobility of water in various structures presents different relaxation umes in
a magnetc field. The spadal differences of the relaxatdon times confer the contrast and

anatomic resoluton in MRI.

MRI has played an important role in the pre-surgical evaluation of patents with
refractory epilepsy because it can display underlying epileptogenic lesions, including HS and
CDM¥*7>7, In the pre-MRI era, many of the epileptogenic lesions, especially HS and CDM,
were “invisible” on the available neuroimaging techniques and were only seen in poss-mortem

studies.

Mesial temporal sclerosis is characterized by selective neuronal loss affecting



predominantly areas CA4, CA3, and CA1 of the hippocampus, variable degrees of gliosis, and
mossy fiber sprouting. The degree of damage is vanable, ranging from severe, which is readily
identified on visual inspection of MRI as volume loss, and changes in MR signal (T >T and

Tid), to subtle, which is not apparent on qualitative assessment. In fact, because (7} structural
volume and (#) MR signal changes are the MR hallmark of this type of lesion, other sequences
such as FLAIR*-%2, and post-processing quantranve measurements such as volumetric
studies®* and T> relaxometry*”-”!, have been applied with very good results. Volumetric
studies of mesial temporal structures have been the most common formal evaluadgon of

patents with seizure disorder’?3, partcularly in those with temporal lobe epilepsy.

The pathological findings of CDM are quite vanable and so are their MRI correlates’
%, The type of abnormality can range from extensive which is easily identdfied. as in
lissencephaly, to non evident as in microdysgenesis. The diagnosis is improved when other
sequences and qualitaove and quanttative techniques are applied. Bastos et al.,”
demonstrated that applicaton of curvilinear reconstruction can display subtle forms of CDM,

which would otherwise go undetected on high resolution MRIL

Although there is an increased vield of detecting brain lesions when different
quantitadve MRI analyses are used in conjunction with qualitauve MRI inspecton (see figure),
there is stll a2 small group of patients in whom no abnormaliry is detected. This group of ‘MR-

negative’ patients remains a challenge for those searching for new imaging alternatives.
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Figure: Box-and-whisker plots of percentage of abnormalities detected by qualitative
MRI, quantitative MRI and multiple MR modalities. The detection of abnormalities
increases as quantitative analyses are added to qualitative inspection of MRI. The
qualitative MRI series comprise mostly patients with refractory partial epilepsy. and
the wide range reflects different sequences used. and populations being studied (A=
Bronen et al..” B= Peretti et al..'™ C= Zentner et al..'’! D= Ryvlin et al..'”” E=
Menzel etal..'” F= Li et al.."* 1995. G= Ferone et al..'* H= Wang et al..'”* I= Kramer
et al..'® J= Kilpatrick et al..'”” K= Convers et al..'" L= Paterson et al..'™).
Quantitative MRI series comprises in patients with refractory TLE investigated with
T, relaxometry (M= Namer et al.."'®) and MRVol (N= Lawson etal..'"' O=
Christensen et al..'"” P= Cascino et al.. '"” 1991, Q= Adam et al..'"). Multiple MR
modalities series comprises patients with refractory TLE investigated with MRVol
plus 'H-MRSI (R= Cendes et al..'"* 1997, S= Kuzniecky et al..''® 1998) or MR Vol
plus T, relaxometry(T=Woermann et al..”* 1998. U= Van Paesschen etal..'"” 1997).

MR spectroscopy

Brain proton MR spectroscopy ('H-MRS) permits the quandficaton of cerebral

. metabolites!'#119, In contrast to MRI, 'H-MRS measures metabolite concentrations 10,000



nmes less than the concentraton of water. The metabolites present distinct resonance

frequencies in a magneuc field that allows differentation among them.

In brain 'H-MRS, the most intense signal is visible at 2.02 ppm and corresponds to N-
acetyl groups, mainly N-acetyl aspartate (NAA) 119, NAA is synthesized in the brain
mitochondria from acetyl-Co.\ and aspartate by the enzyme L-aspartate N-acetyltransferase’™*
133, Monoclonal immunocytochemistry has shown that NAA is found exclusively in neurons
and neuronal processes of the mature brain!>*#!3. Urenjak et al.!* using high field
spectrometer on extracts of cultured cerebellar granule neurons, cortical astrocytes,
oligndendrocyte-tvpe 2 astrocyte (O-2A) progenitor cells, oligodendrocytes, and meningeal
cells, found a large amount of NAA in neurons, but also in O-2A progenitors. This may pose

a problem in assessing NA\ in infants but is not an issue in adults.

The precise role of NA\ is unknown, and it has been implicated in many processes of
the nervous system: (7) regulation of neuronal protein svnthesis'™, () fattv acid synthesis! =131,
(i) the metabolism of several neurotransmitters such as N-acetyl-aspartyl-glutamate!'=*!** and

(ir) brain osmoregulation'?.

NAA undergoes changes during brain development and maturadon. Kato etal '™
assessed the developmental changes in NAA in human fetal and child brains using 'H-MRS.
They found that NA\ was detected in the cerebral cortex and white matter of feruses at 16
weeks gestation. NAA increased gradually from 24 weeks gestation and remarkably trom 40
weeks gestation to | vear of age. Kreis et al,' studied 77 subjects between 34.5 and 926
weeks gestational age and demonstrated that NAA gradually reaches adult values over the first
two vears of life. Saunders et al.,'3¢ examined the effect of aging on brain metabolite

concentratons using short echo single voxel proton spectroscopy in 30 healthy volunteers



ranging in age from 24-89 vears. They found no significant trend in changes of concentratons

of NAA, total crearine, total choline or myo-inositol with age.

Since the NAA signal in the mature brain denives only from the neuronal pool, areas of
decreased NAA signal intensity are interpreted as either (7) neuronal loss and/or (i)
dyvsfuncton. The assumpuon of neuronal loss is supported by both experimental 13-+ and
clinical observatons'#>-'*. For instance Strauss et al."™ showed that the NAA\ measured by
'H-MRS was decreased in areas of neuronal loss induced by quinolinic acid, an excitotoxic
agent. Similarly, Ebisu et al.'*!, Najm et al.'’*"!% and Tokumitsu et al.'*? showed that neuronal

loss caused by kainate induced status epilepticus in rat brains correlates well with the reduction

of NAA signal detected on 'H-MRS.

The assumption of neuronal dvsfunction is supported by /n viro 1313 and in ritro
1155156 srudies showing the ability of the NAA signal to recover. De Stefano et al.'>! reported
on a sertes of patients with acute brain injury, mulaple sclerosis or mitochondnal
encephalopathy, who had significant NAA decrease and lactate increase during the acute phase
of disease with N.\.A normalizaton paralleling the clinical recovery. Balm et al,,!* performed
'H-MRSI in 16 padents with symptomatc carotd artery stenosis before and after
endarterectomy. They found that metabolic changes seen pre-operadvely (NAA, Tactate)
normalized four days after endarterectomy. Martthews et al.'>> showed that neurons under
stress conditons 7 utro express less N\ and this reverses with optimization of the culture
media, reflecting the survival of a population of viable neurons. Bates et al.'> showed that
inhibition of mitochondrial oxygen consumption and ATP synthesis also inhibited N.AA
production, suggesting that impaired neuronal mitochondria function, if not reversed, may

result in irreversible neuronal death.



Creatne plus phosphocreatine containing compounds (Cr) are seen at 3.02 ppm. Cr
participates in the energy metabolism cycle to generate ATP. In vitro, glial cells present higher
Cr concentration than neurons. In normal and some pathological conditions, Cr is
homogeneously distributed throughout the brain and used as a reference peak. In epilepsy, Cr
has been shown to undergo minor changes'3’-16!. Perroff et al.'™ used high field spectromerry
to analyze temporal lobe tissue excised from patents with epilepsy. Theyv found that the Cr

concentraton in epileptic brains was not different from normal control values.

Choline containing compounds (Cho) are seen at 3.24 ppm. Cho is involved in
membrane synthesis and degradation. A decrease and increase in the Cho signal have been
observed in different disease. Acute demvelination lead to increase of Cho signal, posstbly

reflecting myelin breakdown with increase in free mobile Cho pool 12,

Lactate is not usually detected in normal brains. An increased lactate signal seen at
1.33 ppm reflects abnormal energy metabolism and has been seen in several conditions, which

include stroke'**, mitochondnal disease!'¢*16 and brain tumots!4’.

Using short echo umes, editing sequences, and high field strengths, other signals can

be detected, such as GABA'% and glutamate /glutamine!®’.

In epilepsy, 'H-MRS has often been used for presurgical investgation, mainly for
lateralization of TLE. Both single and multvoxel studies have proven to be equally useful for

TLE lateralizatdon. Table 1 and 2 summarize these findings.
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Table 1: Single voxel 'H-MRS studies of TLE

Authors Pagents n  Concordant Lateralizaton Discordant Lateralization
Connelly et al., 1994158 25 15 (60%0) 3(12%)

Breiter et al., 199417 7 7 (100%) 0

Cross et al., 1996'%7 20 L1 (55%) 0

Achten et al., 199717 21 17 (81°%) 0

Duc et al., 1998172 11 11 (100%) 0

Total 84 61 (72°0) 3(3%0)

Table 2: Multivoxel 'H-MRS studies of TLE

Authors Padents n Concordant Discordant
Lateralizanon Lateralizanon

Hugg et al,, 199317 8 8 (100%0) 0
Vainio et al., 199417 7 7 (100° o) 0
Cendes et al., 199417 10 8 (80°0) 0

Ng et al.,, 1994176 25 21 (84°0) 2(8%)
Hetherington et al., 199577 10 10 (100°%) 0
Ende et al., 199718 16 16 (100°0) 0
Cendes et al., 199715 100 84 (84%0) 2(2%)
Kuzniecky et al., 1998!1¢ 30 29 (97°0) 1(3° )
Total 229 183 (80%0) 5(2%)

MRVol and 'H-MRSI of temporal lobes are complementary examinadons and have

shown good agreement with results from prolonged video-EEG!'3116, The results of both
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MRVol and 'H-MRSI of temporal lobes are usually expressed in terms of lateralization, /. left,
right, or bilateral. This kind of approach is simple and useful, however, it is possible that a

more sophisticated way of analyzing these data sets can bring an additional informaton.

The neuronal metabolic dvsfunction within the volume of interest detected by 'H-
MRSI in patients with partial setzure tend to be more diffuse than EEG localizaton and MRI.
Concomitant contralateral temporal lobe NAA reduction can be seen in 18%0 to 50°0 of
padents with unilateral TLE 5157176178 Interesungly, in a pathological series reported by
Margerison and Corsellis'™, approximately 50° of patents with TLE also had evidence of
bilateral hippocampal sclerosis. The bilateral NAA reduction mav represent bilateral disease
in some patients. On the other hand, the NAA reducton may reflect secondary neuronal
dysfunction due to the primary epileptogenic area. [t has been observed that a lesion in one
area of the brain can cause dysfuncton in distant, interconnected areas. Futham etal ™
demonstrated that NAA is reduced in cases of trans-svnaptic cerebellar diaschusis.
Furthermore, Rango et al..'*! performed an elegant experiment wherein axonal lesions were
induced by stretch injury in the guinea pig right optic nerve (95-99%o crossed fibers). The trans-
synaptc concentraton of NAA, Cr, and the NAA/Cr rato in the lateral geniculate bodies
(LGB) and superior colliculi (SC) sample extracts were measured 72 hours later using high
resoluton 'H-MRS. In the left LGB/SC, which is where the aght optic nerve fibers project,
reductons of NAA and NAA/Cr were found whereas Cr levels were normal. NAA, NAA/Cr,
and Cr values were all normal in the right LGB/SC. Histology and electron microscopy
findings revealed no abnormalites. At day seven, the left LGB/SC NAA and NAA/Cr values
were in the normal range. In epilepsy, there are a number of factors assumed to cause
secondary neuronal dysfunction, these include (i) clinical seizures, (%) subclinical epileptic

actvity, and (7) epileptc lesion.



It remains unclear whether the NAA decreases observed at the epileptogenic focus
also extend to other non-homologous areas of the brain. Bertolino et al., '*2 performed an
experiment, in which they assessed the repercussions of a focal brain lesion occurring early in
development throughout the developing brain. They induced mesial temporo-limbic lesions in
12 monkeys, six had a lesion within three weeks of birth and the remaining six at
approximately five vears of age. 'H-MRSI of the prefrontal cortex of these monkeys were
acquired and they found significant bilateral reductions of NAA relatve signals exclusively in

the prefrontal cortex of the neonatal lesion group in companson with control and adult lesion

groups.

In epilepsy, the spanal relatonship berween the NAA decrease and the underlying
mechanisms causing neuronal damage is unclear. The above mentioned studies suggest that
the neuronal damage as measured by NAA can extend to areas at a distance from the lesion,
and that the uming of the insult may contnbute to the widespread neuronal damage. It

remains to be seen if this is relevant for epileptc padents.

The NALA signal is used as a parameter of neuronal integrity. The side of maximum
NAA reduction often coincides with the side of EEG abnormalitv. Interictal spikes are
intermittent, transitory, electrical phenomenon which reflect underlying, synchronized,
neuronal depolarizaton caused by an imbalance in the excitatory/inhibitory neuronal crcuitry.
‘The relanonship between spiking frequency and underlving neuronal function and
epileptogenic state is unclear. Gotman'%!* has demonstrated that spikes do not appear to
modulate ictal seizure onsets. On the other hand, the spiking frequency increases after
seizures'35%1%_which suggests the possibility of neuronal damage. Peeling and Suthetland'¥’

used high-resolution 'H-MRS to determine the concentratons of several metabolites (lactate,
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alanine, NAA, gamma-aminobutyrate, glutamate, aspartate, creatine, choline, taurine, inositol,
and succinate) in tissue from patients undergoing surgical reatment for intractable epilepsy.
They correlated the metabolite profiles with the results of histopathological analysis of the
excised tssue and the spike actvity. Surprsingly, they found no differences in metabolite

levels for ussue from actively spiking or nonspiking neocortical sites.

Magnetization transfer

Traditonal MRI of brain produces images whose tntensity reflects the distributon of
water. Hvdrogen nuclei associated with various semi-solid (macro-molecular) components
have an extremely short T2 (<~ 100 ps) and are not directly detectable on MRI scanners since
muntmum echo ames are typically 2-orders of magnirude longer. However, interaction
between semi-solid and bulk water protons results in a contnuous exchange of magnetnzanon
referred to as cross-relaxadon or magnetizauon transter'®:!¥. Magnetization transfer rato
(MTR) imaging detects this exchange by selecuvely saturatng the semi-solid magnetzaton
pool and measuring the resulung decrease in the water signal due to transfer of this saturaton
in regions undergoing exchange!*-1%. The biological meaning of magnetzaton transfer is sull
unclear, though abnormal MTR has been shown to correlate with low NAA in other
pathologies'”.  Abnormal MTR has been demonstrated in the TLs of patents with TLE?=,
possibly reflecting a disruption of structural integrity. Magnetizadon transfer imaging could
potendally be applied in the investgation of patents with seizure disorders, particularly where

the conventional MRI shows no abnormality.

MR findings and surgical outcome

Once the epileptogenic area is identfied and epilepsy surgery is indicated, it is
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important to determine and to inform patents of the potental risk/benefit of the procedure
along with the antcipated post-operative results. It is apparent that different types of

underlying pathology carry distinct surgical outcomes.

Hippocampal sclerosis, CDM, tumors, vascular malformatons, and traumadc injuries
are the most common types of lesions encountered in padents with refractory epilepsy +43:!%,
Surgical results in patents with CDM appear to depend on the type and extent of the
underlying CDM36:197-199 A poorer surgical outcome 1s often attributed to more widespread
malformatons that usually extend bevond the lesion defined on MRI. Palmim et al.'**!"” have
proposed that both MRI-vistble leston and actively spiking assue should be removed in order
to achieve satsfactory surgical results. They reasoned that acuvely spiking tssue might reflect
microdysgenesis, which is invisible on MR imaging. Eriksson et al.' reviewed
histopathological and clinical findings in 139 children and adults with epilepsy who had
surgical treatment. In their series, microdysgenesis had the worst surgical results, only 40%0 of

patents became seizure free.

Hippocampal sclerosis is the most common type ot pathology seen in excised surgical
materal of patients with refractory TLE. The surgical approach is usually antenior temporal
lobectomy or selective amygdalo-hippocampectomy. Most centers artain total seizure control

in 2/3 of cases™.

Results derived from volumetric studies have predicuve value for surgical outcome™'!-
5, For example, Arruda et al.®! studied 74 TLE patents treated surgically. They divided the
padents into three groups according to the volumetric findings: unilateral, bilateral, or no
atrophy of the amygdala-hippocampal formation on quanttatve MRI. Outcome was assessed

according to Engel's classification at least one vear after surgery. Ninety-three percent of the



patients with unilateral atrophy, 61.7% of those with bilateral atrophy, and 50% of the group

with no significant atrophy of the mesial temporal structures had excellent results (Engel’s class

[-IT).

'H-MRSI has become useful in providing prognostic information for other conditions
affecting the central nervous system 2628, Friedman et al. ¥® showed that NAA measured with
'H-MRS soon after a traumatic brain injury predicted overall neuropsvchological performance
6 months later. 'H-MRS has a higher sensiuvity to neuronal damage than MRI and can
provide additonal diagnostc and prognostc information on those patents with pathologies
assoctated with poorer prognosis, ¢., patients with CDM, bilateral hippocampal atrophy or no

atrophy.

Neuronal Damage and Recovery in Epilepsy

Neuronal damage: cause or consequence of seizures

Hippocampal sclerosis is found in about 50° s to 75° o of the surgical specimens
obuained from patents with refractory TLE. It is debatable whether the neuronal loss seen in
HS is the cause or the consequence of long-standing seizures. Studies using an experimental
model of parual epilepsv or based on clinical observations of pess-mortem and surgical materals

have been carried out to assess this question.

Cavazos et al.?” used quantitative stereological methods to determine the distribution
and ume course of neuronal loss induced by electrical kindling tn rats. Three groups were
analyzed: 3, 30, and 150 kindled generalized tonic-clonic seizures in hippocampal, limbic, and

neocortical pathways. Neuronal loss was observed in the hilus of the dentate gyrus and CAl
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after three generalized tonic-clonic seizures, and the neuronal loss increased in these areas after
150 seizures. Neuronal loss was also observed in the CA3, the entorhinal cortex, and the
rostral endopyriform nucleus after 30 seizures and was detected in the granule cell laver and

CA2 after 150 seizures.

On the other hand, Bertram and Lothman " studied the effect of intermirtent kindled
seizures on the dentate gyrus. They compared 3 groups of rats: (1) those that had experienced
1500 intermittent kindled seizures, (2) those that had experenced a single episode of limbic
status epilepticus and (3) control rats. The results showed that absolute neuronal counts were
decreased in the hilus after status epilepticus but no change followed kindling. Both groups,
however, had decreased neuronal densites in the hilus when compared to controls, but, the
decreased density after status epilepticus was secondary to neuronal loss, while that which
followed kindling was the result of the expansion of the hilar neuropil withour a change in the

number of neurons.

Liu et al.2"" demonstrated that stereological esumates of neurons in regions CA1, CA3
and the dentate granule cell layer in the dorsal hippocampus showed a dose-dependent
neuronal loss in the CA3 and CA1 subregions of the pilocarpine rat model of epilepsy. No
progressive neuronal loss was observed in these regions studied after 3, 6 and 12 weeks of

spouataneous recurrent sefzures.

Using human autopsy materal, Mouritzen-Dam-”!> demonstrated that frequent
generalized tonic-clonic seizures (>2 seizures per month) were positively correlated with
significant reductions in the number of neurons in fields Hi and Hi.o when compared with
patents who had suffered only a few such seizures (<6 per vear). This neuronal loss increased

throughout life with the duration of the disorder.



Meencke and Veith*!? studied 650 autopsied brains of epilepsy patients and found HS
in 30% of cases. They found that (i) patients with early manifestation of epilepsy (<1 vear)
more frequently showed HS than those with late onset epilepsy (>21 year), (i) the incidence of
HS was not correlated with the duranon of epilepsy, and (#7) there was no correlaton between

incidence of HS and frequency of generalized tonic-clonic seizures.

Mathem et al., *'+2"Y have tken a more moderate stance, suggesting that hippocampal

sclerosts results from an “ininatng precipitating event” followed by progressive damage.

Secondary neuronal damage due to seizures has been invesugated using new MR-based
techmques that allow the /n #ir0 assessment of the strucrural and functional integnty of
epileptogenic lesions. Cendes et al.™ performed volumetnic studies in 70 patients with
epilepsy: 50 had refractory TLE, 10 had extra-TLE. and 10 had generalized epilepsy. They
found no significant correlation amongst duraton, frequency and life ime estimated seizures

with degree of hippocampal and amygdala atrophy.

[n contrast, Kalviainen et al.>! performed volumetric studies and T2 relaxometry in 3
groups of patients with TLE (18 newly diagnosed, 14 well controlled and 32 drug resistant
chronic epilepsy) and found a significant difference in seizure severity and degree of
hippocampal atrophy among the groups. In addition, they observed that esumated life-ume
seizure burden had a significant negative correlanon with hippocampal atrophy and a posiuve

correlation with T signal.

Theodore et al.™ performed volumetric MRI studies on the hippocampal formaton
of 35 TLE patients. Using a multivariate analysis, the effect of duration, but not age at onset

or scan, was found to be significantly associated with hippocampal atrophy. Patents with a
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history of febrile seizures did not have earlier epilepsy onset or longer duradon.

Van Paesschen et al.> used MRI including hippocampal quanttaton to study 63 adult
padents with newly diagnosed partial seizures. They found that 76°0 of patients had normal
MRI findings, 10°% had hippocampal sclerosis, and 14°% had MRI abnormalites other than
hippocampal sclerosis. Patents with hippocampal sclerosis had a worse prognosis than

patents with other MRI findings with respect to seizures.

These studies are inconclusive as to the presence or absence of neuronal loss as a

consequence of seizures. Future studies are required to sette this issue.

Neuronal recovery: relevance of seizure control

Seizures have been shown to induce changes in gene expression, cellular morphology
and function™*. It could be assumed that blocking the seizures would allow dysfunctonal
ncurons to recover. Evidence from PET=3-2% TH-MRS6E231-23 and neuropsychological
testing=*+> support this assumption. For instance, Hajek et al.= studied 25 padents with
interictal 18F-fluorodeoxyglucose (18F-FDG) PET, a marker of glucose metabolism, before
and after selective surgery for TLE. They divided the patents into three groups: (i) patents
with neocortical TLE (n = 5), (i) patents with mestobasal limbic TLE associated with mesial
gliosis (n = 14), and () patents with mesiobasal limbic TLE and small mesial tumors (n = 6).
Postoperatively, patients in group (%) and five of six patients in group (i) were seizure-free; the
remaining sixth patient had one generalized seizure. Patients with neocortcal TLE had more
than a 90% reducton of seizure frequency. The main postoperative metabolic findings were
as follows: (1) marked increase of regional cerebral metabolic rate of glucose (rCMRglu), both

in the ipsilateral and, significantly, in the contralateral hemisphere in group (%), patients with
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mesial gliosis; (2) decrease of *CMRglu values in the contralateral mesiobasal temporal lobe
cortex in all patient groups, and (3) a rend toward the normalization of rCMRglu values in the
ipsilateral temporal neocortex 12 months after surgery in patients with mesial temporal

sclerosis.

Savic et al.,™ using PET measurements with {11C]flumazenil, demonstrated the
normalizaton of the benzodiazepine receptor density in four patients with TLE one vear after
complete seizure control following surgical removal of the epileptogenic area. Similarly, NAA
has been shown to normalize after successful surgical treatment in the temporal lobe 1psi-161:231-
2% and contralateral'®! to the side of resection. The N.AA recovery has been observed to occur

as early as two months postoperaavely=.

Neuropsychological series showed a similar trend. Jokeit and Ebner™ measured tull
scale intelligence quonent (FSIQ) in 127 TLE padents preoperatively and 6 months
postoperauvely. Retesung 6 months after surgery showed that seizure free pagents (n=85) had

a significant improvement in their FSIQ.

The improvement observed in different domains of brain function as shown in PET,
'H-MRS, and neuropsychological seties, resulted from surgical treaument and the improvement

of these parameters with drug therapy is less evident.

Selwa et al.™ performed serial cognitive testing in TLE patents treated either with
pharmacological or surgical therapies. Cognitive testing was repeated at intervals ranging from
1 to 8 vears in 47 adult TLE padents. The results showed that the nonsurgical group showed
no significant change in intellect or memory compared to controls, and vanance over ume was

similar to test-retest norms in healthy controls. In the surgical group, however, only the



patents who had undergone surgery on the right side improved significantly in FSIQ and

tended to improve in logical memory on postoperative testing.

Preliminary results from the Nadonal Institute of Health-USA>* in children with
newly diagnosed epilepsy showed follow-up FDG-PET normalizaton one yvear later in two
seizure-free padents, while in those with poor seizure control, deterioration or no change was
observed on the follow-up FDG-PET exam. Whether the glucose metabolism disturbance 1s a
marker of poor seizure control is unclear, since it 1s known that FDG-PET results are

influenced by peri-scanning seizures=!.

Mendes-Ribeiro et al. **2 reported temporal lobe 'H-MRS findings in 10 seizure free
TLE patents treated with AEDs. Two patents had significant NAA/Cr reducton despite a
long period of seizure freedom (3 vears) using AEDs. Interestungly, these two patents had a

past history of poor seizure control.

Holopainen et al.*** performed 'H-MRS of mesial temporal regions, in nwo groups of
children with epilepsy; in children with a history of complex febrle convulsions (CFCs) (n = 7;
mean age 7.1 vears) and in children without any history of CFCs, (n = 6; mean age 7.6 vears).
[n both groups, NAA/(Cho + Cr), NAA/Cho, and NAA/Cr were significantly decreased
ipsilaterally to the seizure focus when compared with the control group, but no signiticant
differences were detected between the epilepsy groups. In this study metabolite abnormalites
in the mesial temporal region were detected in both children with intractable and with AED

controlled epilepsy. Unlike FDG-PET, NAA/Cr appears not to be influenced by pen-

scanning seizures®*. In additon, NAA is a more specific marker of neuronal integnty.

The temporal profile of neuronal damage and recovery is unclear. Studying these
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processes would shed light on the dvnamic changes caused by the epileptogenic lesion and

consequently provide guidance in the clinical management of patents with epilepsy.



CHAPTERII

Anatomo-functional relationships in epileptic lesions

We do not know the precise the reladonship between the lesions seen on MRI (cortcal
developmental malformatons) and functonal measures (NAA reductnon and EEG spikes).
MRI can demounstrate cortcal developmental malformadons, but the neuronal metabolic
profile of these types of lesions is unclear. The side of NAA reducton often coincides with
the side of epileptc focus, but the anatomical localization of these two varables is less clear.
The relanonship between spikes and neuronal metabolic dysfunction is also unknown. Thus

we undertook the following studies to clanfy of these issues.
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Paper 1: Neuronal metabolic dysfunction in patients with cortical
developmental malformations: a proton MR spectroscopic imaging study.

Li LM, Cendes F, Bastos AC, Andermann F, Dubeau F, Arnold DL.
Neurology 1998;50:755-759.

Lippincott Williams & Wilkins



SUMMARY
Background: Cortcal developmental maiformations are best diagnosed by MR
imaging and are often the cause of refractory epilepsy. The extent of neuronal metabolic

dysfunction in cortical developmental malformatons is unclear.

Objective: To assess the neuronal metabolic profile of patents with cortcal

developmental malformatdons and refractory epilepsy.

Pademts/Methods: We studied 23 patents with cortical developmental
malformadons and refractory epilepsy using proton MR spectroscopic imaging. Mean age was
28 vears (range, 9 - 47 vears). The lesions examined were: focal cortcal dvsplasia (5),
heterotopia (4 band, 6 penventricular, 2 subcortical), polymicrogyna (3), tuberous sclerosis (2),
and polymicrogyria and penventricular nodular heterotopia (1). We measured the relaove
signal intensity of N-acetylaspartate/creatne (NAA/Cr) in the lesion, in the pen-lesional
region, and remote region from the visible lesion. The values were compared to those from

similar brain regions of 25 normal control subjects.

Results: The mean NAA/Cr g-score values for the 23 patents were: lesion = -2.20
(Standard error [SE| = 0.32, N [number of patents| = 21), peri-lesional regton = -1.01 (SE =
0.38, N = 15), and distant region = -0.03 (SE = 0.34, N = 18), with p < 0.0002. Despite the
presence of a large number of neurons, heterotopia showed a relative decrease of NAA in

some patients, suggestng that the neurons present were dysfunctional.

Conclusion: The maximal NA\/Cr decrease, metabolic dvsfuncton, co-localized to
the structural malformation as defined by MRI and extended to normal-appeanng regions

adjacent to the visible lesion.



INTRODUCTION
Brain development is a complex process regulated by many factors. After neural

induction, neuroblasts proliferate and differentate into neural or glal cells. From the germinal
plate neuroblasts migrate to their final desunadon. Once the individual cells established their
idenates, they extend their axons and establish svnapuc connectons. Disrupton at any of
these critical periods of formation of the nervous system leads to different types of cortical
developmental malformanons (CDM). These may be gross abnormality such as lissencephaly
or microscopic and invisible on conventonal MRI. The appearance of the abnormal cells also

varies depending on the uming of the insult.

The clinical presentation of CDM is variable. CDMs have been recognized as a
common cause of seizures in padents with medically refractory epilepsy being evaluated in
tertiary centers* 4572 Magnetc resonance imaging (MRI) has played an important role in
presurgical evaluatdon of these patents in helping to define the strucrural epileptogenic
abnormalides. Surgical results in these patents depend on the tvpe and extent of the
underlying CDM?""7. Poorer surgical outcome is often explained by the fact that the
malformadons are usually widespread, and often extend bevond the lesion defined on

MRIH:245:246,

Magnetc resonance spectroscopy of brain enables non-invasive quanaficadon of
metabolites .z zzpo. The most intense signal in the proton MR spectrum of brain oniginates
from the N-acetyl groups, mainly N-acetylaspartate (NAA). Less intense signals anse from
creatine plus phosphocreatne (Cr) and choline-containing compounds (Cho). NAA is
localized exclusively in neurons and neuronal processes in the mature brain 12#1251% and can

be used as neuronal marker 1752%. Decreased NAA is observed in areas of neuronal loss or
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dysfunction !6%!75247 Cr, which may be more concentrated in glia than neurons!™, is relatvely
homogeneously distributed in normal brain and can be used as internal standard in this

circumstance.

This study was designed to assess whether proton magnetic resonance spectroscopic
imaging (MRSI) measurements of NAA could detect abnormalities associated with neuronal
lesion in CDMs, whether the abnormalities extend outside the lesion visible on MRI, and

whether different tvpes of CDM exhibit different abnormalities in the proton spectrum.

PATIENTS AND METHODS
We studied 23 padents (10 women) with different types of CDM. All 23 patents had

medically refractory epilepsy. The mean age at study was 28 vears (range, 9 - 47 vears).

All patents underwent detailed evaluaton including prolonged video-EEG monitoring
to record scizures. The diagnosis of CDM was based on MR imaging tindings. Three patents
had histopathological confirmadon. The patents studied represent most of the patents
admirted to the epilepsy service with CDM over a two vear period. A few patents were not
included for logistic reasons. These occurred at random and patients who were included
represent a reasonable sample of padents with CDMs and refractory epilepsy seen in this

institution, and others™.

Diagnostc MRI scans were acquired using a 1.5 T scanner, combined imaging and
spectroscopic system (ACS III Philips Medical Systems, Best, The Netherlands). We acquired
sagittal and coronal T1-weighted (TR 550, TE 19 ms) images, followed by transverse proton
density (TR 2000, TE 20 ms) and T2-weighted (IR 2100, TE 20, 78 ms) images. T1-weighted

gradient-echo volume acquisition of the whole brain (TR 18 ms, TE 10ms, 30" angle, 1 mm



thick contiguous slice) was acquired for multiplanar reconstruction.

Proton MRSI studies were performed in a separate examinaton. After scout images in
axial and sagittal planes, a multislice transverse spin-echo MRI (TR 2000, TE 30) was obtained.
A large volume of interest (VOI), including the lesion, was defined for selectuve excitation. A
water suppressed proton MRSI was acquired from the VOI (TR 2000 ms , TE 272 ms,
250x250 mm FOV, 32x32 phase-encoding steps), followed by a proton MRSI without water
suppression (TR 850 ms, TE 272 ms, 250x250 mm FOV, 16x16 phase-encoding steps). Post-
processing included zero-filling the water unsuppressed MRSI to obtain 32x32 profiles,
followed by application of mild Gaussian £-space filter and an inverse 2D Fourier
transformaton to both water suppressed and unsuppressed MRSI*#2%, Residual water signal
was removed by applving the linear HSVD fiting method?*. Resonance tntensites in
individual spectra were determined by integraton of peak areas using locally developed

software.

The definition of the region (figure 1A - B) corresponding to lesion, pen-lesional tssue
and tssue remote from the lesion were based on MR tmaging and done by one of us (ACB)
who was unaware of the MRSI results. The pen-lesional region was defined as normal-
appearing assue surrounding MRI visible lesion. Remote regions within the volume of interest
(VOI) were defined as being more than 2 voxel (approximately 2 cm), at least, away from the
MRI visible lesion, and appearing normal on MRI. Values for NAA, Cho, Cr, were

determined by averaging values from spectra in these three regions.

The size of the VOI for spectroscopy was 75mm to 100mm in the left-oght axis,
75mm to 105mm in the antero-postenior axis, and 18mm to 20mm 1n thickness. The size of

the individual voxel after post-processing was approximately 1.2cmx 1.2cm x 1.8-2cm
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(thickness of the box). The number of voxels averaged for each of the three regions (lesion,

pen-lesion, and distant from the lesion) ranged from 2 to 15.

Z-scores (standardized scores that express the orginal raw values in terms of standard
deviadons [SD}] from the mean of the normal control group) were used because they allowed
uniform comparison of the degree of reduction of NAA/Cr values in the lesion, the peri-
lesional region, and regions remote from the lesion. Z-scores were obtained for each
individual patient by subtracting NAA/Cr values from the mean NA\/Cr value obtained
from a similar region of a group of 25 age-matched normal controls, and dividing the result by
the normal controls’ SD for that region. Analysis of variance (ANOV A) was performed to
assess statistcal differences among the $-scores of NAA/Cr rato from these three regions

(lesion, pen-lesion, and remote from the lesion).

In six padents with unilateral lesion, we also assessed the percentage ditferences of

N, Cr and Cho between the lesion and contralateral homologous regions.

The objecuves of this study were explained to all patents and informed consent

obrained.

RESULTS
The CDM studied were: focal cortical dvsplasia in 5 patents, heterotopia in 12 (4 band,
6 bilateral periventricular, 2 unilateral subcortical), bilateral pensylvian polymicrogyna in 3,
tuberous sclerosis in 2, and unilateral perisylvian polymicrogyria plus bilateral periventricular

nodular heterotopia in 1. Seventeen of the 23 patents had bilateral structural abnormalites.

We obtained spectroscopic information from the three regions (lesion, pen-lesion, and

remote regions) in 12 patents, from ar least two of these regions in 7 patents, and from only
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one region in 4 patents (table 1).

Table 1: NAA/Cr values converted into z-scores for 23 patients with cortical
developmental malformations

Pt/sex/age Type of CDM  Lesion  Per-lesion  Remote from the lesion

(vrs) _ .
1/£/38 FCD - -0.95 -0.19
2/m/22 FCD -4.31 -1.91 -1.23
3/m/30 FCD -1.73 -0.72 -1.39
4/£/19 FCD 2215 0.02 -0.03
5/m/29 FCD -4.57 - -
6/t/31 Ht-band -+.13 - -
7/m/9 Ht-band -1.20 - -
8/f/11 Ht-band 0.42 -0.63 -
9/m/11 Ht-band 2,48 - 1.65
10/£/45 He-PNH -4.39 -1.35 2210
11/£/23 He-PNH -4.608 -2.58 -
12/m/25 He-PNH -3.46 -1.96 -1.39
13/£/39 Ht-PNH -1.62 0.04 -1.0t
14/£/36 He-PNH 0.75 - 0.54
15/m/24 Ht-PNH -0.98 0.67 1.54
16/m/16 Ht-sub -3.33 34 0.58
17/m/23 Hte-sub -1.57 - 0.84
18/m/34 PMG -1.25 0.56 1.73
19/m/33 PMG -0.72 -0.48 -0.07
20/€/20 PMG -0.39 1.22 -0.532
21/m/30 PMG+PNH -1.03 -0.67 1.10
22/f/47 TS - - -1.433
23/m/43 TS -2.56 - 0.92
Mean® - -2.20 -1.01 -0.03

@ = Analysis of variance with p < 0.0002

FCD = focal cortical dysplasia. Ht = heterotopia. PNH = periventricular nodular
heterotopia. sub = subcortical. PMG = polymicrogyria. TS = tuberous sclerosis.



. The mean NAA/Cr Z-scores values for the 23 patents were:
® lesion = -2.20 (Standard error [SE] = 0.32, N [number of panents| = 21),
® pen-lesion = -1.01 (SE = 0.38, N = 13),
e remote from the lesion = -0.03 (SE = 0.34, N = 18).

There was significant difference among these regions with p < 0.0002 (ANOV'A) (see

table 1).
The mean NAA/Cr Z-scores values for patents with focal cortical dysplasia were:
® lesion = -3.19 (SE = 0.52, N = ),
e peri-lesion = -0.89 (SE = 0.52, N = 4),
e remote from the lesion = -0.71 (SE = 0.52,N = 4)
There was significant difference among these three regions with p < 0.02 (ANOV'A).
The mean Z-scores values for pagents with polymicrogyra were:
o lesion =-0.85(SE =0.41,N = 4),
e pen-lesion =0.15 (SE = 0.41,N = 4),
e remote from the lesion = 0.56 (SE = 0.41,N = 4)

There was no significant difference among these three regions with p > 0.09

(ANOVA).



The mean Z-scores values for patients with heterotopia were:

e lesion = -2.07 (SE = 0.49, N = 12),

® pen-lesion = -1.49 (SE = 0.61,N = 7),

¢ remote from the lesion = 0.08 (SE = 0.57, N = 8)

There was significant difference among these three regions with p < 0.02 (ANOV'A).

In unilateral CDM, comparison between ratios of NA\ in the lesion/NAA in
contralateral homologous region and the mean controls’ NAA ipsilateral to patent’s lesion
side/mean controls’ N.AA in the contralateral hemisphere showed relatve reducton of NAA
resonance intensity of 5% to 51%% (mean = -21°0, median = -11%0, SD = 16) in the lesion. We
used the same method of comparison for Cr and Cho. Cr showed a mean reduction of 1°0
(median = -39, SD = 25, range -37°0 to 27%0). Cho showed a mean increase of 12°0 (median

= 6%, SD = 51, range from -49°% to 100%). Increase in Cho were mainly observed in FCD.

The intenictal EEG abnormalites were localized in 6/23 patents, regional in 7/23,
multifocal or generalized in 8/23, and silent in 2/23. We observed very active interictal EEG
acuvity, characterized by frequent runs of poly-spikes, in ten patents (table 1, pagents 1, 2, 3,
4,6,8,9, 16, 17, and 20). There was no relationship between the extent and degree of acuve

interictal spiking and NAA/Cr rato values.

DISCUSSION
We found relatvely decreased NAA/Cr signal intensity in some types of CDM
suggesting abnormal neuronal metabolism in these malformatons. The relatve decreased

NAA signal intensity, when present, was maximal in the lesion, decayed in areas surrounding
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it, and was less marked or absent in areas far from the lesion (figure 1C).

Figure | ew
A B
\\\
C ~
4 1 A 3
Cho 1 "\ !
| 1 \ 4 N
e I NAA ’w ;\1 \ \ ‘)
: : i | L
W on
o A v Moy [
T A A e T \"\.v Ty "f‘j \r4- S e
32 28 24 20 te G2 32 28 24 20 1o 12 32 28 '8 20 16 12
chemical shift (ppm) chemical shift (ppm) chemical shuft (ppm)
Lesion Pen-lesion Far from the tesion

Figure 1: Twenty-two year old man. with seizures since age 5 years. A) Scout MR
image showing the VOI with superimposed phase-encoding grid. and the three regions
of interest; lesion, peri-lesion, and far from the lesion. B) Axial T1 weighted image
showing left parietal focal cortical dysplasia (arrow). C) Average spectra from the
three regions of interest. The reduction in NAA signal intensity is greatest in the
lesion and decreases with distance from the lesion.

Possible explanadons for the low NAA outside the visible lesion include: 1)
microscopic abnormalities that extend outside the lesion visible on MRI, 2) depression of
NAA by epileptc actvity, or 3) altered relaxaton ame of NAA or Cr. The presence of
microscopic abnormalines more extensive than the lesion visible on MRI would be consistent
with pathological®™5! and clinical#2#5:2%.52 observatons , and could explain, at least in part,

the poor surgical results sometimes observed in patients with CDM. Palmini et al.,'" have

. found that active residual repettve cortical spiking had negadve influence on surgical outcome



and suggested that additional resection of the spiking cortex surrounding CDMs, should be
performed, speculating that this type of epileptiform acavity reflects underlying microscopic
cortical malformation. Ongoing interictal epileptic abnormality or recurrent seizures could
lead to secondary neuronal dysfunction through secondary involvement of areas connected to
the primary epileptogenic region*>5, This is consistent with our recent observation that
NAA in the remaining temporal lobes increases after successful anterior temporal
lobectomy!'®!. We do not believe that altered relaxanon ames are responsible for the altered
NAA/Cr, as the nature of the pathology would not be expected to produce changes in
relaxation times, especially changes that would affect NAA and Cr sufficiendy differently to

alter their rato significantly.

We did not perform absolute quantficaton of merabolite signal intensites, but rather
used Cr as an internal standard to normalize intensities berween subjects. In padents who had
unilateral lesion visible on MRI we compared the metabolites to the homologous normal
appearing region of the contralateral hemisphere. In these pauents, Cr in the lesion was similar
to Cr in the contralateral homologous normal-appearing region (mean difference = -1,
maximum increase of 27%0). Thus, increases in Cr cannot explain the magnitude of the

observed decreases in NAA/Cr which must, therefore, represent NAA decrease.

Distnct developmental malformatons result from insults occurring at different stages
of cell generation, proliferaton, differentation and migration into the cerebral cortex=6. We

demonstrate that different types of CDM may also show different degrees of relauve NAA

decrease (figure 2).

For instance, in focal cortical dysplasia we found very low NAA/Cr rados. This

disorder results from abnormal neuronal and glial cell differentation and proliferation, and the
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lesion contains structurally abnormal neurons and, at times, balloon cells. Both are probably
dysfunctonal cells with abnormal synaptic activity and connecuvity, and presumably this
explains the reduced NAA/Cr values. In polymicrogyria the malformation is due to abnormal
cortical organizaton. The uming of the insult is post-migrational, and neurons are thought to
be mature. More normal cellular structure and the presence of synaptic integrity may explain

why patients with polymicrogyna have normal NAA/Cr ratos (figure 2).

Figure 2
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Figure 2: Frequency distribution of NAA/Cr =-scores for different types of CDM.
Seventy-five percent of patients with focal cortical dysplasia had NAA/Cr more than 2
SD below the normal mean. All cases of polymicrogyria had NAA/Cr within the
normal range. Heterotopia were variable with half of the patients having NAA/Cr
more than 2 SD below the normal mean.
Heterotopia consist of a large number of neurons that failed to inigate or complete the
migration process. In heterotopia because of the clustering of an abnormally high number of

neurons one would expect a relative increase of NAA signal. This assumption is based on

. histopathological studies showing normal-appearing neurons and evidence of active
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synapses>’, and on FDG-PET findings showing patterns of glucose uptake similar to normal
cortex™®. However, we found NAA to be variably normal or abnormal in this group. This

suggests that at least some of these apparently normal neurons are, in fact, dysfunctonal

(Bgure 3).

Figure 3:

A) MR image B) NAA image

Figure 3: [6 year old boy with seizures. A) MR image showing a large unilateral
heterotopia. The black rectangle shows the VOI for MRSI. B) The corresponding
NAA image shows a relatively low signal intensity from NAA over the heterotopia
compared to the contralateral normal side.
Two case reports have also shown varability of NAA signal intensity in
heterotop1a™**%. One possible explanation is that the neuronal populations in heterotopia

may consist of neurons at different stages of maturanon, some of them being immature and

impropetly connected, and therefore expressing less NAA 1%,



The degree of interictal EEG acuvity, and the extent of the EEG abnormalites
(localized or generalized), did not correlate with the NAA/Cr values in our seres. Kuzniecky
et al., ! also failed to find correlation between telative NAA/Cr values and EEG
abnormalites in their seres. The differences in NAA/Cr between types of CDMs appear to
reflect more the type of malformaron than the amount of interictal EEG abnormality. This
suggests that the decrease in NAA is not endrely secondary to interictal epileptic actvity.
However, in this series all patents had clinically refractory epilepsy, and further studies in
patients with CDMs and well controlled epilepsy might provide some answer about the

reladonship berween the seizure severity and NAA signal intensity.

There is as yet no consensus on the classification of malformatons of the cerebral
cortex, this is due to our incomplete understanding of the mechanisms underlying the
pathophysiology of CDM™. Proton MR spectroscopy may be useful in studving the biology of
CDMs and, as with brain tumors'?’, help refine the classificadon and differential diagnosis in
different types of brain lesions. Three out of 24 padents in this study underwent surgical
resections. This number is too small to make any meaningful clinico-pathological correlation.
Multmodal image co-registration techniques>%? that allow visualizaton of the relatonship
between structural lesions and cellular metabolism (PET, MRSI), or funcdon (fMRI, EEG)
may offer new dimensions for surgical planning and resection of malformations in padents

with refractory lesional epilepsy.
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Paper 2: Spatial extent of neuronal metabolic dysfunction measured by
proton MR spectroscopic imaging in patients with localization related
epilepsy.

Li LM, Cendes F, Andermann F, Dubeau F, Arnold DL.
Epilepsia 2000 (in press).

Lippincott Williams & Wilkins
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SUMMARY
Background: In patients with unilareral temporal lobe epilepsy, low NAA can be seen
in both temporal lobes in 18 to 60° of patents. It is possible that analogous widespread
reduction of NA\ might also extend to areas of the brain not primarily involved in the seizure

generation.

Objecnives: 1) Assess the spanal extent of the decrease in the neuronal marker N-
acetyl-aspartate (NA\) relatve to creatne (Cr) in pauents with localizanon-related epilepsy,
and u) assess the clinical differences between patents with and without widespread NAA/Cr

reducuon.

Patients/Methods: We studied 51 patients with localization-related epilepsy. Padents
were divided into three groups according to their clinical and EEG invesogaton: 1) temporal
lobe epilepsy (TLE, n=21), 2) extra-temporal lobe epilepsy (extra-TLE, n=20), and 3)
mulalobar epilepsy (patents with a wider epileptogenic zone, n=10). We acquired proton MR
spectroscopic imaging (‘H-MRSI) of temporal and fronto-centro-parietal regions in separate
examinations both for patents and controls. NAA/Cr values 2 standard devianons below the

mean of normal controls were considered abnormal.

Results: Twenty-three patents (45%0) including 12 with TLE had normal MR imaging
including volumetnc studies of the hippocampus. Forty-nine patents (96°%) had low NAA/Cr
indicating neuronal dysfunction in either temporal and/or extra-temporal 'H-MRSIs; 38°% of
patients with TLE and 50°0 of patents with extra-TLE also had NAA/Cr reduction outside
the clinical and EEG defined primary epileptogenic area. The NAA/Cr reduction was more

often widespread in the multlobar group (6/10 [60%]) than in the temporal or extra-temporal



groups (5/16 [31%]}). Non-parametric tests of: a) seizure duration, b) seizure frequency, and c)
life-ume estimated seizures, showed no statsucally significant difference (p > 0.05) for TLE

and extra-TLE patents with or without NAA/Cr reduction outside the seizure focus.

Conclusion: 40-50% of patents with localization-related epilepsy have neuronal
metabolic dysfuncton that extends bevond the epileptogenic zone defined by clinical-EEG

and/or the structural abnormality defined by MRI.
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INTRODUCTION

Proton MR spectroscopy (H-MRS) of brain is a non-invasive technique that enables
detection of different metabolites 7 viw based on distinct resonance charactenistics of the
substance in a magnetic field. The most intense signal in a normal brain, seen at 2.02 parts per
million (ppm), is derived from the N-acetyl groups, mainly composed of N-acetyl aspartate
(NAAY'27. NAA is found exclusively in mature neurons and neuronal processes!>+15.
Several studies have demonstrated that an area of brain with relatve reducuon of NAA
correlates with either neuronal loss! -1+ 14513 or dysfunction!+:151-136161231-233 - The rwo other
signals easily identfied in normal brain spectra are Choline-containing compounds (Cho) and
Creatne and phospho-creaane containing compounds (Cr), seen at 3.2 and 3.0 ppm
respectively!!2¥. Cr, 2 metabolite important for energy metabolism, is found in neurons and

glia cells, and is relanvely homogeneously distributed throughout the normal brain. #7245,

Both single voxel! !%137:158170:172266 and multvoxel 'H-MRS (*H-MRSI) N3:16GI3%173-176.17%
have high sensitvity for detecting low NAA indicatve of temporal lobe neuronal loss or
dvsfuncton in temporal lobe epilepsy, and the maximum NAA reducton is often associated
with the side of setzure ongin defined by prolonged video-EEG monitoring. In patients with
unilateral temporal lobe epilepsy, low NAA can be seen in both temporal lobes in 18 to 60°0
of padents!!3157:138176178_ Tt {5 possible that analogous widespread reduction of NAA might

also extend to areas of brain not pamarily involved in the seizure generation.

The objectves of the present study were: 1) to assess the spaual extent of NAA/Cr
reduction in patients with localization-related epilepsy, and ii) to assess the clinical differences

between patients with more widespread as opposed to focal decreases in NAA/Cr.
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PATIENTS AND METHODS
Patents were recruited from the Epilepsy Service at the Montreal Neurological
Hospital. The majonty had medically intractable epilepsy and underwent detailed pre-surgical
evaluaton including prolonged video-EEG monitoring to record seizures. The anatomic
classification of epilepsy was based on the clinical data and prolonged video-EEG monitoring
findings. The objectives of the study were explained to all patents and informed consent was

obtained.

Seizure duration was expressed in years and defined as the period between onset of
habitual seizures and the 'H-MRSI scan. Seizure frequency in the five vears prior to the scan
was obtained from direct interview with the patients and review of the medical chart. The
seizure frequency was variable and Engel’s seizure frequency score®’ was applied: 1-3 per vear
= 1;4-11 per vear = 2; 1-3 per month = 3; 1-6 per week = 4; 1-3 per day = 5; +-10 per day =
6; and more than 10 per day = 7. Frequency of secondarily generalized tonic-clonic seizures
was categorized into three groups: rare = < 3 per vear, monthly = < 4 per month, and weekly
= occurring at least once a week. A seizure cluster was defined as a tendency for attacks to
occur one after another during a short peiod of ume. Estumated life-ume seizure scores were

obtained by muluplying the seizure frequency score by seizure duraton.

For those who underwent surgical treatment for epilepsv, Engel’s outcome score®®’
was used (class [ = seizure-free or residual auras; class I = less than 3 CPS a vear; class [II =

reduction of >90% of seizures; class [V = reduction of < 90° of seizures).
Temporal and extratermnporal lobe ' H-MRSI protocols.

We performed prospective 'H-MRSI in 38 consecutive patieats during their



investigaton. We also included 13 other patients with refractory partial epilepsy who in the
past had 'H-MRSIs of both temporal and extra-temporal regions. The main reason why these
13 patients had both examinations was because the seizure localizaton was not clear at the
ume of their initial invesdganon. The mean age of the 51 patents was 31.5 yvears (range 12 o

60 years).

'H-MRSI studies were performed in separate examinatons using a Philips 1.5 T
combined imaging and spectroscopy system (Philips Medical Systems, Best, The Netherlands).
After scout images in axial and sagittal planes, a mulaslice transverse spin-echo MRI (TR 2000,
TE 30) was obtained. The volume of interest (VOI) of the extra-temporal lobe protocol
included a large portion of the frontal and part of the padetal lobes (see Figure 1a). The size of
the VOI for extra-temporal protocol spectroscopy was 75mm to 100mm in the left-right axis,
75mm to 105mm in the antero-posterior axis, and 18mm to 20mm in thickness. The VOI of
the temporal lobe protocol included part of the body and tail of the hippocampus and portons
of gray and white matter from the mid and posterior temporal lobe (see Figure 1b). The size of
the VOI for temporal lobe protocol spectroscopy was 85-100mm in the left-nght axis, 75-
95mm in the antero-posteror axis, and 20mm in thickness. The size of the individual voxel
after post-processing was approximately 1.2 cm x 1.2 cm x 1.8-2 cm. Detailed descripdons and
results of these two protocols have been described elsewhere!'328. Water suppressed proton
MRSI was acquired from the VOI (TR 2000 ms, TE 272 ms, 250x250 mm FOV’, 32x32 phase-
encoding steps), followed by a proton MRSI without water suppression (TR 850 ms, TE 272
ms, 250x250 mm FOV, 16x16 phase-encoding steps). Post-processing included zero-filling
the water unsuppressed MRSI to obtain 32x32 profiles, followed by applicadon of a muild
Gaussian £-space filter and an inverse 2D Fourer transformation to both water suppressed

and unsuppressed MRSI. For the extra-temporal protocol residual water signal was removed

63



by applying the linear HSVD fitting method **. For the temporal lobe protocol the resulting
time domain signal was left shifted and subtracted from itself to improve water suppression™.

This procedure reduces the amplitude of water and nearby resonances and results in reladvely

high ratos of NAA/Cr.

Figure 1: 'H-MRSI volume of interest in extra-temporal (a) and temporal (b)
protocols. The VOI of the extra-temporal protocol was subdivided into 16
subregions. The VOI of the temporal protocol was subdivided into four subregions.
The averaged NAA/Cr from each subregion was compared to homotopic NAA/Cr
values from a group of normal control subjects (30 controis in the temporal and 25
controls in the extra-temporal protocols). The patient’s NAA/Cr values two standard
deviations below the mean of the normal controls were considered abnormal.

The spectroscopist was unaware of the results of EEG and MRI. Resonance
intensities in individual spectra were determined by integraton of peak areas using locally
developed software. The number of spectra averaged for each subregion within the VOI
(Figure 1) was 10 * 2 for the temporal lobe protocol and 8 £ 2 for the extra-temporal lobe
protocol for both patents and normal control subjects. Voxels on the edge of the VOI, that
were affected by chemical shift artfact and voxels that were artifactually broadened were

excluded from the analyses. The resonance intensity of NAA was normalized to intravoxel Cr.

[n epilepsy, Cr is relatvely stable!57:15%16516L177 5 that changes in the NAA/Cr rado reflect



changes in NAA and neuronal loss or dysfunction.

The same procedure was performed for specific group control data (25 for extra-TL
and 30 for TL protocols). Patents’ NAA/Cr ratios 2 standard deviations (SD) below the

normal mean were considered abnormal.

MR imaging and MR volumetric measurements

All the panents had diagnostic MR imaging acquired separately using the same scanner.
The protocol consisted of sagirtal and coronal T1 weighted (TR 550, TE 19 ms) images,
followed by axial proton density (TR 2000, TE 20 ms), and T2 weighted (TR 2100, TE 20, 78
ms) images. T1 weighted Imm thick contiguous slice gradient-echo volume acquisiton of
whole brain (TR 18, TE 10 ms, 30" angle, isotropic voxel) was also acquired for multplanar
reconstruction and volumetric study of mesial temporal structures. The volumetric protocol
and its previous results have been published elsewhere?>™™. Corrected amygdala or

hippocampal volumes 2 SDs below the normal mean were considered abnormal

RESULTS

We used the [LAE 1989 syndromic classificanon"! to classify the 51 patents into two
groups based on the clinical features and EEG findings: 1) temporal lobe epilepsy, and 2)
extra-temporal lobe epilepsy. We performed a separate analysis based exclusively on padents
with well-localized EEG. We added a third multlobar group. Padents were classified into the
muldlobar group if the epileptogenic zone was widespread, involving two or more lobes, or
electro-clinical features were not clearly localizing or if there was discordance between the
EEG findings and clinical manifestations to a point where it was not possible to resolve

whether the clinical manifestations were related to a given location or a reflection of seizure



spread from a distance.

The clinical data, EEG findings, MRI and 'H-MRSI results are displayed in Tables 1, 2

and 3 respectvely.

Patients with temporal lobe epilepsy

Twenty-one patients (10 women) with a mean age of 35 vears (range 17 — 60 vears)

were classified as having TLE.

MR IMAGING AND VOLUMETRIC MEASUREMENT OF MESIAL TEMPORAL STRUCTURES:
Diagnostc MR imaging and MRVol showed hippocampal atrophy in 10 (6 bilateral),
cortical dysgenesis in 4 (2 had associated hippocampal atrophy), and no abnormality in 8
(38%0). With the excepton of penventricular nodular heterotopia, all the lesions were located

in the temporal lobe.

'H-MRSI:

TL-MRSI showed significant NAA/Cr reduction in all padents (100°0), concordant to
the side of EEG lateralization in 19/21, and discordant in two (Table; pagents 32 and 49).
The NAA/Cr reduction in the temporal lobes was unilateral in only 7/21. Extra-TL-MRSI
showed an addigonal NAA/Cr reduction in 8 (38°0) patents (4 unilateral, 3 bilateral localized,
and | diffuse) with TLE. Seven of these eight patients with reduction of NAA/Cr in the
extra-TL regions also had bilateral NAA/Cr reduction in the temporal lobes. The
lateralization given by extra-TL MRSI was concordant with TL-MRSI in 2, discordant in 2, and

non-lateralized in 4.

1H-MRSI AND CLINICAL CORRELATES:

Mann-Whitmey U test rank companson between those with and those without
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NAA/Cr reduction in extra-TL regions showed no significant difference for the sum of the
ranks for age of seizure onset (95 vs. 136, p = 0.61), for seizure duration (82 vs. 149, p = 0.66),
for seizure frequency scores (68.5 vs. 141.5, p = 0.68), and for estimated life-time seizure
scores (63.5 vs. 146.5, p = 0.43). Chi-square showed no significant associaton berween
addinonal extra-TL NAA/Cr reduction and frequency of secondary generalized tonic-clonic
seizures (rare [42%] vs. monthly [33%%] vs. weekly [0%]), Chi-square (2) = 0.808, p = 0.67.
Fisher's exact test showed no significant association between additonal extra-TL NAA/Cr

reduction and clustering of seizures, p = 1, 2 tailed.

Seven patients underwent surgical resection in the temporal lobe. Two of five pagents
without, and neither of the two patients with extra-TL NAA/Cr reduction were seizure-free

(Fisher’s exact test with p > 0.05, 1 railed)

Patients with extra-temporal lobe epilepsy

Twenty patients (13 women) with a2 mean age of 28 vears (range 12 — 56 vears) were

classified as having extra-TLE.

MR IMAGING AND VOLUMETRIC MEASUREMENT OF MESIAL TEMPORAL STRUCTURES:
Diagnostc MR imaging and MRV ol showed cortical dysgenesis in 5, hippocampal
atrophy in 3 (2 bilateral), hippocampal asymmetry in 2, hemisphenc atrophy in 2, and were

normal in 9 (45%0).

'H-MRSL:
Extra-TL-MRSI showed NAA/Cr reducton in 14 patents (70%0) and the side of the
abnormality was concordant with EEG lateralizaton in all. The extra-TL-MRSI NAA/Cr

reduction was unilateral and localized in 9, bilateral and localized in 5. TL-MRSI showed



NAA/Cr reducton (5 bilateral and 5 unilateral) in 10 padents (50%). In these 10 patients with
TL-MRSI abnormality, the extra-TL-MRSI was normal in four, abnormal in six, and in two of

them the NAA/Cr reducton was on the side opposite the TL-MRSI lateralization.

H-MRSI AND CLINICAL CORRELATES:

Mann-Whimey U test rank compansons between those with and those without
NAA/Cr reducton in the extra-TL regions showed no significant difference for the sum of
the ranks for age of seizure onset (103.5 vs. 106.5, p = 0.909), for seizure duration (128.5 vs.
81.5, p = 0.075), for seizure frequency scores (111 vs. 99, p = 0.638), and for estimated life-
ume seizure scores (127.5 vs. 82.5, p = 0.088). Chi-square showed no significant associaton
berween additional TL. NAA/Cr reduction and frequency of secondanly generalized tonic-
clonic seizures (rare [50° o] vs. monthly [50%0] vs. weekly [50° o]}, Chi-square (2) = 0.0,p = 1.
Fisher's exact test showed no significant association between additional TL NAA/Cr reduction

and clustering of seizures, p = 0.170, 2 tailed.

Four padents underwent surgical removal of a lesion. One patient had TL NAA/Cr
reduction and was not seizure-free. One of three padents without TL NAA/Cr reduction was

seizure-free.

In a separate analysis, we excluded the 13 patients that were retrospecuvely studied to
ensure that our findings were not bias because of them. We found that 7 of 15 patents with
extra-TLE (46°0), and 7 out of 18 patents with TLE (39° o) had associated low NAA/Cr in the
temporal and extra-temporal 'H-MRSI, respectively. These figures are similar to those in the

analysis that included the 13 panents; 50% for the extra-TLE and 38% for the TLE padents.

Patients with multilobar epilepsy
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Ten padents (3 women) with a mean age of 32 vears (range 13 - 52 vears) were
classified as having multilobar epilepsy. Six had electro-clinical features more suggestive of

TLE and four of extra-TLE.

MR IMAGING AND VOLUMETRIC MEASUREMENT OF MESIAL TEMPORAL STRUCTURES:
Diagnostic MR imaging and MRVol showed cortical dysgenesis in 2, bilateral

hippocampal atrophy in 2, fronto-central atrophy in 1, and no abnormaliry in 6 (60°).

H-MRSI:
TL-MRSI showed significant reduction of NAA/Cr in 9/10 (5 bilateral, 4 unilateral).
The side of maximum NA\/Cr reduction was concordant to the side of EEG lateralizadon in
all padents. Extra-TL-MRSI showed reduction of NAA/Crin 8/9 (4 unilateral, 3 diffuse, and
1 bilateral localized). One padent with non-lateralizing seizures had TL-MRSI with maximal
NAA/Cr reduction in one temporal lobe and the extra-TL-MRSI showed NAA/Cr decrease

in the opposite side.

1H-MRSI AND CLINICAL CORRELATES:
Five patients had surgery (4 anterior temporal resection, and 1 paretal resection). Only

one patgent who had temporal lobe resection was seizure-free, the others were in class [1I-[V.

Patients with well-localized ictal EEG

Considering only patents with well-localized ictal EEG changes (Table: pagents 6, 10-
14, 18, 28, 30, 35, 37, 40, 41, 43, 46, 47, and 49), we found that the NAA/Cr reducton was
present at the site of ictal EEG abnormality in 16 /17 (94°0) of patents. The NAA/Cr
reduction also extended to region distant from the localized ictal EEG abnormality in 6/17

patents (35%).
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DISCUSSION

'H-MRSl is very sensituve for detection of neuronal metabolic dysfunction in patents
with localization-related epilepsy. In this series 23 padents (45°5) had normal MRI including
volumetrc studies, while 49 patents (96%o) had either temporal and/or extra-temporal 'H-
MRSIs showing significant decreases of NAA/Cr. The two patents with normal 'H-MRSIs
had extra-temporal epilepsy; one had a dysplastic lesion in the frontal lobe, and the
correspondent 'H-MRSI had artefacrual voxels at the same place as the MRI visible lesion.
The other patgent had no visible lesion on MRI, and it is possible that the 'H-MRSI-V'OI did

not cover the site of the extratemporal seizure generator.

Previous reports have described conflicung findings in their studies of the presence>
or absence’3*37 of remote NA\ reduction in padents with localizaton-related epilepsy. Our
series of padents with intractable seizures, showed that panents with TLE and extra-TLE had
addinonal neuronal dvsfuncton outside of the pnmary epileptogenic area in about 40°0 and
50°% respectvely (see Figure 2). The addidonal NAA/Cr decrease in the VOI outside the
seizure generator tended to be more widespread in the multilobar group (6/10 [60°| diffuse)

than in the temporal lobe or extra-temporal groups (5/16 [31°0] diffuse).

In padents with extra-temporal epilepsy there was a trend for significant difference in
duraton of epilepsy for those with and those without additional temporal lobe neuronal
metabolic dysfunction. No significant difference, however, was observed for age of setzure
onset, seizure-frequency (either of parnal or secondanly generalized types), or clustering. In
patients with temporal lobe epilepsy there was no difference in any of these factors for those

with or without additional extra-temporal lobe decreases in NAA/Cr.



Figure 2
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Figure 2: 'H-MRSI of temporal regions showed significant NAA/Cr reduction in the
right medial temporal region of a patient with right fronto-central focus and normal
amygdala and hippocampal volumes.

The finding that the frequency of clinical seizures was not a significant factor suggests
that factors other than seizures themselves might be associated with additional neuronal
dysfunction seen in the temporal lobe. One possibility would be the nature of the epileptc
lesion, which could cause disruption of neuronal network over ime with consequent neuronal
dysfunction in vulnerable interconnected areas. This hypothesis is, in part, supported by two
observanons: 1) NAA/Cr recovery in patents after successful temporal lobe resecuon!6!-32,
and 2) NAA/Cr reduction in seizure-free patents™. The NAA/Cr recovery following
removal of an epileptogenic area can occur as early as two months after surgerv>? and cannot
be explained solely by the absence of seizures for two months, since NAA/Cr does not
recover in patents who do not have successful surgery but do not have seizure for 2 months.
The importance of the presence of an epileptogenic area is further supported by observaton
that patients with TLE who are seizure-free for at least a year with antepileptic drug treatment,

continue to have low NAA/Cr in the mesial temporal region®*. Other possible overlapping



explanations for patients with more extensive NAA/Cr reduction include: 1) hidden dual

pathology, and 2) widespread epileptogenic areas.

Dual pathology is defined as the presence of hippocampal atrophy in the presence of
an extra-hippocampal lesion*. Surgical results in patents with dual pathology suggested that
both the hippocampal atrophy and the extra-hippocampal lesion play a role in seizure
generatdon®. [n a previous study'!> we showed that 'H-MRSI can be abnormal in TLE
patients with normal hippocampal volumes. Qualitatve pathology demonstrated mild
astrogliosis and neuronal loss of mesial temporal structures in these patents''S. Therefore, in
some patents with extra-temporal epilepsy the NAA/Cr reduction in the temporal lobes
might reflect underlying potental hippocampal epileptogenicity, or ‘hidden dual pathology’, if
so, such patents would have a distnct surgical outcome™. In this series 5/9 patents with
normal MRI and hippocampal volumes in the extra-TLE group had abnormal temporal lobe
NAA/Cr. The 'H-MRSI of the temporal lobes added significant additonal information over
that available from even the most careful and quanaranve MRI examinadons. The significance
of the temporal lobe NAA/Cr decrease in the extra-TLE group is sall unclear. Nevertheless
our preliminary study in pauents with bilateral hippocampal atrophy and TLE showed that
patents with 'H-MRSI concordant to EEG and with absence of widespread contralateral

temporal lobe NA\/Cr reduction had better surgical outcomes='°.

In conclusion, in 40-50% of patdents with localizaton-related epilepsy, the neuronal
metabolic abnormality can extend bevond the epileptogenic zone defined by electro-clinical
and MRI findings. I[n padents with electro-clinical manifestations suggestng a wider
epileptogenic zone, the neuronal metabolic abnormality also tended to be more diffuse. There

were no apparent differences in those with widespread NAA/Cr reducton in age at seizure



onset, duration of epilepsy, frequency of partial and secondanly generalized seizures, and life-

time esumated number of seizures. This extensive neuronal metabolic dysfunction appears to
be related to the intrnsic nature and extent of the onginal epileptogenic damage. Widespread
abnormalities in NAA/Cr may negatvely influence outcome in patents with TLE and should

be further explored in patents with other localization-related epilepsy as well.
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Table 1: Syndromic classification and seizure description in 51 patients with localization related epilepsy

Pvsex/uge

/18
2/m/31
3/fr44
4/m/30
5/f/56
6/m/20
71137
8mv/19
91151
10/m/12
14/4113
12/§/16
13/4719
14/1/36
15/1/122

16/619

Syndrome
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE

Extra-TLE

Seizure description

CPS-stare, scream, agitated at times, has aura hard to describe

CPS-cyes and head deviation to the right with impairment of consciousness and tonic posturing, drop attacks
SPS-loss of sensation, left arm, followed by tonic posturing

CPS-wakes up, opens his eyes, moves his head, rocks back and forth

CPS-no aura => tonic posturing of right arm, flexion of the left tor few seconds with impairment of consciousness
CPS-no aura = > looks ahead, manual, and pedal automatisms

CPS-aura: numbness and stiffness right hand -> loss of consciousness and SGTC

CPS- aura: ?dizziness ~> stares, opens his mouth and SG1C

CPS-aura: right facial numbness and headache = > lip smacking followed by slurred speech

SPS- aura: sensation over the left eye =~ left face twitching, lefl side jerking, and SGTC

CPS-no aura => wakes up, torcefully moves both legs and arms, hypertonicity (1.>R)

SPS-lefl hemibody simple motor seizures

SPS-paresthesia and contraction of right hand with march and involvement of right leg, with difficulty speaking
SPS-right upper limb motor seizures

SGTC-no aura, SGIC

SGTC-no aura - > stares, SGTC



17/134

18/m/17

19/6/15

20/§/43

21/m/52

22/m/48

23/m/13

24/i18

25/1120

26/m/25

27/1/140

28/m/39

29/m/26

30/m/35

31/m/56

32117140

33/n7

34/m/40

35/m/38

Extra-TLE

Extra-TLE

Extra-TLE

Extra-TLE

Multilobar (EXTRA-TLE)
Multilobar (EXTRA-TLE)
Multilobar (EXTRA-TLE)
Multilobar (EXTRA-TLE)
Multilobar (TLE)
Multilobar (TLE)
Muttilobar (TLE)
Mulilobar (TLE)
Multilobar (TLLE)
Multilobar (TLE)

TLE

TLE

TLE

TLE

TLE

SPS-left arm numbness

SPS-left hand sensory seizures followed by left arm tonic posturing

SPS-no aura => head turning, laughing

CPS-no aura = becomes agitated, loses urine, at times without loss of consciousness

CPS-aura: epigastric sensation == speech arrest, impairment of consciousness, posturing, falls and SGTC
CPS-no aura => tonic extension of right arm, flexion of the left arm. Bi-manual automatism (L>R)

CPS-aura: tachycardia =>bipedal automatisms with scissors-like movements.

CPS-aura: sees the future, epigastric sensation => stares and orofacial automatism. SPS: R-thigh pain and clonic movement
CPS-no aura => vocalization, trashing movements, tachypnea

CPS-aura: dizziness+tinnitus =~ orofacial automatisms or head deviation with tonic posturing of upper limbs
CPS-aura; epigastric sensation —> bipedal automatisms

CPS-aura: epigastric sensation —> grimace, orofacial automatism, scream, bicycling movement.

CPS-no aura => stares, R hand automatism

CPS-no aura <> unresponsive, swallowing, twitching R side of the face, blinking

CPS-aura: fear => stares, vocalization, and automatism

CPS-aura: déja vu, fear —> arrest of activity

CPS-aura: cpigastric sensation =~ manual automatisms (L. sided seizure is associated with speech impairment)
CPS-aura: change in breathing -~ lip smacking and manual automatism

CPS-aura: epigastric sensation, déja vu -~ R hand dystonic



36/mv/26

37/m/34

38/1139

39/m/32

40/m/48

41/m/30

42/m/26

43/f/19

44//45

45/1123

46/1/60

47/m/32

48/m/36

49/1/44

50/17127

51/6128

TLE

TLE

TLE

TLE

TLE

TLE

TLE

TLE

TLE

TLE

TLE

TLE

CPS-aura: nausea and feeling of internal vibration = stiffness of right forearm

CPS-no aura => stares, head tumns 1o the right, R side clonic movements, SGTC
CPS-aura: difficult to describe, dry throat => manual automatisms

CPS-aura: dizziness =>stares, 1. hand automatism, swings his body from side to side
CPS-no aura => stares, arrest of activity

CPS-aura: dizziness, epigastric aura <> neck flexion, extension of arms

CPS-aura: epigastric sensation => automatisms

CPS-aura: epigastric sensation, fear <> vocalization, automatism, chewing

CPS-no aura => stares, few manual automatism

CPS-aura: epigastric sensation = loss of consciousness for few seconds

CPS-aura: teeling unwell <> manual automatisms

CPS-aura: dizziness, epigastric sensation => SGTC

CPS-no aura => stares and says "Oh boy, oh boy" and automatic pose "like a bodyguard”
CPS-aura: ¢pigastric sensation, déja vu => automatisms

CPS-no aura ==>repelitive speech "somebody at home", manual automatism, tonic head deviation to the right

CPS-aura: feels sick =~ manual amtomatisms

SPS=simple partial seizure, CPS=complex partial seizure, SGTC-secondary generalized tonic clonic seizure L-left, R-right, Bi--bilateral
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/g
2/m/31
3/744
4/m/30
5/1/56
6/m/20
37
8/t/19
9/1751
10/m/12
11/613
12/f/16
13/§719
14/47136
15/1722
16/£/19

17/4134

Pvsex/age

Interictal EEG

- ,-l"-(‘, ald Is I'cqtnl R-T
Bi-C-P-F, more R parasagittal, GSW
R-C-P

normal

L-F

Bi-F (L>R)

Bi-F

Bi-F

L-CP, and R-T

R-F-C

Bi-F

R-F, rare Bi-T

L-C-p

L.-hemisphere (imax. central)

GSW, and Bi-F-C

Bi-C-P-F, more R parasagittal, GSW

R-P

Bi-F-C (1. R)

Table 2: Interictal and ictal EEG findings in 51 patients with localization related epilepsy

Ictul EEG

Bi-hemisphere

no visible changes

Bi-F-C parasaginal

Diffuse attenuation

SEEG: R-F

Bi-F (L.-R)

Bi-F

not recorded

R-C-F

SEEG: R-F

R-F

Left hem, max C3

Left hemispheric, max central
Generalized with fronto-central accentuation
not-recorded

not recorded
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18/m/17

19/f/15

20/f/43

21/m/52

22/m/48

23/m/13

24/f/18

25/6120

26/m/25

27/1140

28/m/39

29/m/26

30/m/35

31/m/56

32/§140

33n7

34/m/40

35/m/38

36/m/26

L-F-C

Bi-F, GSW
normal
Bi-F-C-T (R>L)
Bi-F, GSW
Bi-F-T (R>L)
GSW, Bi-F-C
Bi-F, T

Bi-T

Bi-T (R>1.)
R-F-T

Bi-T, GSW
R-F-C-T

Bi-T

L-FC

bilateral changes

no changes

SEEG: multitocal (more over the R-P)
L-hemisphere

R-¥-T

L-C, and R-T

SEEG: muhifocal

Bi-F-C, and L.-1-P

Bi-FT with later R side predominance
R-T

Bi-hemisphere

R-T

L-T >~ R-T

Bi-onset, more R-temporal
Bi-hemisphere (max. temporal regions)
Bi-T

SEEG: L-hippocampus onset

L.-F-T, with late L.-T predominance
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37/m/34 L-T-F SEEG: L-T neocortex

38/1739 Bi-T Bi-T (L.>R)

39/m/32 L-T Bi-hemisphere with later L-T accentuation
40/m/48 R-T R-T

41/m/30 R-T-C R-T

42/m/26 R-T not recorded

43/f119 R-T R-T

44/§/45 Bi-T (L>R) Bi-hemisphere (max. L-T)

45/4123 Bi-T SEEG: Bi-T

46/f/60 L-T L-T

47/m/32 L-T L-T

48/m/36 L-T Bi-T, L-T

49/1144 L-T L-T

50/6/127 R-hemisphere (max. centrotemporal) R-hemispheric (max centrotemporal)
51/628 R-T not-recorded

GSW=generalized spike and wave F=fromal, C-central, T-temporal, P-parictal SEEG -stereotaxic implanted depth EEG
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Table 3: Results of MRI and MRSI of temporal and extra-temporal in 51 patients with localization related epilepsy

Pvsex/age

1/m/18
2/m/31
3/f144
4/m/30
5/1/56
6/m/20
7/137

8/m/19

9f/51
10/m/12
11/613
12/§116
13/6/19
14/§136
15/1722

16/£/19

Syndrome
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE
Extra-TLE

Extra-TLE

MRSI temporal region

Abnormal - Bi (1.-R)
Abnormal - Bi (1.-R)
Abnormal - Bi (1.>R)
Abnormal - Bi (L.>R)
Abnormal - Bi (R>L)
Abnormal - Left

Abnormal - Left

Abnormal - Lefi

Abnormal - 1.-Mid
Abnormal - Right
Normal

Normal

Normal

Normal

Normal

Normal

MRSI extra-temporal region

Abnormal - L-parietal

Abnormal - R parietal

Abnormal - R-centro-parictal
Normal

Abnormal - Bi-mesial-anterior-mid
Abnermal - R-mid

Normal

Normal

Normal
Abnormal - R-mid-central

Abnormal - Bi-anterior (R>1.)

Abnormal - Bi (R-anterior-mid and 1.-mid)

Abnormal - Bi-mesial-central
Abnormal  Ditluse (LL-R)
Abnormal - 1.- mesial-central

Abnormal - L-parieto-central
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MR imaging and MRV ol

Normal

FCD

FCD

Bi-Hc atrophy

Normal

L-Hc atrophy and R hemisphere slightly smaller

Normal

Bi-Hc atrophy, left smaller

Normal

Normal

rCD

Normal

Asymmetric He. Left smaller
L.-hemisphere smaller
Normal

FCD



17/1734

18/m/17

19/£715

20/743

21/m/52

22/m/48

23/m/13

24/1/18

25/6120

26/m/25

27/t/40

28/m/39

29/m/26

30/m/35

31/m/56

32/1/40
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34/m/40

35/m/38

Extra-TLE

Extra-TLE

Extra-TLE

Extra-TLE

Multitobar (EXTRA-TLE)
Multitobar (EXTRA-TLE)
Multilobar (EXTRA-TLE)
Multilobar (EXTRA-TLE)
Multilobar (TLL)
Multilobar (TLE)
Multilobar (TLE)
Multilobar (TLE)
Mulhilobar (TLE)
Multilobar (TLE)

TLE

TLE

TLE

TLE

TLE

Normal

Normal

Normal

Normal

Abnormal - Bi (L.>R)
Abnormal - Bi (L>R)
Abnormal - Right
Abnormal - Right
Abnormal - Bi (L.>R)
Abnormal - Bi (R=1.)
Abnormal - Bi (R>1.)
Abnormal - R-Post
Abnormal -Asymmetry (R>1.)
Normal

Abnormal - Bi (L>R)
Abnormal - Bi (L.>R)
Abnormal - Bi {L.>R)
Abnormal - Bi (L.>R)

Abnormal - Bi (1.-R)

Abnormal - R-centro-paricetal
Abnormal - R-parieto-central
Normal

Normal

Abnormal - Bi-centro-parictal
Abnormal - R-side

Normal

Normal

Abnormal - Diffuse (L.-R)
Abnormal - Diffuse (L.=R)
Abnormal - R-side
Abnormal - R-ant-mid
Abnormal - R-mid-central
Abnormal - Diffuse (L.=R)
Abnormal - Bi-mid-central
Abnormal - Diffuse (L.-R)
Abnormal - R-ant-mid
Abnormal - R-central

Normal
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Asymmetric Hc. Left smaller
Normal

Normal

FCD

Bi-TL+ Hc atrophy

Normal

R-TL and orbito frontal CD
Normal

Previous operation

PNH

Bi-TL 1 Hc and R-FC atrophy
Normal

Normal

Normal

Normal

Bi-Hc atrophy, Left smaller
Bi-Hc atrophy, Left smaller
Normal

L-Hc atrophy and R-PNH



36/m/26 TLE Abnormal - Bi (L.>R) Normal L.-Hc atrophy

37/m/34 TLE Abnormal - Bi (L.>R) Normal L-Hc atrophy

38//39 TLE Abnormal - Bi (R=1.) Normal Normal

39/m/32 TLE Abnormal - Bi (R-1.) Normal L-T dysplasia

40/m/48 TLE Abnormal - Bi (R>1.) Abnormal - R-central Bi-TL+Hc atrophy

41/m/30 TLE Abnormal - Bi (R>~L) Abnormal - Bi-central Previous surgery

42/m/26 TLE Abnormal - Bi (R>L) Abnormal - R-centro-parietal Normal

43/6/19 TLE Abnormal - Bi (R>L) Normal Bi-Hc atrophy. Right smaller
44/1/45 TLE Abnormal - Left Abnormal - Bi-central Normal

45/1123 TLE Abnormal - Lefl Normal Normal

46/1/60 TLE Abnormal - Lefl Normal Normal

47/m/32 TLE Abnormal - Left Normal L-Hc atrophy

48/m/36 TLE Abnormal - Left Normal Normal

49/1/44 TLE Abnormal - Right Normal Bi-Hc atrophy no asymmetry
50/1127 TLE Abnormal - Right Normal Bi-Hc atrophy, subtle change in the right

inferior central sulcus

51/128 TLE Abnormal - Right Normal Normal
e - - e S R

Hc= hippocampus FCD-focal cortical dysplasia CD--contical dysplasia
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Paper 3: Relation of interictal spike frequency to 'H-MRSI-measured
NAA/Cr.

Serles W, Li LM, Caramanos Z, Arnold DL, Gotman J.
Epilepsia; 1999:40:1821-1827.

Lippincott Willlams & Wilkins
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SUMMARY
Background: Whereas EEG spiking and decreases of the neuronal marker N-acetyl-

aspartate (NAA) both /alize the epileptic focus well, the significance of the /ntensity of these

vanables is unclear.

Objecdive: To investgate whether the frequency of intenctal surface spikes is related
to the degree of N-acervl-aspartate/Creatne (NAA/Cr) rato decrease as measured by proton

MR spectroscopic tmaging ('H-MRSI) in padents with intractable partial epilepsy.

Padents/Methods: We retrospecuvely studied 14 patents, nine with temporal lobe
epilepsy and five with frontal lobe epilepsy. Spikes that occurred during prolonged video-EEG
monitoring from electrodes placed according to the [nternatonal 10-20 system were counted
blinded to the '"H-MRSI results. Eight electrode posinons (F3/4;C3/4; T3/4,T5/6) were
assigned to underlying brain subregions in the 'H-MRSI's volume of interest. We converted
NAA/Cr ratos into z-scores (NAA/Cr,) to directly compare NAA/Cr values across
subregions. We calculated Spearman rank-order (p) and Pearson product-moment (1)

correlations between spike frequency and NAA/Cr, values overall as well as within each brain

subregion.

Results: e found an overall negatve reladonship berween spike trequency data and
NAA/Cr, data (p = -.341). When analyzing only spiking subregions, this negauve relationship
became slightly stronger (0 = -.442; r = -.338). When data from the eight sites were

considered separately, this negatve relationship remained in most instances.

Conclusions: Out results reveal a trend toward higher interictal spike frequencies on

surface EEG in regions of pronounced neuronal metabolic damage or dysfunction. This

8+



suggests that both vanables parallel an underlying pathological substrate, although the

pathophysiological processes may be disunct.



INTRODUCTION

EEG sull provides the gold standard parameters for localizing the epileptc focus in
the presurgical evaluation of patents with intractable partal epilepsy. The distribution of
spikes and the ictal EEG onset zone are strongly indicative of the site of seizure origin. In
recent years, proton magnetic resonance spectroscopic imaging ("H-MRSI) has been used to
lateralize the seizure focus on the basts of localized decreases in N-acetyl-aspartate (NAA)
relaave to Creatne (Cr) signal intensity (NAA/Cr)! 7% We, and others, have shown that low
NAA is not due primarily to neuronal loss but, rather, to neuronal metabolic dysfunction as it
will increase to normal levels after successful epilepsv surgery!®'=, To berter understand the
reason for this observaton, we asked whether the frequent, interictal svnchronized firing (v..
spiking) of neurons was coupled to regional neuronal metabolic damage or dysfunction. More
specifically, we were interested in those regions of NAA\ decrease, where spiking was present,
because loss of NA\ can be found in many neurologic diseases and is not specific for
epilepsy! %3277, T'o answer this question, we examined the reladonship between localized 'H-
MRSI-measured NAA/Cr values and surface-EEG-measured spike frequency in individual

patients with intractable partal epilepsy.

PATIENTS AND METHODS

Patients

We retrospecuvely studied 14 patients (eight women, mean age = 25.1 vears, range,
13—45 vears), who had undergone both 'H-MRSI of the frontal and the temporal lobes. Nine
patients had temporal lobe epilepsy (TLE) and five had frontal lobe epilepsy (FLE). Diagnosis

was based on a comprehensive electroclinical investgaton that included depth electrodes in
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five patents.

MR imaging

We acquired sagirtal and coronal Ti-weighted (TR = 550 ms; TE = 19 ms) images,
followed by dual spin-echo transverse proton density and T>-weighted images (TR = 2100 ms;
TE = 20 and 78 ms). [n addition, a Ti-weighted gradient-echo volume acquisition of the
whole brain (TR = 18 ms, TE = 10 ms, 30° angle, 1-mm-thick contiguous slice) was obtained

for mulaplanar reconstruction.

EEG analysis

A single observer (W.S.) who was blinded to the "H-MRSI results reviewed tracings
from the first three davs of prolonged video-EEG monitonng with automatic spike detecton.
To minimize any influence of seizures on the spiking rate we excluded those samples arising
either 1 hour prior to, or 8 hours following a clinical attack. Interictal spikes were counted
manually on the basis of morphological criteria (i.e. having a duration < 200 ms and being
clearly disunguishable from background activity on a bipolar montage). We obtained the
distributon of amplitudes using an average reference montage, choosing a 50%o cut-off value
compared to the maximum peak. For each patent, we counted the number of spikes that
were recorded from 10:00 p.m. to 8:00 a.m. over the course of two nights (up to a2 maximum
of 100 spikes). This was done from the following electrode sites: Fp1, F3, F7, F9, C3, T3, T35,
T9, P3, P9, and O1; the homologous sites on the nght; Fz, Cz, Pz; and zvgomatc electrodes
Zyl and Zy2. For each patent, the mean spike frequency per hour was calculated for each

elecrode posinon.



TH-MRSI acquisition and processing

For each patent, separate 'H-MRSI studies were carried out in the temporal lobe!>
and the extra-temporal lobe*® regions using a Philips 1.5 T combined imaging and
spectroscopy system (Philips Medical Systems, Best, The Netherlands). After scout images in
axial and sagittal planes were acquired, a multislice ransverse spin-echo MRI (TR = 2000 ms;
TE = 30 ms) was obtained. The volume of interest (VOI) for the temporal lobe protocol
(TLP) included part of the body and tail of the hippocampus, as well as portions of gray and
white marter from the mid (Mid) and the posterior (Post) temporal lobe in both the left (Lt)
and night (Rr) hemispheres. The VOI of the extra-temporal lobe protocol (ETLP) included a
large portion of the frontal lobes (Front) and the central area of the panetal lobes (Cent)
bilaterally. The size of the VOIs for TLP (ETLP) spectroscopy was 85-100 (73-100) mm in
the left-right axis, 75-95 (75-105) mm in the antero-posterior axis, and 20 (18-20) mm in
thickness. The size of the individual voxels atter post-processing was approximately 1.2 cm x

1.2cmx 1.8-2cm.

A water-suppressed 'H-MRSI was acquired from the VOI (TR = 2000 ms; TE = 272
ms; FOV = 250 x 250 mm, 32 x 32 phase-encoding steps). This was followed by a 'H-MRSI
without water suppression (TR = 850 ms, TE = 272 ms, FOV = 250 x 250 mm, 16 x 16
phase-encoding steps). Post-processing included zero-filling the water unsuppressed MRSI to
obrain 32x32 profiles, followed by application of mild Gaussian £-space filter and an inverse
2D Founer transformaton to both water suppressed and unsuppressed MRSI. For the ETLP
residual water signal was removed by applying the linear HSVD fiting method*®. For the
TLP the resulting ime domain signal was left shifted and subtracted from itself to improve

water suppression®”. This procedure reduces the amplitude of water and nearby resonances
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and results in relatvely high ratios of NAA/Cr. The same process was performed for specific

group control data (25 for the ETLP and 40 for the TLP).

We divided the 'H-MRSI VOIs into subregions that would best represent the
underlying brain volumes that corresponded to the surface electrode sites. Thus, spectra from
the lateral frontal subregions were related to electrodes F3 and F4; spectra from the lateral
centro-parietal subregions were related to C3 and C4; and spectra from the mid- and posterior-
temporal subregions were related to electrodes T3, T4, T5, and T6 (Fig. 1). Resonance

intensities of NAA and Cr within each subregion were determined using locally developed

software to integrate the areas under the NAA and Cr peaks in each of the individual spectra.

Fig 1. Location of electrodes in relation to volume of interest of 'H-MRSL. R = right:
L =left; F4, F3. C4. C3: T4, T3, T6, TS = electrode positions according to the
International 10-20 system.

Standardization of ' H-MRSI diata

Because of biological varability of NAA levels in different regions of the brain®%27

and because of differences in post-processing methods ¥, we used a ¢-score transformation
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to standardize each of our patients’ NAA/Cr ratos to that of a group of normal control
subjects that underwent similar 'H-MRSI. This allowed us to directly compare NAA/Cr

values across subregions.

For each subregion, standardized values (NAA/Cr.) were calculated for each padent
by: (z) subtractung their NAA/Cr value from the mean NAA/Cr value obtained from the same
region in normal control subjects, and (#) dividing the result by the normal control subjects’

NAA/Cr standard deviation (SD) for that region.

Data Analysis

Concordance of localization between EEG and 'H-MRSI within a subregion was
defined as either: (i) the absence of spiking and the presence of normal NAA/Cr levels (/e
NAA/Cr, less neganve than-2.0); or (7) the presence of both spiking and ot abnormal
NAA/Cr levels (4.e. NAA/Cr. more negaave than -2.0). The overall degree of concordance
for each individual was expressed as the percentage of subregions that showed such

concordance.

Scatter plots were used to illustrate the overall relatonship between spike frequency
data and NAA/Cr, dara (i.e. displaying together the data from all subregtons in order to
increase the sample size). Because the spike frequency data was positvely skewed, we also
examined the relatdonship berween NAA/Cr, values and loganthmically transformed spike
frequency values. Analyzing together all regions from all patents , however, resulted in data
points not being independent from one another because each patent contributed more than
one data point. Thus, Spearman rank-order correlation coefficients (p) were calculated for

these data, but only for descriptive purposes. Pearson product-moment correlations (r) were
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. also calculated for the relationships between the logarithmically transformed spiking frequency

data and the NAA/Cr, values but, again, only for descripuve purposes. Similar analyses were

also performed within each subregion
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Table 1: Patients’ demographic and clinical data

Patient/ Sex/ Epilepsy  MRlhippocampal
Age ¥ volunmetry

1/9/13 Rt frontal FCD
2/m/18 FLE Normal
3/m/ V7 FLE Nonmal
4/1/19 FLE Normal
5/m/30 FLE Bilateral HA
6/f/45 TLE Normmal
7/€/19 NE Rt HA
8/1/39 MNE Nomual
9/1/17 TLE Bilateral HA
10/m/ 34 NnE 11 HA
11/m/ 35 TE Normal
12/m/ 38 TLE L1 HA and Rt PNH
13/0/23 MNE Nommal
14/{/40 1E Bi

-581 000
140 000
053 000
846 000
-1.1I8 000
|33 000
434 020
582 410
25 000
-1 65820
-381 190
007 Q70

070 000
23 040
-1.59 040
049 000
204 050

* 0.00
092 000
251 010
-1.37 000
-1.00 030
174 020
-142 000
277000

NAA/Cr, values and interictal spike frequency ai corresponding scalp electrodes

010

-1.4

<175 000
254 29
040 000
-l 050
023 000
095 000
-1.23 090
081 10
025 000
0388 L4
0.16 ol10

2133 000

0.55
036 000
-1.07 130
-1.78  0.00
05 000
185 0
* 0.00
099 000
-1.59 000
-1.67  0.00
-235 000
009 000
041 000
237000

-LlI6 000 88%
-1.32 1020 15%
095 000 0%
054 000 63%

. 0.00 0%
063 000 75%
034 000 5%
051 000 5%

f=female; m=male; NAA/Cr,=NAA/Cr values standardized to normal control values in the homologous subregion # Based on ILAE syndromic classification -
1989 *’! Bolding indicates abnormally low NAA/CT, values or presence of spiking FCD-Focal cortical dysplasia; HA-Hippocampal atrophy,
PNH=Periventricular nodular heterotopia *=Artifactual spectra; + % of subregions that showed concordance between spiking and NAA/Cr, values
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RESULTS
The mean duraton of the analyzed EEG samples for the 14 patients was 15.1 hours
(hrs) (range = 4.3-19.5 hrs) and the mean interictal spike frequency at the most active electrode
was 13.4 / hr (range = 0-65.2 / hr). Two patents (5 and 7) had no interictal spiking and a
small number of 'H-MRSI spectra were arafactual in two padents (1 and 7). Our padents'

demographic, clinical, spike frequency, and 'H-MRSI data are summanzed in Table 1.
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Fig. 2: Scatter plots illustrating: (A) the overall relationship between spike frequency
and NAA/Crz values plotted using a linear y-axis scale: (B) same as (A) but witha 0.2
power-transformed y-axis scale: (C) overall relationship between logarithmically
transformed spike frequency and NAA/Crz values with the NAA/Crz outlier (broken
line) and without the NAA/Crz outlier (solid line); (D) relationship between
logarithmically transformed spike frequency and NAA/Crz values plotted separately
for each subregion. The broken vertical line represents the NAA/Crz normalcy cut-off
point of -2.0. The shape and fill of the data points reflect the location at which they
were acquired. NAA/Crz = N-acetyl-aspartate/Creatine-z-scores; see text for
abbreviations in the legend.

Fig. 2-A illustrates the overall negative relationship berween spike frequency data and
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their NAA/Cr. data (p = -.341; n = 108). Fig. 2-B presents this exact same data but with the
v-axis rescaled using a power of 0.2 in order to better illustrate the distribution of the individual
data points. When data from the 8 electrode positions were considered together across the 14
patents, spiking was present in 40 instances and absent in 72. When data from the 8 'H-MRSI
subregions were considered together across the 14 patents, abnormal NAA/Cr, values (v.e.
more negatve than -Z.0) were found in 35 subregions and normal values in 73 subregions: (Z)
abnormal NAA/Cr, and non-spiking was found in 16 subregions overall; () abnormal
NAA/Cr, values and spiking was found in 19; (#) normal NAA/Cr, and spiking was found in
21; and (/») normal NAA/Cr; and no spiking was found in 52. Within individuals, 2 mean of
66%o (range = 33 - 88°9) of the sites showed concordance between the presence of spiking and

the abnormality of the NAA/Cr, value in that locanon (Table 1).

As shown in Fig. 2-C, when the spike frequency data were logarithmically transtformed
(leaving only the 40 subregions with non-zero frequencies) this negatve reladonship became
slightly stronger (p = -.442; r = -.338). When the one extremely low NAA/Cr, value outlier

was removed from this analysis, this negatve relatonship sall remained (p = -.456; r = -.499).

Table 2: Results of Spearman rank order (rho) and Pearson product moment
correlation (r) for individual subregions

Electrode/ n of rho r

subregion | subregions
T3/ Lt-Mid 7 -0.250 | -0.369
T4 / Rt-Mid 6 0.029 | 0.160
TS / Lt-Post 6 -0.429 ! -0.505
T6 / Rt-Post 3 -0.500 | -0.233
F3 / Lt-Front] 7 0.519 | -0.388
F4/Rt-Fron§ 7 20270 | 0.270
C4 / Rt-Cent 3 1.000 | 0961

/ ] 17 . ' -

n.a. = not applicable
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As shown in Fig. 2-D and Table 2, for the most part, this negatve relatonship
between NAA /Cr, values and spike frequency remained even when we considered dara from
the 8 sites separately. It should be noted that: (i) the posiuve relationship at T4/Rt-Mid was
due mostly to the one individual who had a normal NAA/Cr, value but a very high spiking
frequency; and (iZ) the positive relationship at C4/Rt-Cent was associated with very little

variability in NAA/Cr, data.

DISCUSSION
The present study attempted to investigate the relationship between the spike
frequency on surface EEG and the magnitude of the decrease in NAA/Cr as measured by 'H-
MRSI in padents with intractable partial epilepsv. We addressed this specific queston, because
we hypothesized that enhanced epileptc activity and more severe neuronal metabolic damage
or dysfuncton of epileptc areas should change in parallel. Our results suggest some

correlaton in the overall analysis. This holds true tor most of the subregions.

The focal interictal spike represents the fundamental hallmark of partial epilepsy and
its experimental neuronal correlate in intracellular recording is the paroxysmal depolarizaton
shift %31, The detection of an interictal epileptiform discharge on surface EEG requires the
synchronous firing of a large number of neurons within at least 6 cm? of cortcal dssue %23,
Quandfication of surface spikes has been used for lateralizadon of the epileptogenic zone in
temporal lobe epilepsy patients during presurgical evaluation®%5. Looking specifically at the
frequency of intenictal spiking on surface EEG, Gotman ¢/ a/. 19519 have shown that this can be
influenced by seizure acuvity. Yet, the pathophysiological significance of this measure in

epilepsy has not been investigated.



In 'H-MR spectroscopy, the amino acid NAA is well accepted as a marker of cerebral
neuronal integrity™’. NAA decrease can be detected in various neurological diseases with
neuronal damage!+%13:277 and there seems to be a correlation between NAA decrease and
clinical impairment in some diseases®*¢#7. In partial epilepsy, one study reports that seizure
frequency correlates with the degree of NAA decrease™. In a recent article investigating 82
patents with TLE, Tasch « 4/ found that NAA/Cr was negatvely correlated with the duranon
of epilepsy and the number of generalized tonic-clonic seizures™. The only experimental
study, which addressed a similar question to ours by companng increased electrical brain
acuvity and metabolic changes, using phosphorus (*'P)-spectroscopy in the penicillin epilepsy
model in rats, was reported by McLachlan e/ /. *. These authors found no differences in pH,
phosphocreatine or adenosine-triphosphate levels between areas of actve spiking, induced by
topical application of penicillin, and the contralateral unaffected hemisphere or control
animals. In contrast to our approach, spectroscopic measurements in this animal study were
performed after a maximum of 60 min of continuous focal spiking and more importandy, this
study used 'P-spectroscopy, thus detecing metabolites different from those observed by 'H-
MRS. Therefore, it remains unclear, if or how neuronal metabolic dysfuncnon or damage as

detected by in vivo spectroscopic methods pathophyiologically relates to epilepuc acavity.

Our study comprised only nonlesional cases except for two patients. [n one patient, a
focal cortical dysplasia of the frontal lobe was partly included. In the other padent, a
periventricular nodular heterotopia was outside both the temporal and the frontal VOL
Therefore, NA\ changes due to the underlying pathology as reported in cortical

developmental malformations'®! can be ruled out.

Although the 'H-MRSI in our study did not provide coverage of the entire brain, we
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believe our method is a reasonable approach because in all patients most active electrodes were
assigned to corresponding brain regions in the 'H-MRSI. Furthermore, metabolic
abnormalities of epileptic foci are known to be more widespread than structural changes
demonstrated by conventonal MRI'”>. Similarly, although the VOI predominanty included
white matter as opposed to epileptic cortex, the white matter projections from epileptc cortex
are very sensitive to abnormalites in TLE'7. Further support for our approach is given by the
considerable spatial overlap of the two measures in our patients as also found in other

292

studies'"2. Finally, as already noted, interictal spikes detected on surface EEG must involve

a considerable amount of cerebral assue 283,

In our study, we tried to rule out any sleep-induced increase in spiking between
padents by sampling over the same period of ume in each padent %}, and to minimize seizure-

induced changes by appropriate choice of sample periods!#31%.

'H-MRSI 1n all patents was performed either before or after prolonged video-EEG
monitoning. We believe that N.A.A measurements remain constant during such a short period
of ume, since Cendes ¢f 4/ observed no significant NAA/Cr differences between the ictal,

interctal, and postctal states™.

In conclusion, our results indicate that spike frequency on surface EEG tends to be
higher in regions of pronounced neuronal metabolic damage or dysfunction. However, we
also found decreases in NAA in non-spiking areas. Itis possible that there may have been
spiking in these regions, which was not visible from the surface EEG. It appears therefore
that spikes and NAA decreases often coincide spataily and vary together in intensity possibly
reflecting the seventy of the epileptogenic process. We believe it is the first tme that spiking

frequency can be related to a measure of neuronal dysfunction.
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CHAPTER Il

Clinical relevance of new types of MR-based techniques

There is a small percentage of patients with partial epilepsy referred for pre-surgical
evaluation in which no visible lesion is detected on MRI. This group of ‘MR-negative’
patents represents a major problem in defining the epileptogenic area for surgical resection.
Searching for alternatve imaging methods, we investigated the clinical usefulness of

magnetizadon transfer in epilepsy.

MRVol and temporal lobe 'H-MRSI have proven to be useful in the lateralizaton of
seizures. We sought alternanve, more sophistcated, mathemadcal analyses of these MR data
sets. Linear discriminant analyses were applied in order to predict video-EEG lateralizaton
and to discriminate TLE from extra-TLE. These analyses test multvanate differences among
groups and explore which vanables alone and in combination are most useful for

discriminating among groups, and which groups are most alike and most different.

TH-MRSI is very sensiave to neuronal metabolic dysfunction and useful in
lateralizadon of TLE, however, the prognosuc value of this technique 1s unknown. We
investigated this issue by analyzing 'H-MRSI results and surgical outcome in a group of

patents with bilateral hippocampal atrophy and TLE.
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Paper 4: Magnetization transfer contrast in the lateralization of temporal
lobe epilepsy.

Li LM, Narayanan S, Pike B, Andermann F, Dubeau F, Arnold DL.
Submitted.
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SUMMARY
Background: A preliminary report of magnetization transfer ratio (MTR)
measurement in three patients with temporal lobe epilepsy (TLE) and two controls has shown

promusing results.

Objective: To assess the clinical use of magnetzaton transfer rado (MTR) for

lateralizing patents with refractory temporal lobe epilepsy (TLE).

Padents/Methods: We compared the MTRs of amygdalae and hippocampi in 10

patents with unilateral TLE versus 10 normal control subjects.

Results: Three out of 10 patients had MTR values two standard deviation below the
normal mean, and in only one of the three was the M TR abnormality concordant with electro-

clinical lateralizadon.

Conclusion: MTR of amygdalae and hippocampi are not useful for the lateralizaton

of TLE.
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INTRODUCTION

MR imaging of brain produces images that reflect the distribution of water among
various chemical environments. Hydrogen nuclei associated with various semi-solid (macro-
molecular) components have extremely short T2s (<~ 100 us) and are not directly detectable
with MRI since minimum echo tmes on clinical scanners are typically 2-orders of magnirude
longer. However, interaction between semi-solid and bulk water protons results in a
conunuous exchange of magneuzation, referred to as cross-relaxadon or magneazation
ransfer!®:1%9 Magnenzaton transfer (MT) imaging detects this exchange by selectively
saturating the semi-solid magnetization pool, and measuring the resulting decrease in the bulk
water signal due to mransfer of this saturadon in regions undergoing exchange!*-**. The
biological meaning of magnetizauon transfer is stll unclear, though abnormal MTR has been
shown to correlate with low NAA in some other pathologies'’>. A preliminary report of MT
measurement in three patients with temporal lobe epilepsy (TLE) and two controls has shown
promusing results®. We further investigated whether MT measurement could be of clinical

udlity in lateralizing patients with refractory TLE.

PATIENTS AND METHODS
Subjects

We selected 10 consecutive patents (7 women, mean age = 38 years, range 26 to 54)
with unilateral non-foreign tssue lesional TLE referred for pre-surgical evaluadon. The side of
seizure ongin was defined after comprehensive work-up, including prolonged video

monitorng for seizure recording. Controls were mainly composed of research staff (7 men,
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mean age = 32 years, range 19 to 51). All were in good health and none were taking any
medication at the moment of scanning. There was no significant difference in age berween

patents and controls (t test, p=0.18)

MT acquisition and data analysis

MT imaging was acquired using a Philips Gyroscan ACS-III with a field strength of
1.5T. Fifty slices (3mm) T1-weighted and MT images was obtained using a pair of gradient
echo acquisitions, without (No Saturation) and with (Saturaton) MT saturadon pulses
respectively, using a TR= 1000 ms TE = 20ms. Semu-solid spin saturation was achieved using
1.2ms on ~resonance | 2| binomual pulses (| Bi] = 19 uT) placed just prior to each slice
selective excitation. Percentage difference (100 x [No Sat —Sat|/No Sat) MT images were

calculated after thresholding above the noise background.

Amygdalae and hippocampi were outlined on 1-mm thick contguous T1 weighted

images using a previously described protocol®-".

After registraton of the MT images with the | mm T1 image volume™, mean MT

values for the outlined structures were computed using locally developed software.

MTR values below 2 standard deviation from the normal mean were considered

abnormal. )

RESULTS
Clinical informaton and MT ratios are shown in the Table. Volumetnic measurements
of amygdalae and hippocampi showed abnormal values in seven of 10 patents and these were

concordant to the side of setzure origin. MT ratios in controls were very symmetrical and had



a relanve narrow varation for amygdalae and hippocampi (see Table). MT ratios were more
than 2SD below normal mean in three patients (Table: patients 1, 8 and 10), and were

concordant to electro-clinical diagnosis in patient 1 only.

DISCUSSION

The results indicate that MT ratio measurements in amygdalae and hippocampi are not
useful in the lateralizaton of temporal lobe epilepsy. We do not believe that the low sensitivity
observed could be due to the MT acquisition and processing, because it is currently in use for
studying muluple sclerosis with good results. The coefficient of variaton in our control for
hippocampus was larger than reported previously?, which is not surpnsing in view of the very
small sample size in that report. Even if we considered a 5%o difference to be abnormal for
hippocampus, we would have detected only one more patent (Table: pt. 6) with abnormal MT

rario.

The reasons why MTR was not low in cases with severely abnormal hippocampus are
not clear. It could be that while in hippocampal sclerosis there is neuronal loss with
astrogliosis causing volume decrease, the relauve cell density in the outlined MR imaging ROI
might not change enough to cause a significant drop in MT rago. Although MTR is very
sensitive to white matter lesion of multiple sclerosis, in epileptc lesion this appeared not to be

the case, which might reflect different underlying pathophysiological mechanism of neuronal

vs. axonal damage.
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Table: Summary of clinical information, MTR and volumetric data

Sideof Age Amygdalae Hippocampi Volumes (L-R)/(L+R)
Subjects  seizures (years) sex Left Right (L-R)/(L+R) Left Right (L-R}(L+R) Amygdalae Hippocampi
TLE-1 Left 45 f 2242 2518 0.08 26.07 2543 0.01 -0.02 -0.03
TLE-2 Left 38 m 2897 2834 0.01 2844 2734 0.02 -0.03 0.21
TLE-3 Left 38 f 27.04 2853 -0.03 2573 2546 001 -0.06 -0.07
TLE-4 Left 40 f 2832 2693 0.03 28.13 26.88 0.02 0.10 0.27
TLE-S Left 54 f 28.70 2762 0.02 2603 26.53 -0.01 0.19 0.11
TLE-8 Left 26 m 27.09 27.17 0.00 2466 2661 -0.04 0.01 0.09
TLE-7 Right 41 m 30.41 2832 0.04 2728 26.76 0.01 0.03 -0.02
TLE-8 Right 39 f 21.24 1848 0.07 19.29 21.21 -0.08 -0.0% 0.17
TLE-9 Right 34 f 26.29 28.04 -0.03 27.23 2757 -0.01 -0.03 0.10
TLE-10 _Right 28 f 23.99 2482 -0.02 2230 2165 0.01 -0.02 0.00
Control-1 - 25 m 28.24 26.96 0.02 2698 2743 -0.01 0.00 -0.04
Control-2 - 34 m 29.5v 29.02 0.01 2916 28.15 0.02 -0.03 -0.03
Control-3 - 35 m 28.31 3056 -0.04 28.22 30.38 -0.04 -0.05 -0.01
Controi-4 - 25 m 2894 2571 0.06 28.03 2756 0.01 -0.05 -0.05
Control-5 - 46 m 27.31 28.12 -0.01 2548 2564 0.00 -0.04 -0.04
Control-6 - 19 m 28.39 26.58 0.03 2533 261 -0.02 -0.01 -0.04
Control-7 - 51 f 2572 2410 0.03 2391 2210 0.04 -0.04 0.01
Control-8 - 34 f 2783 2531 0.05 2538 2461 0.02 -0.01 -0.01
Control-9 - 23 f 2595 26.76 -0.02 2451 2271 0.04 -0.01 -0.01
Control-10 - 34 m 27.23 2498 0.04 2345 2263 0.02 0.00 0.00
Mean (control) 27.74 26.81 0.02 26.04 2573 0.01 -0.03 -0.02
SD (control) 1.22 1.97 0.03 1.95 273 0.02 0.02 0.02
Mean - 2SD (control) 2531 2287 -0.05 2215 20.28 -0.04 -0.06 -0.06
Mean + 25D (control) 30.18 30.75 0.08 2994 3119 0.05 0.01 0.02

Highlighted numbers are below 2 SD from the mean of conltrols
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Paper 5: Lateralization of temporal lobe epilepsy (TLE) and discrimination
of TLE from extra-TLE using pattern recognition on MR spectroscopic and
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SUMMARY
Background: The results obtained with both MR volumetric (MRVol) and proton
MR spectroscopic imaging (*H-MRSI) for the lateralization of patients with temporal lobe

epilepsy (TLE) are consistent with results derived from prolonged video-EEG monitoring.

Objective: We examined whether or not pattern analysis of MR volumetric (MRVol)
and proton MR spectroscopic imaging (*H-MRSI) data would enable (i) the accurate
lateralization of temporal lobe epilepsy (TLE) and (#) the discnminaton of TLE from extra-

temporal epilepsy (E-TLE).

Padents and Methods: For the lateralizution analysis we used data from 150 non

foreign dssue lesional TLE padents [88 left-sided (L-TLE), 46 right-sided (R-TLE), and 16
bilateral (Bi-TLE)|. For the discrimination of TLE from E-TLE we used data from 174 pagents
(145 with unilateral TLE, 14 with unilateral E-TLE, and 15 with widespread epileptogenic
zones involving both the TL and extra-TL regions — mulalobar epilepsy (Mula-L)|. A sedes of
‘leave-one-out’ cross-validated linear discriminant analyses were performed using the MRVol

and 'H-MRSI data sets in order to lateralize TLE and discriminate it from E-TLE.

Results: Lateralization: the ‘leave-one-out’ linear disciminant analyses were able to
correctly lateralize (with a posteror probability > 0.50) 120 of the 134 (90%0) L- and R-TLE
padents. Imposing higher posterior probability (> 0.95) increased accuracy of lateralizaton to
98°%6, with only two discordant cases who underwent surgery on the side of EEG and both
had bad outcome. Discrimination: the ‘leave-one-out’ linear discniminant analyses were able to
correctly classify (with a posterior probability > 0.50) 142 of the 159 (89°0) TLE and E-TLE

patents. Accuracy increased slightly as higher posterior probability cut-offs were imposed,
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with fewer patients being classified.

Conclusion: e have shown that pattern analysis of 'H-MRSI and MRVl data can
accurately lateralize TLE. Discriminating TLE from E-TLE was less accurate, probably due to

presence of temporal lobe damage in some patents with E-TLE reflecting dual pathology.
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INTRODUCTION

In the general population of developed countnes, approximately 50 to 75 individuals
out of every 100,000 experience non-provoked recurrent seizures every vear *3 Current ant-
epileptc drugs can control seizures in only 80°% of individuals with epilepsy. Surgical
treatment is an effective therapeutic opton for those individuals who have medically-
intractable epilepsy, especially those with well-localized temporal lobe epilepsy (TLE). Itis
important to note, however, that the success of surgical treatment in controlling an individual’s
seizures depends largely on the accurate localization, and subsequent resection, of the

epileptogenic area®6%Y, U nfortunately, in most cases, this ts not easily determined.

At the present ame, results from an individual’s clinical and neurophysiological
examinations which are both interpretable and congruent are regarded as the ‘gold standard’
for localizing the cpileptogenic area. This usually involves a combinaton of video-monitoning
and electroencephalographic (EEG) recording that is generally performed in a hospital setting:
often for a prolonged period of time and under the reduction of medicadon. The duradon of
such video-EEG monitoring is dictated by the number of recorded seizures required for an
unequivocal diagnosis. Furthermore, in some patents with no clear localization or
lateralization of the epileptogenic area, an invasive neurophysiological approach is required for
turther clanficatdon. This is often the case in those patents who are either diagnosed with
bilateral TLE or who have shown conflicting clinical- and EEG-localizing features.
Unfortunately, such a procedure increases the overall sk, cost, and complexity of the

investigation.
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Magnenc resonance (MR) imaging can often reveal underlying epileptogenic lesions in
many patients with refractory epilepsy * and, thus, is continuing to play a more important role
in the pre-surgical evaluation of such individuals. Moreover, the clinical udlity of MR imaging
in localizing individuals’ epileptogenic lesions increases as other pre- and post-processing
techniques such as FLAIR #-¥2, volumetric measurement #+#52952% and T relaxometry !
are used. For example, MR volumetnic (MRVol) analyses have been shown to possess high
sensitvity in detecting hippocampal sclerosis 3711329728 the most common underlying

pathology seen in surgical specimens removed from operated-TLE patgents®*>”,

Proton MR spectroscopic imaging ("H-MRSI) is another technique that is increasingly
being used in the clinical study of epilepsy. 'H-MRSI allows tor the non-invasive, i riro
quandfication of certain metabolites that are visible in the 'H spectrum. The most intense
signal which is visible in 'H-MRSI of brain tissue anses from N-acetyl groups — mostly from
the N-acetyl-aspartate (NAL\) 2. NA\ has been demonstrated to be found exclusivelv in
neurons and neuronal processes of mature brain '*%3¥7 and, thus, areas of decreased NAA
signal intensity have been interpreted as reflecting either neuronal loss or dvsfuncton 247,
Creanne and phosphocreatne (Cr) are also readily visible in 'H-MRSI of the brain. Cerebral
Cr is stable or undergoes only minor changes in patents with epilepsy and, thus, assue Cr
intensity has been used as an internal standard against which to compare the relanve changes
in NAA intensity!57-16L177 TH-MRSI studies in our lab, as well as in those of other researchers,
have found reduced NAA/Cr in the temporal lobes of pagents with refractory TLE.
Importandy, the maximum reduction in NAA/Cr is often lateralized to the side of seizure

ongin as defined by prolonged video-EEG monitoring! 151 1151017417678,

An approprate combination of these MRVol and 'H-MRSI techniques should allow
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us to non-invasively acquire structural and metabolic measurements of temporal lobe
structures in a quick, safe, and repeatable manner. Indeed, the results of such MRVol and 'H-
MRSI studies have already been shown to be highly concordant with the results of prolonged
video-EEG recordings in patents with TLE ''5!!¢, In the present study, we examined whether
or not pattern analysis of MRVol and 'H-MRSI data would allow us to: (7) provide accurate
lateralizations in patents with either lefr, rght, or bilateral TLE; and/or () provide accurate

discriminaton between padents with either TLE, extra-TLE, or mulalobar epilepsy.

PATIENTS AND METHODS

Subjects

Padents with medically refractory epilepsv were recruited from the Epilepsy Service of
the Montreal Neurological Institute and Hospital duning their pre-surgical investagation. In
order to define the epileptogenic area in each paaent, prolonged video-EEG monitoring was
performed using an Internatonal 10-20 System electrode placement, with additonal electrodes
if required. Classification of patients’ epileptc svndromes was based on the system proposed
by the [nternatonal League Against Epilepsy in 1989 *7!. Seizure lateralization was defined as
follows: predominately left or predominantly nght when > 70% of recorded seizures were
from that side; or bilateral when < 70% of recorded seizures were from any one side. We
chose this lateralizadon cut-off of > 70% to reflect the fact that pauents who have > 70%0 of
seizures ansing from one side often have good surgical results following resecton of ussue

from that side 9,

Data from 150 non-foreign ussue lesional TLE padents were included in the
lateralization analysis: 86 females and 64 males ranging berween 12 and 64 years of age (mean

age = 35 years). These 150 patents were divided into three groups: (/) 88 with predominanty
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left-sided seizure onset (L-TLE); (#) 46 with predominantdy right-sided seizure onset (R-TLE);
and (i) 16 with bilateral seizure onset (Bi-TLE). None of these pauents showed evidence of

foreign nssue lesions.

Data from 174 lesional and non-lesional patents with localization-related epilepsy were
included in the discnminaton of TLE from extra-TLE. (E-TLE) analysis: 97 females and 77
males ranging berween 12 and 6+ years of age (mean age = 35 vears). These 174 patents were
divided into three groups: (z) 145 with unilateral TLE (TLE); /%) 14 with urulateral extra-TLE
(E-TLE); and (7iz) 15 with widespread mulnlobar epilepsy involving either only extra-temporal-
lobe regions or both temporal-lobe and extra-temporal-lobe regions (Mula-L). Of the 145
TLE pauents, 11 (7%0) had foreign tssue lesions in their temporal lobes that were visible on
MRI: 6 with cortical developmental malformatons, 3 with vascular malformaton, and 2 with
tumors. Of the 14 E-TLE pauents, 8 (57°0) had lesions outside their temporal lobe that were
visible on MRI: 6 had cortcal developmental malformations and 2 had a focal arrophy. Of the
15 Muld-L patents, 3 (20° o) had lesions outside their temporal lobe which were visible on
MRI: 1 had cortical developmental malformaton and 2 had bilateral posterior quadrant

atrophy.

MRVol acquisition and data analysis

MRVol studies were performed using a Philips ACS II or I1I combined imaging and
spectroscopy system (1.5 T, Philips Medical Systems, Best, The Netherlands). Because of
changes in clinical practice at our insttute, two MRVl protocols were used over the course of
this study. Initially, we used 3-mm thick, contguous slices which were perpendicular to the
plane of the Sylvian fissure and which were acquired with a three-dimensional fast-field echo

or inversion recovery sequence. Subsequently, we used global MR images obtained with an
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interpulse delay (TR) of 18 ms, a spin-echo refocusing ime (TE) of 10 ms, a 30" angle, and 1
mm isotropic voxels. The MRI data were exported to a SunSparc workstadon and the
volumes of the left and nght amygdaloid and hippocampal formations were calculated using
locally-developed software and the anatomical protocol developed by Watson and colleagues
. For each individual, left-right asymmetry indices were computed separately for the

amygdaloid and the hippocampal formatons (asy = left-night/{(left+rght)/2]).

Each individual parent’s six MRV ol values were compared to those obtained similarly
in a group [mean (standard deviagon)] of healthy normal control subjects [# =30 for the first
protocol, amygdaloid volume: left = 2812.33 mm? (255.23), nght = 2843.95 mm’* (265.54),
left-ight asymmetry = -0.01 (0.04); hippocampal volume: left = 4563.6 mm® (257.9), nght =
4670.76 mm? (275.26), left-right asymmetry = -0.02 (0.02); # = 22 for the second protocol,
amygdaloid volume: left = 2452.87 mm? (150.76), right = 2483.92 mm’ (146.39), left-right
asymmetry = -0.01 (0.04); hippocampal volume: left = 4014.48 mm?* (163.03), night = 4040.62

mm?® (182.35), left-nght asymmetry = -0.01 (0.02)].
!H-MRSI acquisition and data analysis

'H-MRSI studies were performed using the same Philips ACS II or [II combined
imaging and spectroscopy system (1.5 T, Philips Medical Systems, Best, The Netherlands) as
for the MRVol. Scout images were obtained in the axial and sagittal planes. These were
followed by the acquisition of a mula-slice transverse spin-echo MRI using a TR of 2000 ms
and a TE of 30 ms. The temporal lobe 'H-MRSI volume of interest (VOI) included part of
the head, body, and tail of the left and nght hippocampi, as well as portions of gray and white
matter in the mid and posterior portions of the temporal lobes. The size of this VOI was

approximately 85-100 mm in the left-nght axts, 75-95 mm in the antero-postedor axis, and 20



mm in thickness. After post-processing, individual voxels within the VOI were approximately

12 mm x 12 mm x 20 mm in size.

A water-suppressed 'H-MRSI was acquired from the VOI [TR = 2000 ms, TE = 272
ms, 250 x 250 mm field of view (FOV), and 32 x 32 phase-encoding steps], followed by a 'H-
MRSI without water suppression (TR = 850 ms, TE = 272 ms, 250 x 250 mm FOV', and 16 x
16 phase-encoding steps). Post-processing included zero-filling the non-water-suppressed 'H-
MRSI to obtain 32 x 32 profiles, followed by applicaton of a mild Gaussian £-space filter and
an inverse 2D Fourier transformation to both water-suppressed and non-suppressed 'H-MRSI
scans. The resulung ume domain signal was left-shifted and subtracted from itself to improve

watet su ssion Y
ppression ¥,

'H-MRSI spectra were excluded from the analyses if they were arufacrually broadened
(4e. full width at half maximum >10 Hz). For each subject, locally-developed software was
used to calculate the average NAA/Cr values for the mid and posterior regions of interest
(ROI) in both the left and right medial temporal lobes. The mid temporal ROl included assue
from the head and body of the hippocampus, whereas the posterior temporal ROI included
tissue from the tail of the hippocampus. Both ROls also included surrounding portons of
gray and white matter. All 'H-MRSI analyses were done “blind” as to the side of the seizure
focus. For each individual, left-tight asvmmerry indices were computed separatelv for the mid

and the post ROIs (asv = left-right/[(left+rght)/2}).

Two raters (LML and FC) analyzed the 'H-MRSI, and each individual padent’s six 'H-
MRSI-NAA/Cr values were compared to those obtained similarly in a group of healthy
normal control subjects [LML control group values, # = 40, mid temporal: left = 4.13 (0.17),

nght = 4.16 (0.16), left-right asymmetry = -0.01 (0.03); posterior temporal: left = 4.33 (0.21),
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nght = 4.38 (0.21), left-right asymmetry = -0.01 (0.04); FC control group values, » = 21 for
other group control, mid temporal: left = 4.17 (0.25), right = 4.26 (0.22), left-right asymmetry
= -0.02 (0.03), postenior temporal: left = 4.54 (0.23), right = 4.57 (0.21), left-nght asymmetry =

-0.01 (0.03)].

Statistical analyses

All staustcal analyses were performed using SYSTAT 7.01 for Windows.

STANDARDIZED SCORES

In order to directy compare the findings across the two tvpes of MR imaging
techniques (MRVol and 'H-MRSI) and berween the two MR Vol protocols (3 mm and 1 mm),
cach of the padents’ six 'H-MRSI and six MRVol measures were converted into z-scores
relaave to the approprate normal control group. Thus, for any MR measure, a patent’s score
represents the difference of that padent’s MR value from the mean value of the approprate
normal controls on that measure; this difference in means was expressed in units of the

approprate normal control group’s standard deviauon on that measure.

GROUFP DIFFERENCES
One-way muldvanate analysis of vanance (MANOV \) was used to determune if the
groups differed in their pattern across the twelve MR values. Subsequent one-way univanate
analyses of vanance (ANOVA) followed by Tukey’s HSD post hoc pairwise comparisons were
used in order to determine which groups differed from which on the vanious individual MR-

based measures. For these analyses, differences were assumed to be significant with p < 0.05.

CLASSIFICATION OF INDIVIDUAL PATIENTS

A sedes of cross-validated linear disciminant analyses were performed in order to
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classify: (i) patients with L- vs. R-TLE; (%) patients with L-, vs. R-, vs. Bi-TLE; () patients with
TLE vs. E-TLE; and (i») patents with TLE vs. E-TLE vs. Mult-L. A sedes of leave-one-out’
linear discriminant analyses based on the patents’ profiles across the 12 MR values was used in
the two-group classificadons [ie (z) L- vs. R-TLE and (i) TLE vs. E-TLE]. A slightly different
two-step process was used for the three-group classifications [ie. () L- vs. R- vs. Bi-TLE and
(iv) TLE vs. E-TLE vs. Mult-L]. For example, for the L- vs. R- vs. Bi-TLE classifications, the
set of linear discnminant functons based on the 12 MR features that best separated the L- and
R-TLE padents were also applied to the Bi-TLE patents. Each L-, R-, and Bi-TLE padents’
resulting pair of Mahalanobis distances were then used in a ‘leave-one-out’ linear discriminant
analysis approach in order to classify the patents as having L-, R-, or Bi-TLE. An analogous

procedure was used to discriminate between padents with TLE, E-TLE, and Mula-L.

For the two sets of lateralizaton analyses [se. (7) L- vs. R-TLE and i} L- vs. R- vs. Bi-
TLE], each individual’s data were categonzed as ansing from either their left or their right
hemisphere. On the other hand, for the two sets of differennal diagnosis analyses [i.e. (i) TLE
vs. E-TLE and (i) TLE vs. E-TLE vs. Mulu-L|, each individual’s data were expressed in terms
of ansing from either the hemisphere ipsilateral or contralateral to the side of their

epileptogenic disturbance.

The posterior probability associated with each classification indicated its degree of
prediction strength and Cohen’s Kappa statistic was used to evaluate the degree of agreement
between each set of predicted classifications and the actual results from the panents’ prolonged
video-EEG recordings (Kappa < 0.4 = poor agreement, 0.4 < Kappa < 0.6 = fair, 0.6 <

Kappa <0.75 = good, 0.75 < Kappa < 0.90 = strong, Kappa > 0.90 = very strong).



Graphical Representation

GROUP DIFFERENCES

Box-and-whiskers plots superimposed with dot plots were used to show the range and
central tendencies of the patent groups’ standardized MR data. In these plots, the horizontal
lines within the boxes mark the median value of the group and the edges of the boxes, called
hinges, mark the first and third quardles: the central 50°0 of the group data falls within the
range of the box. The whiskers are the lines which extend vertically from the boxes and show
the range of the values that fall within 1.5 spreads of the hinges. Qutliers are plotted with
asterisks and far outliers are marked with open circles. The dot plots show the individual data

points in order to better illustrate the distnbution of the dara.

CLASSIFICATION OF INDIVIDUAL PATIENTS

Line plots were used to show the results of the leave-one-out linear disciminant

analyses as a function of increasing level of associated posterior probability.

RESULTS

Lateralization

MANOVA found a significant difference among the L-, R-, and Bi-TLE groups’
profiles across the 12 MR-based features (Wilk’s A = 0.292, Fa4 =3 = 79.655, p < 0.001).
Subsequent ANOV As found significant differences on 11 of the 12 MR measures. These

findings are summarized in Figure 1.
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Figure l1a: Box-and-whiskers plots of '"H-MRSI for Bi- (n=16) , L- (n=88)
and R-(n=46) TLE. Results of one-way ANOVA (2, 147), and Tukey’s HSD
post hoc pairwise comparisons are displayed assuming significance when p<

.05.
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Figure 1b: Box-and-whiskers plots of MRVol for Bi- (n=16), L- (n=88) and
R-(n=46) TLE. Results of one-way ANOVA (2, 147), and Tukey’s HSD
post hoc pairwise comparisons are displayed assuming significance when p<
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[n the two-group linear discriminant analyses, 120 of the 134 patents (90° o) were
. classified in agreement with the results of their video-EEG recording with a posterior
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probability > 0.50: 78 of the 88 L-TLE (89%) and 42 of the 46 R-TLE patients (91°0). This
agreement increased as higher posterior probability cut-offs were imposed (see Figure 2a and
Table 1), imposing a posterior probability of 0.95 we were able to accurately classify 980 of
the patents, with only two patents with discordant classification. Importantly, these two
padents underwent surgery on the side of EEG lateralization and had bad outcome. In the
three-group linear discriminant analyses, 117 of the 150 panents (78%0) were classified in
agreement with the results of their video-EEG recording with a posterior probability > 0.33:
72 of the 88 L-TLE (82%a), 39 of the 46 R-TLE patents (84° 0}, and 6 of the 16 Bi-TLE
padents (37°0). gain, agreement increased as higher posterior probability cut-offs were
imposed; this ume however, fewer pagents were capable of being classified (see Figure 2b and

Table 2).

Figure 2: ‘Leave-one-out’ linear discriminant functions show a strong
predictive value in lateralizing patients with temporal lobe epilepsy

2a; L-TLE vs. R-TLE 2b: L-TLE vs. R-TLE vs. Bi-TLE
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Table 1: ‘Leave-one-out’ discriminant analyses of 'H-MRSI and MR Vol profiles in L- and R-TLE patients provide very strong
predictions of TLE lateralization based on prolonged video-EEG monitoring

Postevior L-TLE Predicted R-TLE Predicted Classified Cohen's

Prnbahilitx L-TLE R-TLE L-TLE R-TLE (‘!gsiﬁed Correc! E ppa 3reemeg}
>{).50 8 4 [11] 42 134 (100%) 120(90%) .69 good
>0.55 78 4 8 41 131 (98%) 119 (91%) 0.77 wery good
(.60 78 4 6 40 128 (96%) 118 (92%) 0.80 strong
>0.65 78 3 4 40 125 (93%) 118 (94%) 0.81 strong
=0.70 78 3 4 40 125 (93%) 118 (94%) 0.87 strong
=075 78 3 4 40 125 (93%) I8 (94%) 0.90 wery strong
>{).80G 78 2 4 R} 123 (92%) 117 (95%) 0.92 wery strong
>0.85 76 0 3 37 116 (87%) 113 (97%) 092 wery strong
>0.90 74 ) 3 33 110 (82%) 107 (97%) 0.91 wry strong
~0.95 70 0 2 28 100 (75%) 98 (98%) 0.87 strong
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Table 2: ‘Leave-one-out’ discriminant analyses on '"H-MRSI and MR Vol profiles provide strong predictions of the TLE
lateralization based on prolonged video-EEG monitoring, even with addition of patients with bilateral TLE

Posterior Bi-ILE E'S"!'ﬁ#!! %-'Il,l-l Predicted R-1LE Predicted

| Probability | Bi-ILE LILE R-ILY i-TLE L-TLE R-ILE Bi-1LE L-1LE RALE Agr 0
>0.30 6 13 7 6 72 0 4 3 39 150 (100%) 117 (78%) 0.62 good
>0.35 6 13 7 [0 72 0 4 3 39 150 (100%) 117 (78%) 0.62 good
>0.40 6 13 7 6 72 0 4 3 39 150 (100%) 117 (78%) 0.62 good
>(145 6 12 6 6 72 0 4 3 39 148 (99%) 117 (79%) 0.64 good
>0.50 4 10 k) 5 70 0 4 3 3 136 (91%) 111 (82%) 0.67 good
>0.55 3 4 ! 5 64 1] 4 3 36 120 (80%0) 103 (86°0) 0.74 wry good
>(0.60 2 2 0 4 83 0 2 2 35 100 (67%) 90 (Y0%) (.81 SUrang
»0.65 0 | 0 4 45 0 2 2 34 88 (59%) 79 (90%0) 081 strong
>0.70 0 0 0 2 28 0 ! 2 31 ol (41%) 56 (92%) 0.00 -
>0.75 0 0 0 l 13 0 ) 2 28 45 (30%) 41 (91%) 0.00 -
>0.80 0 0 0 0 6 0 1 2 26 35(23%) 32(91%) 0.00 -
>0.85 0 0 0 0 2 0 ] 2 26 31 (21%) 28 (90%) 0.00 --
»0.90 0 O 0 0 1 0 I 2 22 26 (17%) 23 (88%) 0.00 .-
(.95 0 0 0 0 0 0 } 2 14 17(11%) 14 (82%) 0.00 --
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Discrimination of TLE from E-TLE and Multi-L

MANOVA found a significant difference among the TLE, E-TLE, and Mula-L
groups’ profiles across the 12 MR-based features (Wilk’s A = 0.649, Fas 3: = 3.212, p < 0.001).
Subsequent ANOV As found significant differences on 10 of the 12 MR measures. These

findings are summarized in Figure 3.

Figure 3a: Box-and-whiskers plots of 'H-MRSI E-TLE (=14), Multi-L (n=15)
and TLE (n=145).Results of one-way ANOVA (2, 171), and Tukey’s HSD

post hoc pairwise comparisons are displayed assuming significance when p<
.05.
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Figure 3b: Box-and-whiskers plots of MRVol for E-TLE (=14), Muiti-L
(n=15) and TLE (n=145). Results of one-way ANOVA (2, 171), and Tukey’s
HSD post hoc pairwise comparisons are displayed assuming significance
when p<.05.
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In the two-group linear discriminant analyses, 142 of the 159 padents (89° o) were
classified in agreement with the results of their video-EEG recording with a posterior
probability > 0.50: 131 of the 145 TLE pagents (90°0) and 11 of the 14 E-TLE pagents (79° ).
Agreement increased slightly as higher posterior probability cut-offs were imposed but, again,
fewer patents were classified overall (see Figure 4a and Table 3). In the three-group linear

discriminant analyses, only 105 of the 174 patents (60°0) were classified in agreement with the

123



results of their video-EEG recording with a posterior probability > 0.33: 90 of the [45 TLE

patents (62%), 12 of the 14 E-TLE patents (85%0), and only 3 of the 15 Mula-L padents

(20°%). Moreover, in this set of analyses, imposing a higher posterior probability cut-off did

not increase the accuracy of classification (see Figure 4b, Table 4).

Figure 4: ‘Leave-one-out’ linear discriminant functions show a poor
differential diagnosis predictive value in patients with localization-related

epilepsy
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Table 3: ‘Leave-one-out’ discriminant analyses of 'H-MRSI and MR Vol profiles of patients with TLE and E-TLE provide fair
predictions of epileptic anatomical localization based on prolonged video-EEG monitoring

b | Eme | one | ene | me |G ¢ "
>(.50 11 14 3 131 159 (100%%) 142 (89%) 0.51 fair
>().55 7 ] 3 127 148 (93%) 134 (91%) 0.45 tair
>(1.60 6 8 3 122 139(87%) 128 (92%) 0.48 fair
>0.65 6 7 3 19 135 (85%) 125 (93%) 0.51 fair
>0.70 6 5 3 16 130 (82%) 122 (94%) 0.57 tair
=075 3 k) 3l 11 120 (75%) 114 (95%]) 0.47 tair
>0.80 3 2 3 103 L) (70%) 106 (95%) 0.52 fair
>0.85 3 2 2 9N 98 (62%) 94 (96%) 0.58 fuir
>0.90 2 2 2 77 83 (52%) 79 (95%) 0.48 fuir
>0.95 1 ! 2 62 60 (42%) 63 (95%) 0.38 poor




Table 4: ‘Leave-one-out’ discriminant analyses of 'H-MRSI and MR Vol profiles, with addition of patients with multilobar epilepsy,
provide poor predictions of epileptic anatomical localization based on prolonged video-EEG monitoring

P i E-ILE Predicted Multi-1 P “fﬂ TLE Predicted Classif Coben's
Probabili E-ILE Mylti:] 0 LK Multic] L EOE | Mania 1Lk Classi : N
>(.30 12 3 20 ) R} 35 1 9 90 174 (100%) 105 {60%) 0.18 poor
>{).35 12 3 20 ) 3 35 | 9 9% 174 (100%%) 105 (60%) 0.18 poor
>0.40 12 3 15 ! 3 30 | 7 80 152 (87%) 95 (63%) 0.23 poor
>0.45 1 2 " | | 29 | 7 65 128 (74%) 77 (60%) 0.19 poor
>0.50 11 2 8 0 0 17 | 5 44 88 (51%0) 55 (63%) 0.26 poor
>0.55 1 2 5 0 ¢ 10 0 4 12 44 (25%) 23 (52%) 0.26 poor
=().60) {1 ) 5 0 0 3 0 3 0 23 (13%) 10 (43%) 0.07 poor
.65 7 2 5 0 0 2 0 2 0 18 (10%) 7 (39%) 0.03 poor
=070 7 2 5 0 0 | 0 0 0 15 (9%) 7 (47%) 0.00 .-
=(,75 7 2 4 0 0 1 0 0 0 14 (8%0) 7 (50%) 0.00 -
>().80) 6 2 2 0 0 0 0 0 (U 10 (6%) 6 (60°%%) 0.00 -
>(0.85 5 | I 0 0 0 0 0 0 7 (4%) 5(71%) 0.00 -
=0.90 4 ) | 0 (1} 0 0 0 0 6 (3%) 4 (67%) 0.00 --
~0.95 0 i | 0 0 0 0 0 0 1 (1%) 0 (0%) 0.00 -
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DISCUSSION

[n the present study we examined whether or not pattern analysis of MRVol and 'H-
MRSI data would allow us to accurately lateralize TLE and discriminate TLE from E-TLE.
We found that a leave-one-out linear discriminant analysis approach allowed us to accurately
lateralize TLE, burt not to discriminate TLE from other non-TLEs. Moreover, we believe our
approach added information to the conventonal approach of using a cutoff of two standard
deviatons from the means of normal controls for characterizing findings as normal or
abnormal. By imposing higher posterior-probability cut-off we increase accuracy of our
lateralizanon from 90°% to 98° o (Table 1). Our discriminant functon takes into consideration
the differences across the 12 features at once and each individual’s predicted group
membership is associated with posterior-probability, that provides physicians, not only the
lateralizadon/localization of seizures, but also with a degree of certainty associated with MR-
based diagnosis which should aid in defining the subsequent steps of clinical investganon

strategy.

Lateralizadon. Very few disagreements were found between individuals’ video-EEG
diagnoses and our MR-based predictions in the two-group analyses (2.2 L- vs. R-TLE). It
should be noted that surgical results in patients with discordant MR results and EEG findings
have, thus far, been unsausfactory 3. In our previous study !'3, such discordance between
MRI and EEG was seen in three padents (3%0), all three were operated on the side of maximal
EEG abnormality with no major improvement 5. On the other hand, a higher number of
disagreements were found in the three-group analysis (#2 L- vs. R- vs. BI-TLE). Most of these

involved individuals with unilateral TLE being diagnosed as having Bi-TLE and vice-versa.

Discrimination of TLE from E-TLE and muln-L. A fair-sized agreement was found



between our predictions and the actual video-EEG findings in the two-group analysis (Z.e. TLE
vs. E-TLE). There was poor agreement, however, in the three-group analysis (Ze. TLE vs. E-
TLE vs. Mula-L): with most disagreements involving the TLE and Muld-L padents. This
might be expected since both of these patient types had some degree of temporal lobe
involvement. Interestungly, the medial temporal-lobe 'H-MRSI results in padents with E-TLE
tended to be more abnormal than their hippocampal MRV ol results {compare figures 3a:Mid-
Ipsi and 3b:Hc-Ipsi). For instance, four (28°q) E-TLE patgents with normal hippocampal
volumes had significant NAA reducton. Thus, it appears that the neuronal metabolic
disturbances we found using 'H-MRSI may be less specific than the structural abnormalides
we found using MRV ol, and that these 'H-MRSI abnormalities may be present in the temporal
lobes of some padents with E-TLE. Several different mechanisms might be responsible for
this distant and/or widespread underlying neuronal dvsfunction. These might include: Z) the
effect of prolonged seizures; (7) the presence of ‘hidden dual pathology’; and (i) the presence
of an unseen, widespread epileptogenic area. The first hypothesis ts supported by finding in
animal kindling model ¥!32, The two last assumptons have implications in surgical strategy,
in which the extent of surgical removal is important. It has been demonstrated that in some
patients, NAA reduction in normal hippocampal volumes might represent subtle hippocampal
sclerosis 5. In our previous study on padents with dual pathology, the best results were seen
when both the extra-hippocampal lesion and atrophic hippocampus were removed 3.
Furthermore, the degree of hippocampal aophy did not influence the result, suggestng that

even small degree of hippocampal atrophy accounted for poor surgical outcome 7.

Our limited ability to disciminate TLE from E-TLE and Mula-L can, in part, be
explained by: (i) the limited sample sizes of our E-TLE and Mult-L groups; (i) our lack of 'H-

MRSI coverage of extra-TL regions; and (/) the mathematical limitatons of our linear
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discriminant technique. These last two limitations can be overcome by: (i) the use of mula-
slice 'H-MRSI covering extra-TL regions combined with other MR quantfication techniques
of extra-TL regions such as gray/white matter ratio analysis of the whole brain*; and (i) the
use of non-linear neural-network or machine-intelligence analytical approaches to increase our

computational power and, thus, possibly improve our diagnostc accuracy.

The survey on worldwide epilepsy surgery programs conducted by the Commission of
the Internancnal League Against Epilepsy showed that only approximately 30°0 of panents
who undergo extensive pre-surgical video-EEG invesngadons will eventually go on to have
surgery . This i1s parucularly the case in patgents with no idendfiable MR abnormality, in
whom the chance of proceeding to surgery, even after invasive intracranial recording, is very
low ¥¥. Therefore, a cost-effectuve epilepsy surgery program would therefore benefit from a
means to select those patents who are most suitable for such neurophysiological investuganon
and, eventually, for such a surgical interventon. [n this study, pattern analysis of MRVol and
'H-MRSI data was shown to be a strong predictor of the epileptogenic area in patents with
TLE. Moreover these MR techniques are safe, easv, and non-invasive and they have been
shown to be strong predictors of surgical outcome 3335, Acquisinion and interpretaton of
prolonged video-EEG monitoring compared to MRVol and 'H-MRSI, is more laborious, ume
consuming, and presents some risks for the patients. For these reasons, we propose that the
pre-surgical investigation of seizure patients should start with routine outpatients EEGs and
MR-based techniques that, if necessary, could be complemented with prolonged video-EEG

monitonng.
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Paper é: Prognostic value of proton MR spectroscopic imaging in surgical
outcome of patients with intractable temporal lobe epilepsy and bilateral
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SUMMARY
Background: Patents with intractable temporal lobe epilepsy (TLE) and bilateral
hippocampal atrophy have less sansfactory surgical results than padents with unilateral

hippocampal atrophy.

Objective: To assess which features of temporal lobe proton MR spectroscopic
imaging (*H-MRSI) are associated with sansfactory surgical outcome in patients with

intractable temporal lobe epilepsy (TLE) and biiateral hippocampal atrophy.

Padients/Methods: We studied 21 patents with intractable TLE and bilateral
hippocampal atrophy defined by MRI volumetric measurements who underwent surgical
wearment. 'H-MRSI was used to determine the relative resonance intensity rato of the
neuronal marker N-acetvl-aspartate to creatne+phosphocreaane (NAA/Cr) for mid and
posterior temporal lobe regions of the left and nght hemisphere, as well as an asymmetry
index. Values lower than 2 standard deviatons below the normal mean were considered
abnormal. We used Engel's classification to assess surgical outcome with respect to seizure

control.

Results: Eleven pagents (52°0) were in class I-IT and ten (48°%) were in class ITI-IV.
All 21 were operated on the side of maximal EEG lateralization. Concordant lateralization of
decreases in NAA/Cr to the side of surgery and normal NAA/Cr values in the contralateral
postedor-temporal region were significantly associated with good surgical outcome: 11/16
(69°0) patients with 'H-MRSI abnormalities concordant with EEG lateralizanon and none of
the 5 patents with non-concordant H-MRSI had good outcome (class I-II); 10/13 (77%)

patients with normal NAA/Cr contralateral to the EEG lateralizaton versus 1/8 (12.5%) of
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those with NAA/Cr reduction contralateral to EEG lateralizanon were in class I-11 (Fisher's
exact test, 2-tailed p < 0.05). Regression-correlation analysis showed significant linear
correlation between the mid-temporal NAA/Cr relative symmetry ratio and surgical outcome;

the greater the asymmetry the better the outcome (p=0.007).

Conclusion: Discnminant 'H-MRSI features associated with favorable surgical
outcome in patients with TLE and bilateral hippocampal atrophy were: 1) concordant 'H-
MRSI lateralization, 2) greater side to side asymmetry of NA\/Cr, and 3) absence of

contralateral posterior NAA/Cr reducnon.
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INTRODUCTION

MR volumetric studies (MRVol) of mesial temporal structures have proven usetul in
the pre-surgical evaluaton of patents with non-lesional intractable temporal lobe epilepsy
(TLE)®-%%3, In additon to the ability to lateralize seizures, MRVol provide prognostc
information'!-24:305:3%_\We and others have shown that different patterns of hippocampal
atrophy in patients with intractable TLE vield disunct surgical resules®!:2430337 The best
outcome is seen in patients with unilateral hippocampal atrophy®':22,  On the other hand,
patents with normal hippocampal volume or those with bilateral hippocampal atrophy have

less satisfactorv outcome with approximately 30° o achieving good seizure control (Engel's class
) PP | g 8 2

[-1T) 201203,

Proton MR spectroscopic imaging (‘H-MRSI) allows measurement of the neuronal
marker N-acetyl-aspartate (N\.\), the main contributor to the N-acetyl group signal seen at
2.02 ppm of the brain spectrum™’. The side of maximal NAA reduction shows very good
concordance to the side of seizure origin in patients with TLE!!31GI57176-17%. The merabolic
abnormality seen 'H-MRSI is at tmes more extensive than the epileptogenic area defined by
EEG and/or structural imaging!!>!™268, For instance, bilateral relaave NAA o
creatine+phosphocreatine (NA.\/Cr) reduction is seen in 18%0!7 to 50°0!™ of patents with
unilateral TLE, and the NAA/Cr decreases are found bevond EEG focus in extra-temporal
lobe epilepsy patients®*®. Whether a widespread metabolic abnormality might also indicate a
widespread undetlying epileptogenic process, with a distnctly worse prognosis in surgical

result remains uncertain.

The objective of this study was to assess which fearures of temporal lobe 'H-MRSI are

associated with good surgical outcome in patents with bilateral hippocampal atrophy and
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intractable TLE.

PATIENTS AND METHODS
We studied twenty-one patents with bilateral hippocampal atrophy (12 women) with a
mean age of 37 vears (range 16 - 62 vears) who underwent surgical treatment for intractable

TLE. The mean post-operative follow-up was 34 months (range 12 - 60 months).

All patents had electro-clinical manifestations of TLE. Sixteen had temporal-limbic
auras. The mean age of habitual seizure onset was 14 years (range from few weeks of life to 31
vears). Five panents had febrile convulsions in early childhood, four had meningitis or
encephalias, two had a history of head trauma, and the remaining 10 had no identfied nsk

factors. Six patents had a family history of cpilepsy.

All 21 padents had diagnosac MR imaging using a Philips 1.5 T combined imaging and
spectroscopy svstem (Philips Medical Systems, Best, The Netherlands). The protocol consisted
of sagirtal and coronal T1 weighted (TR 550, TE 19 ms) images, followed by axial proton
density (TR 2000, TE 20 ms), and T2 weighted (TR 2100, TE 78 ms) images. T1 weighted
Imm thick contiguous slices gradient-echo volume acquisition of the whole brain (TR 18, TE
10 ms, 30" angle, isotropic voxel) was acquired for subsequent mulaplanar reconstruction and
volumetric study of mesial temporal structures. Details of volumetric protocol and previous
results have been published elsewhere®™*". Hippocampal volumes were corrected for
varation of total brain volume to allow for detection of bilateral atrophy. Asymmetrv index
(eft-night)/ (left+rght) /2 was obtained and compared to values from normal controls. All 21
patents had corrected hippocampal volumes 2 standard deviatons (SD) below the normal

mean on both sides.
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'H-MRSI of temporal lobes was performed in a separate examinaton using the same
scanner. After scout images in axial and sagittal planes, a multislice ransverse spin-echo MRI
(TR 2000, TE 30) was obtained. The volume of interest (V'OI) included part of the head,
body and tail of the hippocampus and portions of grav and white matter from mid and
posterior temporal lobe (Figure 1). The size of the VOI was 85-100mm in the left-right axts,
75-95mm in the antero-posterior axis, and 20mm in thickness. A water suppressed 'H-MRSI
was acquired from the VOI (TR 2000 ms, TE 272 ms, 250x250 mm FOV’, 32x32 phase-
encoding steps), followed by a 'H-MRSI without water suppression (TR 850 ms, TE 272 m:s,
250x250 mm field of view, 16x16 phase-encoding steps). Post-processing included zero-flling
the water unsuppressed 'H-MRSI to obrain 32x32 profiles, followed by applicaton of mld
Gaussian £-space filter and an inverse 2D Fourier transformaton to both water suppressed
and unsuppressed 'H-MRSI. The resulung ame domain signal was left shifted and subtracted
from itself to improve water suppression®®. The same process was performed for specific
group control data (30 subjects). Resonance intensites in individual spectra were determined

by integration of peak areas using locally developed sofrware.

Figurel: The four sub-regions of temporal lobe 'H-MRSI:

Medial temporal region (Mid): . amygdala
head and body C 0
of hippocampus
hippocampus

Posterior temporal region (Post)}§
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axonal projections



The number of spectra averaged for each sub-region (mid and posterior temporal
regions) within the VOI was 10 £ 2. The size of the individual voxel after post-processing was
approximately lcc. Voxels on the edge of the VOI that were affected by chemical shift arafact
and voxels that were artifactually broadened were excluded from the analvses. The resonance
intensity of NAA was normalized to intravoxel Cr. It is assumed that in epilepsy Cr is stable or
undergoes minor changes that do not significantly influence the NAA/Cr ratio!57:15K 160161177,
Changes in NAA/Cr reflect neuronal loss or dysfunction, and NAA/Cr ratios below 2 SD
from the normal mean were considered abnormal. Asymmetry index (left-right)/ (left+right) /2

was also obtained and compared to values from normal controls

All patents underwent prolonged video-EEG monitoring. Four patents had
additional invasive neurophysiological studies with depth electrodes for lateralizanon. The
EEG was classified as unilateral, when >90°0 of ictal EEG onsets were on one side, and

bilateral when < 90°%% of seizures started from one side.

We used Engel's classification to assess surgical outcome with respect to seizure
control®’. Class I (excludes early postoperatve seizures in the first 2 weeks): a) completely
seizure free since surgery, b) auras only since surgery, c) less than 3 complex parual seizures
after surgery, but free of complex partial seizures for at least two vears, d) generalized
convulsion with antiepileptic drug withdrawal only. Class [I: a) ininally free of complex parnal
seizures and less than 3 seizures per year, b) less than three seizures per vear, c) more than
three seizures per vear after surgery, but now less than three seizures for at least two years, d)
noctumnal seizures only. Class II1I: a) seizure reducton of more than 90%, b) prolonged
seizure-free intervals amounuang to greater than half the follow-up period, but not less than

two vears. Class [V a) seizure reduction of less than 90°, b) no appreciable change, c)
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SelZures worse

Fourteen padents had a selecuve-amygdalo-hippocampectomy (SAH) and seven had
antenior temporal resection (ATL). There were no significant differences berween SAH and
ATL for 'TH-MRSI, MRVol, EEG, age, sex, follow-up, and surgical outcome (p>0.05,

independent t-test for numerical data and Chi-square for categorical data)

Fisher's exact test was used to assess probability of association berween temporal lobe
'H-MRSI features and surgical outcome. Regression and correlaton analyses were used to
assess significance of correlaton berween surgical outcome and either the asymmerry of
NAA/Cr or the asymmetry of hippocampal volume. For this analyvsis, we used a simple ratdo
obtained by dividing the value tpsilateral to operaton by the value contralateral to operadon, as

this allowed a simple correlaton for padents regardless of the side of operaton.

RESULTS

Eleven patents (52°%4) were in class I-II and ten (48°0) in class ITI-TV.

Results of '"H-MRSI, MR Vol studies, EEG, type of surgerv and outcome are displaved

in the Table.

All 21 patents were operated on the side of EEG lateralizaton, including three who
had discordant hippocampal asymmetry index and EEG lateralization (Table: pts. 1, 2, and
12). One patient with discordant MRVol and EEG findings had seizures only on medicaton

reduction, and the other two were tn class IV

Temporal lobe 'H-MRSI NAA/Cr measures showed that:

Concorcant lateralization of temporal region NAA/Cr reduction to the side of major



EEG abnormality and surgery was significantly associated with good surgical outcome: 11/16
(69°%) patents with concordant MRSI and none of the 5 patients with non-concordant MRSI
were in class [-I] (Fisher's exact test, 2-tailed p = 0.012). Odds ratio was zero (0 < 95%0

confidence limits <0.75).

Lateralizaton of NAA/Cr reductuon from the mid-temporal sub-region to the side of
major EEG abnormality and of surgery was significantly associated with good surgical
outcome: 9/12 (75%0) patgents with concordant MRSI and 2/9 (22%0) patents with non-
concordant MRSI were in class [-II (Fisher's exact test, 2-tailed p = 0.03). Odds rado was 0.10
(0.01 < 95% confidence hmits < 0.99) and relaove nsk was l)._;’:O (0.08 < 95%9 confidence limits

< 1.05).

Absence of NAA/Cr reduction in the contralateral posterior-temporal sub-region 'H-
MRSI was significantly associated with good surgical outcome: 10/13 (77%0) patents without
and 1/8 (12.5%) with contralateral NAA reductdon were in class I-IT (Fisher's exact test, 2-
tailed p = 0.008). Odds rado was 23.33 (1.56 < 95°0 confidence limits OR < 1152.71), and
reladve nisk was 6.15 (0.96 < 95% confidence limits RR < 39.43). Regression-correlation
analysis showed significant linear correlanon between contralateral posterior NAA/Cr z-
scores(CtrPostZ) and surgical outcome, with the correlation coefficient (%) = 0.203, F (1, 19)

= 4.850, p = 0.040, with slope expressed as 'surgical outcome = 0.387xCurPostZ+1.253".

Hippocampal asymmetry lateralized 16 patents to the same side as the EEG, three
padents to the side opposite the EEG. Two patents had an asymmetry index within 2
standard deviations of normal mean and were not lateralized. There was no difference in
surgical outcome of patents in whom MRI volumetry lateralizaton was concordant with EEG

lateralization and patients in whom MRI volumetry was non-concordant with EEG
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lateralization, 10/16 (62°%) vs. 1/5 (20%) of patients in Engel’s class I-II, Fisher’s exact test, p

= 0.12, 1 tailed.

Regression-correlation analysis between mid-temporal 'H-MRSI rato (MidR =
ipsi/contralateral NAA/Cr to the side of operation) showed significant linear correladon to
surgical outcome, with the correlaton coefficient (£%) = 0.321, F (1, 19) = 8.995, p = 0.007,

with slope expressed as 'surgical outcome = 0.0918xMidR-6.374".

Regression-correlation analysis between hippocampal asvmmetry rago (HeR =
ipsi/contralateral hippocampus to the side of operaton) showed significant linear correlation
to surgical outcome, with the correlation coefficient (%) = 0.219, (1, 19) = 5.342, p = 0.032,

with slope expressed as 'surgical outcome = 0.0516xHcR-2.385'".

Unilateral EEG foci were not significantly associated with good surgical outcome 1n
this series of patents with bilateral hippocampal atrophy: 4/7 (57°0) patients with unilateral
and 7/14 (50°q) with bilateral EEG seizure onsets were in class I-II (Fisher's exact, 2-tailed p

=1).

DISCUSSION
In this series, the surgical outcome ts similar to what has been reported in other series
of patients with bilateral hippocampal atrophy and intractable TLE**2, with about 50°0

achieving good surgical outcome (Engel’s class I-II).

MR-based techniques have demonstrated disunct features associated with good
surgical results. In terms of hippocampal volumetric studies, these results are in keeping with
previous reports, with better surgical results in those with greater hippocampal

asymmetry1202353%_ Temporal lobe NAA/Cr values measured by ‘H-MRSI showed many
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interesting outcome features. Concordant lateralization according to either one region (mid)
or two (mid and posterior) provided a significant difference in surgical outcome, with better
results seen in those who had NAA/Cr reduction lateralized to the same side as the EEG.
This finding would suggest that single voxel H-MRS could also provide prognostic guidance.
In additon, our 'H-MRSI results showed that the presence of contralateral posterior NAA/Cr
reduction, reflecting a widespread metabolic abnormality, was a powerful predictor of less
satisfactory surgical outcome. [n our study, patents with contralateral posterior quadrant
NAA/Cr reduction had a relauve risk six ames higher of having poor surgical outcome
compared to those who did not have contralateral merabolic abnormality. The degree of
NAA/Cr asymmetry was also important, and better results correlated with greater side to side

asymmetry.

In our series, all padents were operated on the side of EEG lateralizanon.
Classificadon of ictal electrographic onsets into unilateral or bilateral did not discriminate
further between panents with good and those with poor surgical outcome. In the three
padents (Table: pts. 1, 2, and 12) with discordant MRVol and EEG, only one patient had good
outcome. This patent had concordance between 'H-MRSI and EEG, while in the other two,
one had no 'H-MRSI lateralization and the other had discordance between 'H-MRSI and

EEG lateralization.

[n conclusion, both MRVol and 'H-MRSI of temporal lobes provided discriminant
features assoctated with favorable surgical outcome in patients with intractable TLE and
bilateral hippocampal atrophy. In pre-surgical evaluauon of padents with TLE, neuroimaging
findings can help not only to lateralize and to localize the seizure focus, but may also help to

define prognosis on an individual basis. Our 'H-MRSI results show thart indicators for good
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surgical outcome are: greater asymmetry of NAA/Cr from the mid-temporal region (MidR <

0.80), and absence of contralateral posterior temporal NAA/Cr reducton.
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Table: Intractable TLE and bilateral hippocampal atrophy: summary of MRSI, MRVol, EEG, type of surgery and outcome

# Mid ‘Mid * Pomt MRSI # He “He Follow-Up
pussxiage | Mid-it Wid-Rt \paiicontra __ Mid-LtZ MdRZ Asym2 PoutZ Pos-RiZ AsymZ | Dia s | Hoit HeRt  ipslicontra  HoitZ HoRiZ EEG Surgery (monthy) Outcome
/44 333 336 101 -342 407 031 -260 278 001 Bilat 3048 2658 120 564 210 953 § DP-Right § R-SAH 35 va
218 378 316 084 217 6236 563 162 356 Ll R>L 3243 3562 110 473 263 472 Right R-SAH L} d
Ym/3g 338 366 108 320 273 175 -358 663 525 R>L 3496 3478 099 -318 309 063 Rignt RATL 38 a
ANI38 363 330 o 218 433 352 113 37 3 R>L 2661 2577 o087 6 46 803 783 Rigit R-SAH 49 la
Smide 322 an 100 386 478 on -158 22 082 R>L 3465 3m o087 3 565 79 DP-R>L R-ATL 28 la
&m/34 40 407 ags 051 064 227 073 188 166 Rignt 3680 3113 085 205 498 802 R>L R-SAH 42 c
T34 31863 355 101 -260 32 045 -160 -128 065 Biat 2022 2486 085 670 853 905 R>L R-ATL 28 va
84162 355 296 08) 338 767 582 199 14 083 R>L 3233 2714 D84 479 121 @77 R>L R-ATL 19 ©
e 335 288 08s 453 833 615 049 012 082 R-L 3046 2542 083 594 822 1008 R>L R-SAH 12 la
10/v42 318 N 105 410 430 080 267 292 012 Biat 2204 1901 o8 -10 55 1173 1046 R>L R-SAH 13 va
11/mi44 370 264 078 289 761 733 076 an 143 R>L 605 2594 072 251 793 1798 R>L R-SAH 26 a
2z 360 345 105 230 -368 198 -176 275 138 R>L 3816 2254 117 -2 80 515 an DP-L>R L-SAH 13 vo
27 405 458 088 049 138 285 <181 020 -2 8% Lef 3636 662 099 2% 208 004 Left L-SAH b Na
14/m/42 258 Jes 070 801 308 -10 74 297 136 239 L>R 2424 3284 069 6 64 415 -582 L»R L-SAH 20 ia
15047 361 349 103 227 -348 165 462 532 073 Buat 2605 3560 o083 623 404 7179 L=R L-SAH 61 Vb
16/m/24 338 3N o9 318 -2 50 215 an -2 58 241 >R 2788 3601 077 68y kY ] 109 ] DP-L>R L-ATL 53 Ha
171034 308 415 074 450 050 856 014 083 140 Let 2466 3237 Q76 -8 50 44 -14 28 Left L-SAH 49 [
18/V46 2186 2717 078 813 672 684 828 800 192 L>R 2543 3376 05 903 -364 14 87 L>R L-ATL N Va
18/m/44 367 383 068 245 -2 88 on 307 080 385 LR 2401 3522 068 890 -2 84 -20 12 L>R L-SAH %6 la
201149 385 ar [e3-.] 210 243 008 307 162 263 LR 2214 3589 062 9N 2393 2160 Lef LATL 50 b
21/mi 16 3 06 348 0 88 -4 50 -3 53 -3 28 -4 05 4 62 038 L2R 2198 6N 0 60 -11.15 203 -26 82 L>R L-SAH 50 a

# = ipsi and contralaleral to the side of the operation. This ratio was used only for correlation and regression analysis, and was not used for the lateralization, * =
(L-R)/(L+R)/2, this asymmetry index was used for interpretation of lateralization of MRSI and hippocampal volume. DP = depth elecirode results, Mid = mid
temporal region of VOL. Post = posterior temporal region of VOI. Rt = right, Lt = left. Z = z-scores (number of standard deviations from the mean of normal
control subjects), values 2SD below the normal mean were considered abnormal. He = hippocampal volume. SAH = selective amygdalo-hippocampectomy, ATL
= anterior temporal resection. Outcome = Engel's modified classification, sce text for explanation. MRS! diagnosis = this was based on the results derived from
the 4 subregions (left and right mid and posterior iemporal regions}), and asymmetry index.
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CHAPTER IV

Dynamic changes in lesions underlying epilepsy

There has been considerable debate over the occurrence of progressive neuronal
damage and its reladonship to seizures. The ideal way to assess this issue is to perform a
longitudinal study in a cohort of panents with epilepsy with senal measurements of neuronal
integrity. However, the time necessary to detect neuronal damage is unknown, and could be
vears. An alternauve way is to perform a cross sectional study in a large group of patents with
the same epilepdc syndrome. This approach can provide evidence for progressive neuronal
damage, and if so, indicate the magnitude of neuronal damage in relaton to ume and to seizure

burden.

NAA recovery has been reported after successful removal of the temporal lobe
epileptogenic area. There has been report of NAA recovery as early as wo months post-
operatively. However, the exact time course of N\ recovery is unknown. This piece of
informadon is important for understanding of the dynamics of NAA recovery in other types

of ant-epileptic treatments.

Patients with chronic refractory TLE often have temporal lobe neuronal damage, but
we do not know if patents with newly diagnosed epilepsy also have neuronal damage in the

early stages of their condition, and if this can be improved with AED weatment.
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Paper 7. Neuroimaging evidence of progressive neuronal loss and
dysfunction in temporat lobe epilepsy.

Tasch E, Cendes F, Li LM, Dubeau F, Andermann F, Arnold DL.
Annals of Neurology 1999;45:568-576.

Lippincort Williams & Wilkins
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SUMMARY
Background: There is debate whether temporal lobe epilepsy (TLE) is the result of an

isolated, early injury or if there is ongoing neuronal dysfunction or loss due to seizures.

Objectve: We attempted to address this issue using magnetic resonance techniques.
Proton magnetic resonance spectroscopic imaging (MRSI) can detect and quanafy focal
neuronal dysfuncton or loss based on reduced signals from the neuronal marker N-
acetylaspartate (NA\), and magnetic resonance imaging (MRI)-based measurements of

hippocampal volumes (MRIVol) can quantfy the amount of atrophy in this structure.

Padients/Methods: We performed MRSI and MRIVol in 82 consecutive patients
with medically intractable TLE to determine whether there was a correlaton berween seizure
frequency, tvpe or duradon of epilepsy with N.AA to creatne (NAA/Cr) values or
hippocampal volumes. Volumes and spectroscopic resonance intensities from the temporal

lobe were categorized as ipsilateral or contralateral to the predominant EEG focus.

Results: Tpsilateral and contralateral NAA/Cr was negaavely correlated with duration
of epilepsy. Hippocampal volumes were negatvely correlated with duradon ipsilaterally but
not contralaterally. Frequency of complex partial seizures was not correlated with any of the
MR techniques. However, patents with frequent generalized tonic-clonic seizures had lower
NAA/Cr bilaterally and smaller hippocampal volumes ipsilaterally than patients with none or

rare generalized tonic-clonic seizures.

Conclusion: The results suggest that although an early, fixed injury may cause
asymmetric temporal lobe damage, generalized seizures may cause progressive neuronal

dysfuncton or loss.



INTRODUCTION

Mesial temporal sclerosis (MTS) is a common pathological finding associated with
temporal lobe epilepsy (TLE) as demonstrated at autopsy'”=33® and in assue resected during
surgery??¥¥-312, The edology and pathogenesis of MTS remain poorly understood, and have
been a source of controversy. Some authors have suggested that hippocampal sclerosis arises
from injurtes early in life resulting in a brain lesion, which is therefore static and non-
progressive’! 1%, Suggested etiologies include birth trauma, cerebral infections, and prolonged
convulsions*!3314. This is consistent with the commonly observed clinical pattern of prolonged
febrile setzures of childhood followed by habitual temporal lobe epilepsy after an intervening

latent period#+$:219313-316,

Seizures themselves are also capable of causing neuronal damage. Status epilepucus is
often followed by extensive neuronal damage involving the hippocampus, as well as other
limbic, neocortical and subcortical structures® ™. [t is sall unclear to what extent MTS
associated with TLE may anise from progressive injury due to the intractable seizures. Animal
models have shown progressive neuronal loss associated with repettive kindled seizures"-*2,
On the other hand, studies of the pilocarpine model, failed to show such a relatonship
between recurrent spontaneous seizures and hippocampal neuronal loss®'!. Human autopsy
studies’* have shown a correlation of neuronal loss with duradon of epilepsy, but the
populaton studied included a group of patients who had had severe generalized epilepsies and
the distribution of neuronal loss was not charactenistc of classical MTS. Pathological study of
surgical specimens from padents with temporal lobe epilepsy has revealed a correlanon
berween hippocampal cell loss and duradon, but this was also not in the same distribution as

classical MTS and accounted for a relatvely small amount of the total hippocampal cell
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loss2i4:216,

Conventional magnetic resonance imaging (MRI) can detect abnormalities in TLE
which include atrophy or abnormal T2-weighted signals in the hippocampus, amygdala, or
both#S:H3ASHIAIZ - Volumetric analysis (MRIVol) can detect reduced volume of mesial
temporal lobe strucrures in most patents with MTS, correlated with subsequent
histopathology?!'33. Case reports have suggested that mesial temporal lobe awophy can
follow acute, prolonged seizure acuvity>>*33. Trenerry et. al., found and association of
hippocampal atrophy with duration of epilepsy, but this relatonship appeared to be accounted
for in large part by the age of onset**. Recent studies by Saukkonen ct. al.,’> and Salmenpera
et. al.’¥" have found an association between seizure frequency and decreased hippocampal
volumes in patents with TLE. On the other hand, a previous study by our group failed to
show evidence for a causal relatonship between duration or seizure frequency and mesial
temporal atrophy in a heterogeneous group of panents'>. Furthermore, there remains a

significant proportion of padents with TLE in whom MRI changes cannot be detected'?.

Unlike convendonal MRI, which provides structural informaton based on signals
from water, proton magnetic resonance spectroscopic imaging (MRSI) provides chemical
informaton, allowing for noninvasive assessment of regional chemical composition. N-
acetvlaspartate (NAA) is a compound localized exclusively in neurons, detectable by proton
magnetic resonance spectroscopy'>*!3. Several studies have shown reduced signals from
NAA in temporal lobes of patents with TLE. This presumably reflects focal neuronal
dysfunction or loss!!3157:175176:01321 - MRS can also detect acute chemical changes in the
temporal lobes of TLE patents and is a more sensitve indicator of neuronal dysfuncton than

MRIVol'3, MRSI and MRIVol are often concordant and are an effective combination in the



presurgical evaluation of patients with TLE!'3!1¢, Whether the temporal-lobe merabolic
abnormalides detected by MRSI are progressive is unknown. One study has shown a
correlation between reduced temporal-lobe NAA and seizure frequency, but not with duradon

of epilepsy=#8.

We studied a series of patents with non-foreign-tissue lesional TLE evaluated for
seizure surgery using MRSI and MRIVol, in an attempt to determine whether repeated
seizures, longer duraton of epilepsy, or the presence of secondary generalizadon of seizures
correlate with: 1) the amount of hippocampal formadon atrophy or 2) reduced intensity of the

temporal-lobe NAA signal measured by MRSI.

PATIENTS AND METHODS
We studied 82 consecutve patents (mean age: 35, SD: 11) with medically refractory
TLE who had no mass lesion on high quality conventonal MRI. Idenafication of the tvpe and
localizaton of the seizures was determined by comprehensive evaluaton including a detailed
history and neurological examinaton, senal EEGs with sphenoidal electrodes, and intensive
video-EEG telemetry for recording of setzures. Panents with mass lesions or non-TLE were

excluded from the study.

Informed consent was obtained from all subjects. This study is part of a research
project approved by the Ethics Review Commirtee of the Montreal Neurological Insatute and

Hospital.

Estmaton of the duration and frequency of seizures was based on a review of medical
records and setzure calendars, and specific questoning of the patient and family members.

Age of onset of epilepsy was defined as the age at which the patent developed habitual and
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recurrent seizures. The duraton, or number of years of epilepsy, was defined as the interval
between the age of onset and the time of the examination. Prolonged febrile convulsions
(PEC) were defined as seizures lasting 30 minutes or more. The history of PFC was based on
detailed accounts from parents and other relatives at the time of hospital admission as well as

on a review of the patents’ medical records of early childhood hospitalization.

EEG Investigation

Prolonged EEG recordings, using the Internadonal 10-20 system including sphenoidal
electrodes, and long term video-EEG monitonng were performed to record at least three
habitual seizures in all panents. If discrepancies arose berween the localizaton of ictal and
interictal abnormalites, if EEG seizure discharges could not be localized due to movement or
muscle artifacts, or if ictal behavioral mantfestanions suggested a possible seizure generator in
extratemporal structurcs, patients underwent intracranial EEG recordings with stereotaxically
implanted depth electrodes (SEEG). Eighteen padents required SEEG investgaton in order

to confirm seizure onsets in the temporal lobe.

Patients were classified according to the localization of the majonty of EEG seizure
onsets preceding the first clinical manifestatons as either Left (L) or Right (R). For the
purposes of this study, “majority” was defined as over 50° o of seizure onsets. The

electroencephalographers were unaware of the MRSI and MRIVol results.

Proton Magnetic Resonance Spectroscopic Imaging

Convendonal MRI as well as two-dimensional proton MRSI scans were acquired by
using either a 1.5-T ACS II or III imaging/spectroscopy svstem (Phullips Medical Systems,

Best, The Netherlands).
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After scout images in axial and sagittal planes, multslice spin echo MRIs (repetition
ume [TR] 2,000 msec, echo time [TE] 30 msec) were obtained in the transverse plane along
the axis of the temporal lobes and in the coronal plane perpendicular to the axis of the Sylvian
fissure. A large region of interest (ROI) behind the clivus, including both temporal lobes and
excluding bone, was defined for selective excitation before phase encoding for the proton
MRSI. The ROI was oriented in a similar position for all examinations to cover the entire
extent of both hippocampi (85-100 mm left-right x 75-95 mm anteroposterior x 20 mm

thickness), as shown in Fig 1.

Figure 1: Tl-weighted MRI showing the location of the voxels used for the MRSI
analysis. Each small box on the grid is a voxel from which a spectrum is obtained.
Several voxels from each temporal lobe are chosen to obtain an average temporal-lobe
spectrum. Each temporal lobe was classified as either ipsilateral or contralateral to
the predominant EEG focus and analyzed separately.

A water-suppressed proton MRSI was obtained from that ROI by using a 90-180-90
pulse sequence with a 2-second interpulse delay (TR 2,000 msec, TE 272, 250 x 250-mm field
of view (FOV), 32 x 32 phase-encoding steps), followed by a proton MRSI withour water
suppression (TR 850, TE 272, 250 x 250-mm FOV, 16 x 16 phase-encoding steps). After

zero-filling the latter to 32 x 32 profiles, the water suppressed MRSI was divided by the non-



water suppressed MRSI to correct for artifacts resulting from magnetic field inhomogeneity.
The resulting ime domain signal was left shifted and subtracted from itself to improve the
water suppression™’, This reduces the amplitude of the creatne (Cr) as well as water and
results in relatvely high ratos of NAA/Cr; however, this is consistent for all control and
patent data. To enhance the resolution of the spectral peaks a Lorenzian-to-Gaussian
transformaton was applied before Fourier transformation in three dimensions. The nominal

voxel size in plane was approximately 8 x 8 mm and 12 x 12 mm after K-space filtering.

Resonance intensities on MRSIs were determined from peak areas by integraton,
using locally developed software. The values for N A\, choline (Cho), Cr, and NAA/Cr were
determined for each temporal lobe by averaging 24 +/- 3 spectra in each region (Fig 1).
Spectra were excluded from the analyses if thev were artfactuallv broadened (i.e., full width at

half maximum > 10 Hz) or if Cho and Cr peaks were not resolved.

The intensity rato NAA/Cr for each temporal temporal lobe was calculated and
classified as etther ipsilateral (NAA/Cr-ips7) or contralateral (NAA/Cr-contra) to the EEG
lateralization. Cr 1s homogeneously distributed throughout the brain, and it is reasonable to
assume that Cr is stable or not significantly deranged in brain regions associated with epileptic
damage 37138165177 Therefote the decreases in the ratio of NA\/Cr can be interpreted in

terms of neuronal dysfuncaon or loss, which is useful for understanding the pathogenesis of

TLE153816(17%175-177:328:329,

Padent average NA\/Cr values for each side were compared with each other as well
as with the values obtained in 21 healthy normal controls (12 men and 9 women; mean age,
28.2 years; SD = 4.5). Values less than two standard deviations below the normal control

group were considered abnormal. In the normal control group, NAA/Cr values were not



statstically significantly different between left and right temporal lobes. Padent values were
categorized as to whether they were ipsilateral or contralateral to the EEG focus without

further reference to side.

MRI Volumetric Studies

The MRI volumetric studies were performed using two acquisition protocols. For the
first 34 padents, we acquired 3-mm conunguous slices perpendicular to the plane of the Sylvian
fissure, with a three-dimensional (3D) fast-field echo (FFE) or an inversion recovery (IR)
sequence. For the subsequent 48 patents, we acquired |-mm thick slices by using a 3D FFE
sequence with isotropic voxels. The images were transferred to a computer workstation and
the ROIs were outlined, using a locally developed interactive software program®>™. Watson

0

and colleagues have described the anatomical guidelines used for identfication of the HF~

Volumes were compared with age matched healthy volunteers who had the same MRI
acquisition protocol (n = 30 for 3-mm-thick [17 men and 13 women; mean age, 32.4 vears,
SD = 11.3] and n = 22 for 1-mm thick slices [12 men and 10 women; mean age, 29.5 vears,
SD = 10.2)). In order to standardize the two different protocols, absolute HF volumes were
converted into a Z-score (HF volume-mean/SD) using the appropriate control group for each
temporal lobe (left or right) for each protocol. Comparison of the Z-score results denved
from the two protocols show no stadstical difference between them (t = -0.004, p = 0.997).
We analyzed the hippocampal formadon Z-scores (HFZ) and, as with the MRSI, classified

them as ipsilateral (HFZ-jps7)or contralateral (HFZ-contra) to the EEG lateralizadon.

Statistical Analysis

We performed simple biserial Pearson correlation analyses berween NAA/Cr-#p47,



NAA/Cr-wontra, HF-ipsi, and HF -contra, and the duraton, age of onset, and frequency of
complex partial and secondarily generalized seizures. In addition, partial correlation
coefficients were computed between the spectroscopic/volumetric measurements and age of
onset, controlling for the duration of epilepsy; and duraton of epilepsy while controlling for
age of onset, in order to determine the association of each with the neuroimaging

measurement while controlling for the effect of the other.

Linear regression analysis was used to further illustrate the relanonship berween the
neuroimaging measurements and the clinical parameters. Student’s t-test was used to test for
differences between group means. The statistcal software package SPSS was used to perform

these calculagons.

RESULTS

Padent charactenstics are summarnized in Table 1.

Magnetic Resonance Spectroscopic Imaging

Simple correladons were performed between the NAA/Cr intensites and the
independent predictor variables. Although the absolute magnitude was modest, there was a
staustcally significant negatve correladon between the duration of epilepsy and both
NAA/Cr-spsi (xr = -.286, p = 0.010) and NAA/Cr-contra (r = -.312, p = 0.005). There was no
significant correlation between duradon and the left-right asymmetry rato of NAA/Cr or the
left-right difference. Likewise, there was no significant correlation of either NAA/Cr-zps7 or
NAA/Cr-contra with the age of onset. Figure 2 shows the least-squares regression analysis for

the relationship between duradon and NAA/Cr.

Parual correlations revealed that after controlling for the patient’s age at onset of



epilepsy, there was sull a significant correlation between duration and NAA/Cr-p57 (r = -
0.302, p = 0.006) and NAA/Cr-contra (r = -0.316, p = 0.004). The partial correlation of the
age of onset with either NAA/Cr-zps7 or NAA/Cr-wntra after controlling for the duration

remained non-significant.

Because of the nature of the duration vanable we cannot statistically rule out that the
relatonship berween NAA/Cr is, in fact, due to the effect of the age of the padent alone.
Because age and duration are highly correlated with each other, we could not perform a partial
correlation of one of them, controlling for the effect of the other. The normal control group

did not show any significant correlation between age and NAA/Cr in either temporal lobe.

Table 1: Patients demographic data

Patient characteristics, n=82 (36 male. 46 female)] Mean (Standard Devigtion)

Age at examination (years) 35 (11)
Age at onset (years) 14 (12)

Frequency of complex partial seizures (per month) 23 {37)

Frequency of generalized tonic-clonic seizures 12 (47)
{per year)

Duration of epilesy 20 (9)
NAA/Cr-ipsi 3.65(0.35)
NAA/Cr-contra 4,05{0.37)
HFZ-ipsi -4.70 (3.3)
HFZ-contra -1.19 (2.6}
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Temporal-lobe NAA/Cr vs. Duration of Epilepsy

50 years
g r=.0.278, p 2 0.010
$ r=0.276, p = 0.022
N
5 . o contralateral
Duration ¢ ipsilateral

Figure 2: NAA/Cr is plotted against duration of epilepsy for each temporal lobe for
each patient. Temporal lobes are ipsilateral (triangles) or contralateral (circles) to the
predominant EEG focus. Least-squared regression lines are shown (z-score NAA/Cr-
ipsi = -0.03*duration -2.275, z-score NAA/Cr-contra = -0.03*duration -0.982). Both
ipsilateral and contralateral temporal-lobe NAA/Cr ratios are negatively correlated
with duration (see text).

Compared to the normal controls, 33 (40°4) padents had bilaterally reduced NA\/Cr.
1f NAA/Cr reduction were progressive, one might expect patients with bilaterally reduced
NAA/Cr to have longer duraton than those with only unilaterally reduced NAA/Cr. Student’s
t-tests revealed that these patents did not significantly differ in their age, age of onset,
duration, or frequency of complex partial or generalized tonic-clonic seizures. However,
patents with bilaterally reduced NAA/Cr did have significantly lower NAA/Cr-jpsi than

patients with unilaterally reduced NAA/Cr (Table 2).



Table 2: Patients with bilaterally vs. unilaterally reduced temporal-lobe
NAA/Cr

Unilateral Bilateral P value
N 49 (60%) 33 (40%)
Age 34 37 0.131
Age of Onset 14 15 0.867
Duration 18 20 0.144
NAA/Cr-ipsi 3.829 3.390 <0.001

Despite the relatonship we found between NAA/Cr and duraton, there was no
significant correlaton berween NAA/Cr on either side and frequency of complex parnal
seizures. Padents with generalized tonic-clonic setzures (n = 27) had lewer NAA/Cr-ipst (t =
2.505, p = 0.015) and lower NAA/Cr-contra (t = 2.498, p = 0.014) than pagents who had no

or only rare generalized tonic-clonic seizures (n = 54) (Table 3).

Table 3 Temporal-lobe NAA/Cr and hippocampal volume (z-score) in
patients with or without generalized tonic-clonic seizures

with GTC None orrare GIC p-value
N 27 55
NAA/Cr-ipsi 3.55 3.75 0.015
NAA/Cr-contra 3.96 4.12 0.032
HFZ-ipsi -6.0 -40 0.010
HFZ-contra -1.7 0.9 0.232

There was no significant difference in NA\A/Cr of either side between patients with

and patents without a history of prolonged febrile convulsions. (Table 4)
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Table 4: Neuroimaging measurements in patients with and without a history
of prolonged febrile convulsions

+PFC No PFC P value
N 51 31
NAA/Cr-ipsi 3.673 3.617 0.500
NAA/Cr-contra 4014 4.088 0.398
HFZ-ipsi -5.773 -3.975 0.022
HFZ-contra -1.121 -1.277 0.810

Magnetic Resonance Imaging Volumetry

As with the spectroscopic data. simple bisenal correlations were performed berween
the standardized volumes and the independent predictor vanables. A\ staostcally signiticant
negatve correlaton was found berween the duraton of epilepsy and HFZ-ipsi (r = -0.399, p <
0.001), but not HFZ-contra (r = -0.047, p = 0.678). Figure 3 shows the regression analysis
between the duradon and HFZ. As discussed above, the effects of the age of the patent

cannot be adequately controlled for because of its high correlanon with duraton.

In contrast to the spectroscopic dara, the age of onset was also found to be
significantly correlated with HFZ-ps7 (£ = 0.219, p = 0.050), but not HFZ-contra (r = 005, p =
0.969). The partal correlation of duration with HFZ-ss7 conrrolling for the age of onset
remained significant (r = -0.360, p = 0.001). However, the partal correladon of age of onset
with HFZ-#s7, controlling for duraton, did not remain staostcally significant (r = 0.047,p =
0.678). As discussed above, the effects of the age of the patent cannot be examined
independently of the duration, and there was no significant correlation of age and HF volume

in either temporal lobe in the controls.



Hippocampal Volume vs. Duration of Epilepsy
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Figure 3: Hippocampal volume z-score is plotted against duration of epilepsy tor
each temporal lobe of each patient. Hippocampi were ipsilateral (triangles) or
contralateral (circles) to the predominant EEG focus of each patient. Hippocampal
volume was negatively correlated with duration ipsilaterally but not contralaterally.
Least-squared regression lines are drawn (HFZipsi = -0.1085*duration - 2.5683,
HFZcontra = -0.0109*duration - 0.9805).

Despite the relationship found berween HFZ-p57 and duranon, there was no
significant correlation berween HFZ on either side and frequency of complex-partial seizures.
Panents with generalized tonic-clonic seizures (n = 27) had lower HFZ-ips7 (t = 2.602,p =
0.015) but not lower HFZ-contra (t = 1.424, p = 0.159) than pagents who had no or only rare
generalized tonic-clonic seizures (n = 54) (Table 3). Patents with history of prolonged febrile
convulsions had stadsucally significanty lower HFZ ipsilaterally (t = 2.465, p = 0.16) but not

contralaterally (t = -0.242, p = 0.810) (Table 4).

Compared to normal controls, 18 (22%0) of patents had bilaterally reduced

hippocampal volumes. Student’s t-tests revealed that these padents did not significandy differ



in age, age of onset, duration, or frequency of complex partal seizures. However, patients
with bilaterally reduced volumes did have significantly lower HFZ-7ps7 than patients with

unilaterally reduced volumes (Table 5).

Table 5: Patients with bilaterally vs. unilaterally reduced hippocampal
volume (z-score).

Unilateral Bilateral P valve
N 64 (78%) 18 (22%)
Age 35 34 0911
Age of Onset 15 14 0.712
Duration 19 21 0.576
HFZ-ipsi -43 -6.3 0.009
DISCUSSION

It has been a marter of dispute whether or not recurrent seizures can cause neuronal
loss in human temporal lobe epilepsy, and whether TLE is a progressive disease. Some studies
have demonstrated that neuronal loss can be the result of seizure actvity. Cavazos et al
showed that hippocampal cell loss could be induced by kindled generalized seizures in
rats??-%2. However the relevance of seizures induced by direct electrical sumuladon of the
perforant pathway to the habitual complex partal seizures of human TLE is not clear. Using
the pilocarpine model of epilepsy in the rat, a model of spontaneous recurrent seizures that
follow a period of status epilepticus, Liu et. al. failed to show any additonal neuronal loss with
repeated seizures, concluding that all variaton in the degree of neuronal loss could be

accounted for by the seventy of the initial status®!!.



Using human autopsy matenal, Mouritzen-Dam demonstrated that frequent
generalized tonic-clonic seizures (>2 seizures per month) were positively correlated with
significant reductions in the number of neurons in fields Hi and Hi.2 when compared with
padents who had suffered only a few such seizures (<6 per vear)?'**2. This neuronal loss
increased throughout life with the duration of the disorder. On the other hand, several
retrospective neuropathological reviews have provided evidence to the contrary 2133 23163% - A
recent study by Mathern and Babb has taken an intermediate view, suggestng that
hippocampal sclerosis ts caused for the most part by an “ininatng precipitating event” on top

of which further progressive damage over time is superimposed?!4-16219,

MR -based studies in humans have emphasized mesial temporal atrophy as a cause
rather than consequence of temporal lobe epilepsy. Harvey et al demonstrated hippocampal
sclerosis in 57%0 of a series of children, suggesting that its presence at a young age was
evidence against seizures as an etiology of hippocampal atrophy**!. Trenerry et al found that
mesial temporal atrophy in padents with left, but not right, temporal lobe epilepsy is associated
with early onset of recurrent seizures and not necessanly with the duradon of epilepsy’*. A
previous study by our group investigated patents with temporal and extratemporal lobe
epilepsy and showed that neither seizure frequency nor duraton of epilepsy were correlated

with hippocampal or amygdaloid atrophy=".

Studies using MRSI have produced seemingly conflicting results. Vermathen et al
studied a group of patents with non-temporal neocortical epilepsy and showed thar
hippocampal NAA/Cr was not reduced, in contrast to patients with unilateral TLE. They
argued that seizures did not cause secondary hippocampal damage'®. Garcia et al found a

negative correlation berween NAA and setzure frequency in patients with both frontal and
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temporal epileptics, although no correlaton with duration®,

The discrepancies among different studies may be explained, in part, by the different
methods used, and at least also in part, by the fact that TLE is a heterogeneous condition, with
varying degrees of pathological abnormalites. Thus depending on the padent populaton
studied, a significant correlation between atrophy/dysfunction and duration of epilepsy may or

may not be present.

Whether the MR findings we report represent irreversible neuronal loss or simply
neuronal dysfunction is unclear, in part because of the cross-sectional and retrospective mature
of the dara. Our data show correlations that can only suggest but not prove causal
reladonships. Furthermore, the biological basis of the two MR techniques used is different.
Although hippocampal atrophy measured by MRI is known to be correlated with hippocampal
cell loss*5323332 the cellular basis for the decrease in N\ /Cr measured by MRSI is less clear:
NAA/Cr has been shown to recover ipsilaterally and contralarerally atter resecton of the
ipsilateral seizure focus'¢t32, Nevertheless, the data presented provide some evidence that the
MR-findings observed in the ternporal lobes of TLE patients are in part, due to progressive

changes, and also represent lesions that are, in part, fixed and acquired in the remote past.

Spectroscopic data

We found a negatve correlation between NAA/Cr and the duragon of epilepsy in the
temporal lobes ipsilateral and contralateral to the EEG focus. This suggests that progressive
neuronal dysfunction may occur in both temporal lobes in pagents with TLE, even when the
seizures originate in only one temporal lobe. Because duranon is a composite vanable,

consisting of both age of onset and the age of the patent, one might suspect that any change
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in that variable might be due to the effect of the age of onset or the increasing age. We did not
find any reladonship of NAA with the age of onset itself. The relationship we found with
duraton remained robust even after controlling for age of onset. Given the cross-sectional
and longttudinal design of this study, we could not statstcally control for the effects of aging,
however there was no such relatdonship in our normal controls. Furthermore, hippocampal
cell counts in autopsy studies of normal aging individuals, fail to show significant drop-off undl
carly in the 7% decade'>3%. The difficuldes in dissecting out the effects of the different
components of duraton are consequences of the cross-sectional and retrospective nature of
this study. Furure, long-term prospectve studies, beginning in childhood, involving sernal
examinations, are required to further elucidate the possible causal relationships suggested by

the correlations we have found.

The rate of change of NAA/Cr (or the slope of the regression lines) was the same for
both sides, implving that whatever the cause of this decline, affects both sides. Habirual,
complex-partial seizures do not appear to be the cause of the progressive dysfunction given
the lack of correlaton berween seizures and NA\/Cr in either temporal lobe. However,
generalized tonic-clonic seizures were associated with lower NAA/Cr biaterally, suggestng that
they are more importantly related the to the metabolic dysfunction we are detecting. Whether
they are the cause or effect of this metabolic dvsfunction remains unknown. This associatnon
of generalized tonic-clonic seizures with temporal lobe neuronal dysfunction echoes
Mouritzen-Dam’s autopsy results that showed increased hippocampal cell loss in patents with

frequent generalized tonic-clonic seizures®! >+,

Figure 1 shows that ipsilateral NAA/Cr is more reduced than contalateral NAA/Cr,

an observation that confirms previous work from our group and others! 131571581 73175-U77.201321,
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This relationship is maintained even when the two regression lines are extrapolated back to
time zero, suggesting that ipsilateral NAA/Cr is lower than contralateral NAA/Creven ata
very early age. This is consistent with the notion that the neuronal dysfuncton or loss in the
temporal lobes of patients with mesial TLE is acquired early, in agreement with clinical,

pathological, and MR studies in children!"¥1!,

Despite the relationship between duration and NAA/Cr, patents with bilaterally
abnormally low NAA/Cr do not tend to have longer duraton than those with unilaterally low
NAA/Cr. Thus, even though longer duraton is associated with lower NAA/Cr on one or
both sides, the data do not suggest that an individual with unilateral spectroscopic abnormaliry
could progress over time to become bilaterally abnormal. The fact that the basic side-to-side
asymmertry of the NAA/Cr rauos does not progress suggests that this asvmmertry may be the
result of an inigal, remote injury. Therefore, the spectroscopic data are consistent both with
the concept that neuronal dysfunction or loss in TLE is an early, acquired conditon and also

with the notdon that progressive neuronal dysfuncton or loss may occur.
MRI volumetry

In contrast to the spectroscopic data, there was a marked difference berween ipsilateral
and contralateral hippocampal volumes in our analvsis. Progressively smaller volumes were
correlated with longer duration for the ipsilateral but not for the contralateral hippocampus.
The discrepancy berween the two neuroimaging modalities may lie in the fact that they are
measuring quite different things. Due to limits in its resolution, the spectroscopic images
include large portons of white matter as well as small amounts of neocortex whereas the
volumetric studies include just allocortcal structures. In addinon, MRS is more sensiave than

MRI volumetry in detecung abnormalities as shown by the fact that bilateral abnormalities are
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more common in MRS than MRIVol'!5. Neuronal dysfunction (measured by MRS) may be

more widespread than can be detected with anatomical measures.

Unlike the spectroscopic data, the age of onset is negatively correlated with the
ipstateral hippocampal volume. This raises the possibility that early injuries may be relatvely
more responsible for the anatomic changes seen in ipsilateral mestal temporal lobe structures,
whereas the more subtle functional changes over both temporal lobes, detected by MRS, are
gradually progressive. Hippocampal volumes were also independently correlated with
duraton, since, as for the spectroscopic data, duraton remained correlated with ipsilateral
hippocampal volume even after conuolling for age of onset, while the correlation of age of

onset with duration failed to remain stadstcally significant after controlling for the duraton.

Febmle seizures were associated with smaller ipsilateral hippocampal volumes burt not
with MRS abnormalites on cither side. This mav be an indicanon that, although MRS is more

sensitive than MRIVol, it may be less specific.

Similar to the spectroscopic data there was no correlaton with the frequency of
complex partial seizures. Thus, hippocampal atrophy does not appear to be due to the
recurrent complex partial seizures themselves, although the failure to find such a correlation
may be related to the unreliability of a patent’s esumate of the frequency of complex-partal

seizures.

Generalized tonic-clonic seizures seem to be correlated with the progressive decline in
volume, and were associated with lower ipsilateral volumes. Thus, both the spectroscopic and
volumetric data show that generalized tonic clonic seizures are associated with increased MRI

abnormality only on the side where there is also a negauve correlation with duration. Ths
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suggests that generalized tonic clonic seizures may be a causal factor of progressive neuronal
dysfunction or loss in TLE. Again, our ability to detect stronger correlations of NAA/Cr and
hippocampal volume with the frequency of generalized as opposed to partial seizures may be
because they are more damaging to neurons, but also because patients may more reliably

esumate the frequency of generalized, rather than parnal, seizures.

The correlaton of duradon with hippocampal volume contradicts previously published
work by our group™'. Several differences between that and the present analysis may explain
this discrepancy. First, our previous study included patents with temporal and extratemporal
lobe epilepsy, a more heterogeneous group of patents. Secondly, 58”0 the pauents reported
here were studied using a newer, more precise, MRIV ol acquisiton protocol using | mm slices,
as opposed to the 3 mm slices of the previous protocol. The current protocol may have a
lower threshold for detecung subde cell loss. Thirdly, for the present study we used Z-scores
for correladon analyses, and in the previous paper™' we have used absolute hippocampal
volumes corrected for vanation of intracranial volume. The fact that Z-scores represent the
variagon in SD, thus reducing the skewness of the values across padents, may explain the
significant correlaton found in the present study. Finally, the patents in the current study
tended to be older, and had longer duraton of epilepsy and lower ipsilateral volumes than in

the previous study.

CONCLUSION
This study suggests that temporal lobe epilepsy, which begins with an early injury,
occurs asymmetrically, and is followed by a gradual and progressive course of further neuronal
loss and dysfunction. The etiology of the progression remains uncertain. Generalized tonic-

clonic seizures are assodiated with signs of progtessive neuronal loss and/or dysfuncton as
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measured by magnetc resonance spectroscopy and volumetry. Despite the statstcally
significant outcomes in this study, the majority of the vanability in the data remains
unexplained. This may be due to, in part, the unreliability of esumates of seizure frequency
and onset of epilepsy. Longitudinal studies are likely to be more robust in fullv explonng the
effects of age, age of onset, repeated seizures, and duraton of epilepsy. A prospective,
multimodal neuroimaging study based on MR technology has the potential of gaining further

insights into the natural history of temporal lobe epilepsy.
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Paper 8: Time course of postoperative recovery of N-acetyl-aspartate in
temporal lobe epilepsy.

Serles W, Li LM, Antel S, Cendes F, Gotman |,

Olivier A, Andermann F, Dubeau F, Arnold DL.
Submitted.
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SUMMARY
Background: NAA/Cr, which can be measured noninvasively using proton MR
spectroscopic imaging (‘H-MRSI), provides a surrogate marker of neuronal integriry. After
successful surgical reatment of TLE, initally low NAA can rerurn to normal values in regions

outside the resected focus.

Objective: To assess the ime course of increases in N-acetvl-aspartate/Creatine
(NAA/Cr) after surgery in patents with intractable non-lesional temporal lobe epilepsy

(TLE).

Patients/Methods: e performed pre- and postoperatve 'H-MRSIin 16 setzure-
tree (§F) padents and 16 not seizure-free (\SF) TLE pagents. We calculated a mixed design
ANOVA between SF and \SFE groups, ipsi- and contralateral to the side of operanon and pre-
and postoperative NAA/Cr measurements. We applied non-linear regression berween pre-
and postoperatve N.AA/Cr differences and the ame interval between 'H-MRSI scans to fita

negauve exponental model to NAA recovery.

Resules: Mixed design ANOVA revealed that (7) postoperatve NAA/Cr was
significantly higher in SF than in NSF patents (p = 0.02) and that () the SF group had
significantly higher postoperauve NAA/Cr values compared to their preoperaave values (p <
0.05) which were within the normal range in most patents. According to our nonlinear
regression-model, in SF patients, there was a 50° v increase relatve to preoperatuve N.A\/Cr

values after 5.8 months, and an improvement of 95% after 25 months.

Conclusion: Our results extend preliminary observatons of postoperative NAA

recovery of SF patents by charactenizing the tme course of recovery as an exponenaal

168



. funcuon with a half ime of approximately 6 months. The reversal of neuronal metabolic

dysfunction remote from the epileptic focus may undetlie the clinical observaton of

improvement of cognitive function after successful epilepsy surgery.
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INTRODUCTION

Brain proton magnetic resonance spectroscopic imaging (1H-MRSI) allows in vivo
quantficatdon of N-acetyl-aspartate (NAA), which is the major contnibutor for the N-acetyl
group MR signal seen at 2.02 ppm. In mature brain, NAA is found exclusively in neurons and
neuronal processes, thus, a decrease in the NAA signal reflects neuronal loss or dysfuncdon''™.
Neuronal damage in the temporal lobes as measured by 1H-MRSI is present virtually in all
patdents with intractable temporal lobe epilepsy (TLE). NA\ signal loss is often seen
bilaterally, with maximal reduction on the side of seizure ongin defined by prolonged video-
EEG monitoring!!5157176-178 e and others have shown that neuronal damage and
dyvsfunctdon of the temporal lobes in patients with intractable TLE can improve after
successful surgical removal of the epileptogenic area'¢!3!-33. The improvement is seen both
in the remaining ipsilateral temporal dssue'®!, behind the resection, and contralateral to the side
of surgery>!"23, Neuronal recovery has been reported to occur as early as two months after
operation contralaterally™’ and five months ipsilaterally's!. However, the dynamic changes of
postsurgical recovery are not endrely clear. Better characterizaton of postoperanve NAA
increase in these patients can shed light on the factors important for recovery, such as presence
or absence of seizures or adequate surgical removal of the epileptc area. Moreover,
knowledge of the temporal profile of recovery might prove useful in guiding clinical
management of surgically treated patents. Therefore, we evaluated the ame course of
neuronal recovery in the temporal lobe 1psi- and contralateral to the side of resection by means

of 1H-MRSI in a series of patents with intractable TLE who underwent surgical treatment.

PATIENTS AND METHODS

Patients



We performed pre- and postoperative | H-MRSI in 32 padents with intractable TLE
(19 women, mean age = 36.4 vears, range = 16 — 62 vears) who had no foreign tissue lesions
on MRI. All patents underwent a comprehensive evaluadon for localization of the
epileptogenic area. 1H-MRSI was performed within two weeks before operation. Thirteen
patents had rght and 19 had left-sided operatons. Fourteen patents had been part of a
previously published study!¢!. Five of the remaining 18 patents were selected based on the
fact that they were returning for routine postoperatve follow-up. Thirteen padents were
selected based on the fact that they had preoperauve 1H-MRSI investgation, were able and
willing to return for a postoperative follow-up exam and the requirement that the firal groups
have equal numbers of seizure-free (SF) and not seizure-free (NSF) patents. We used Engel’s
outcome classificadon with respect to seizure control*’. Class I (excludes early postoperaave
seizures in the first two weeks): a) completely seizure free since surgery, b) auras only since
surgery, c) less than three complex partial seizures after surgery, but free of complex parnal
seizures for at least rwo vears, d) generalized convulsion with annepilepuc drug withdrawal
only. Class II: a) imigally free of complex partial seizures and has less than three seizures per
vear, b) less than three seizures per vear, c) more than three seizures per vear after surgery, but
now less than three seizures for at least two vears, d) nocrurnal seizures only. Class III: a)
seizure reduction of more than 90°%, b) prolonged seizure-free intervals amountng to greater
than half the follow-up peniod, but not less than two vears. Class IV a) seizure reducnon of

less than 90%, b) no appreciable change, c) seizures worse.
TH-MRSI acquisition and data analysis

1H-MRSI studies were performed on a Philips 1.5 T ACS III combined imaging and

spectroscopy system (Philips Medical Systems, Best, The Netherlands). After scout images in
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axial and sagireal planes were acquired, a multislice transverse spin-echo MRI (TR 2000 ms, TE
30 ms) parallel to the axis of the hippocampus was obtained. The volume of interest (VOI) of
the temporal lobe 1H-MRSI included part of the head, body and tail of the hippocampus and
portions of gray and white matter from the mid and posterior temporal lobes. The size of the
VOI for temporal lobe protocol spectroscopy was approximately 85-100mm in the left-right
axas, 75-95mm in the antero-posterior axis, and 20mm in thickness. A water suppressed 1H-
MRSI was acquired from the VOI (TR 2000 ms, TE 272 ms, 250x250 mm field of view, 32x32
phase-encoding steps), followed by a | H-MRSI without water suppression (TR 850 ms, TE
272 ms, 250x250 mm FOV', 16x16 phase-encoding steps). Post-processing included zero-
filling the water unsuppressed 1H-MRSI to obtain 32x32 profiles, followed by applicaton of a
mild Gaussian k-space filter and an inverse two-dimensional Fourier transformaton to both
water suppressed and unsuppressed 1H-MRSI. The resulting ame domain signal was
corrected for artifacts resulting from magnedc field inhomogeneity, and left shifted and
subtracted from itself to improve water suppression®®’. This procedure was also applied to 61
control subjects. To enhance the resolution of the spectral peaks, a Lorentzian-to-Gaussian
transformation was applied pror to Fourer transformadon in the spectral domain. The

effective voxel size was approximately 12 x 12 x 22 mm after k-space filtering.

For data analysts, locally developed software was used for baseline and peak fitnng of
the spectra. Analysis of the last 18 patients employed a more sophisticated baseline correction
and peak fitting routine to determine metabolite resonance intensites of NAA, creanne +
phosphocreatine (Cr), choline-containing compounds (Cho), and the ratio of NAA over Cr
(NAA/Cr). Spectra were excluded from the analyses if they were artifactually broadened (i.c.
full width at half maximum >10 Hz). The position of the postoperative VOI was matched to

the preoperative one within individual patients. The region of analyzed voxels was outside the



assue resected, usually starting behind the middle of he brainstem on an axial image, thus
allowing comparison of pre- and postoperatve data on both the operated and non-operated

side (Figure 1A7).

[t is assumed that, in epilepsy, cerebral Cr is stable or undergoes minor changes that do
not influence the NAA/Cr ratio significanty %77 Moreover, in our previous study!!, we
had performed a normalizatdon procedure based on brainstem values of Cr as well, which
should be unaffected in TLE. We showed a significant postoperatve increase in brainstem-
corrected NA\ resonance intensities in seizure-free padents, but no significant changes in the

brainstem-corrected Cr signal intensites.

Statistical analysis

Differences in baseline and peak fitting methods between the initial 14 padents and 21
controls and the 18 subsequently analyzed patents and 40 controls necessitated the use of
NAA/Cr Z-scores (NAA/Crz), which allowed us to compare NAA/Cr values across groups.
For each analyzed region, standardized values were calculated for each patent by: (1)
subtractng their NA\/Cr value from the mean NAA/Cr value obtained from the same
region in normal control subjects, and (i) dividing the result by the normal control subjects’
NAA/Cr standard deviaton (SD) for that region. NAA/Crz below -2SD (Le. below 95° 0 of

the sample distribution) compared to control data were considered to be abnormal.

We used unpaired t-tests to compare follow-up periods between the seizure-free and
the not seizure-free patents. We performed a three factor, mixed design analysis of variance
(ANOVA) between the seizure state (.e. SF vs. NSF = between subject factor), the side with

respect to operation (Le. ipsi- vs. contralateral = between subject factor), and the ame with



respect to operation (L.e. pre- vs. postoperative = within subject factor).

Recovery model. For each side, the postoperative NAA /Crz was subtracted from the
preoperatve one, normalized to the preoperative value and denoted as Z-score-difference
(ZPre-ZPost/ZPre = ZSD). This corrects for the different ZPre values in each patent and
represents a percentage change relatve to the ZPre. Furthermore, we applied non-linear
regression between the ZSD and ume interval to follow-up 1H-MRSI scans to fit a negative-
exponental model of the time course of NAA\ recovery as follows: ZSD = 1-e (-k * interval).
This was done separately for the data of the SF group (contra- and ipsilateral) and the NSF
group (contra- and ipsilateral), k being the calculated dme-constant for each data set. This
model assumes that, as the interval approaches infinity (and therefore ZSD approaches 1, 1.e.
100° o recovery), ZPost approaches zero, which by definiton is the average N\ /Crz for
normal controls (suggestng a return to normal NAA/Cr values). The amount of dme for
ZPost to reach a certain percentage of normalcy can be calculated by the formula: t = In
{100/(100-x) } /k, where x is the desired percentage. Radonales for our model and further
details are provided in the Appendix. Clinical data, NAA/Crz and Z-score-differences of 16

NSF and 16 SF padents are provided in the Table.

[n order to test whether the ipsi- and contralateral models for the SF patents were
significandy different, we performed chi-square tests for goodness-of-fit for each of the
models on both the contralateral data and the ipsilateral data. For each set of data
(contralateral and ipsilateral), we then used the rato of the chi-square stadstic from the two

models to perform an F test*.

We used the statistical software packages of DATASIM for Macintosh, version 1.2

(Bradley DR, Department of Psychology, Bates College, Lewiston, ME, 1998) for calculatng



the ANOVA and SYSTAT for Windows, version 7.01 (SPSS Inc., Chicago, IL) for calculating

the non-linear regression.

RESULTS
There was no stadstical significant difference between the mean time interval to the
follow-up 1H-MRSI for the SF group (22 months; range 3 - 59) and for the NSF (21.2
months; range 6 - 37) (p = 0.85). The mean clinical postoperauve follow-up penod was 31.5

months (range 10 - 59) and 29.9 months (range 12 - 46), respectvely (p = 0.70).
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Figure I: A: Postoperative 'H-MRSI volume of interest (white box) and regions of
analyzed voxels ipsilateral and contralateral to the side of resection. The NAA/Cr
ratio was obtained by averaging the voxels of each region. Note that on the operated
side, analyzed voxels are behind the resected area (broken line). B: Spectrum of a
patient with left sided TLE preoperatively (i) and postoperatively after 40 months (if)
(patient 15 SF). For comparison, a spectrum of the left temporal lobe of a normal
coatrol is depicted (iii).



Mixed design ANOVA. NAA/Crz were lower on the ipsilateral side than contralateral
(F (1,60) = 10.21; p < 0.01). Because of a significant interaction between the factors, seizure
state and dme with respect to operation, a simple main effects test was calculated. This
analysis revealed no significant difference for preoperative NAA/Crz between SF and NSF
patents (F (1,120) = 0.15, p = 0.69). However, postoperative NAA/Crz were significantdy
higher in SF padents than in the NSF group (F (1,120) = 6.55, p = 0.02). Furthermore, in the
SF group, postoperaave NAA /Crz were significanty higher than preoperatve values (F (1,60)
= 5.03, p < 0.05) and returned to the normal range in most patients (mean postoperatve
NAA/Crz-contra: -1.47; mean postoperative NAA /Crz-ipsi -1.95) (Figures 1B and 2). In
contrast, in the NSF group, NAA/Crz did not change significanty berween pre- and
postoperative measurements (p = 0.35) (Figure 3). In the SF group, there were four padents
who did not show improvement after surgery. Three of them started with ipsilateral
NAA/Crz less than -2SD below the normal control group mean and showed a further
decrease postoperatively (patients 11, 12 and 14 SF, see Table). One padent however, had ipsi-
and contralateral normal NAA/Crz preoperatvely and showed bilateral abnormal NAA/Crz
values after surgery (patient 10 SF). Although they were considered seizure-free at the clinical
follow-up interview at 10 and 26 months, patient 11 (two complex partial seizures after four
and eight months) and padent 12 {one generalized tonic clonic seizure because of medicaton
withdrawal after 11 months) retrospectvely did not have class LA outcome. Furthermore,
patent 14 had several normal postoperative EEG’s during suspected recurrent seizures. His
postoperative attacks were considered psychogenic in the context of his preexistung
schizophreniform disorder and his neuroleptic medication was maintained. The one padent
with bilateral decrease of NAA/Cr postoperatively (patient 10) had outcome class LA after

more than 3 years of follow-up on reduced medication.
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Figure 2: Box-and-whiskers plots of pre- and postoperative NAA/Cr, in 16
seizure-free patients for the ipsi- and contralateral side (see text).
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Figure 3: Box-and-whiskers plots of pre- and postoperative NAA/Cr, in 16
not seizure-free patients for the ipsi- and contralateral side (see text).
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Figure 4: Combined data of the ipsi- and contralateral Z-score-differences
(ZSD) over time (months) in 16 seizure-free patients.
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Figure 4: Fitted negative exponential function with r'-value of 0.47.

Recovery model. Fiting our model to the data, nonlinear regression in SF panents
vielded k = 0.08 for the ipsilateral and k = 0.15 for the contralateral side with raw r2-values of
0.6 and 0.42, respectively. Since the F-test on the chi-square staustics of the contralateral and
ipsilateral models failed to reveal a significant difference berween the two models, we
combined the data and repeated the nonlinear regression, which vielded k = 0.12 and r2-value
= 0.47. According to our model, following surgery, there was a 50%o increase relative to the
preoperative NAA/Crz after 5.8 months, while an improvement of 95%0 was reached after 25

months (Figure 4).

Our model is designed to track NAA recovery from pathologically low values and
therefore may not be applicable to patents for whom ZPre is above 0. The five instances in
which a patents’ ZPre was greater than zero for one or both hemispheres (pagents 8, 9

(contra), 10 (contra & ipsi) and 16 SF (contra)) were all outliers with respect to our model.
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Patents 11, 12, 13, and 14 SF also appeared to deviate somewhat from our model.
Examination of the ZPre and ZPost values for these patients revealed that their NAA did not
recover, but in fact decreased following surgery (ipsilateral in padents 11, 12 and 14 and
contralateral in patient 13, see table). Excluding the data points which did not fulfill the
critena of our model (leaving 23 data points for analysis), we found an excellent fit for our

model with a r2-value of 0.86, yielding the same half ame as for the overall data (k = 0.12;

Figure 5).
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Figure 5: Combined data of the ipsi- and contralateral Z-score-differences (ZSD) over
time (months) after removing ZSD's with Zg,. greater than zero or not improved Zp,,
(r-value of 0.86).
In contrast, when the model was applied to the NSF group, the raw r2-value for the
ipsilateral side was 0.01 (p = 0.15). Non-linear regression on the contralateral data as well as

the combined contralateral and ipsilateral data did not converge.



DISCUSSION

The present study demonstrates postoperatdve NAA/Cr increase and evenrual
normalization in successful surgically treated patients that was not seen in patients who were
not seizure-free. Our data confirm postoperative NAA recovery in a larger sample of operated
TLE-patients than previously reported!é:2!-33, Most importandy, however, we provide for
the first ume estumates of the postoperauve time course of NAA recovery in SF patents.
According to our negative exponental model, we determined a half ame for NAA
normalizanon of approximately 6 months after surgery. In additon, we found that, according
to our model, dynamic postoperatve NAA changes are not significantly different between the
ipsilateral and contralateral side to operaton. The finding of early NAA recovery in SF
patients may serve as an early index of successful surgical treatment, which often can be fully
ascertained only after two years of follow-up™’. Potenaally, this might prove useful for

guiding drug withdrawal postoperaavely.

In the SF group. there were four patients who did not show an increase in their
postoperatve N\ ipsilateral to the operation, although there was some increase on the
contralateral side. This may be related to seizure recurrence in two (patents 11 and 12 SF) and
concomitant psychiatric disease>* in another (padent 14 SF). In the remaining patent (patent

10 SF) the cause of NAA decrease in both temporal lobes after surgery is unclear.

The choice of our mathematical model for postoperaave recovery was based on the
fact that NAA normalization should occur asymptotcally, starting from varably low NAA
values at t = 0 (see Appendix). The negative exponential function provided a reasonable fit to
the SF data. A linear model would have assumed a conunuous increase to infinity, which is

inappropnate.
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The aim of our study was not to predict seizure-free outcome by means of 'H-MRSI in
an individual patent. Therefore, applicability of our data for predicting successful
postoperative drug withdrawal in individual patients must be viewed cautously, and future
studies should address this issue. However, restricting the data to the criteria of our model, we
were able to provide a more accurate esumate of NAA recovery in the SF group for the

individual patent, which did not differ from the overall recovery.

The cause of NAA/Cr recovery 1s not enarely clear. The possible factors include: (7)
NAA increase within individual neurons, e.g. secondary to reversal of neuronal metabolic

damage; (if) increase in relative neuronal volume within the VOI due to a) increase in cell size,

dendntic arbonzation or both; b) increase in cell numbers through replacement of lethally
damaged neurons by neurogenesis or c) resolution of cerebral edema induced by epilepuc

acuvity; and (i) changes in the relaxadon dme of NAA.

It is unlikely that changes in relaxaton time would occur in SF but not in NSF padents
and that these changes would affect NAA differently from Cr. it s also unlikely thar changes

in the water content occur after surgery, since no alterations of T2-signals are observed.

We believe that the first and, in part, the second factors above are the most likely
explanations for the increase in NAA. NAA recovery as a result of reversible metabolic
impairment, Le. after removal of metabolic stress, has been demonstrated /n sitro 155156 and in
vivo after treatment of amvotrophic lateral sclerosis with ant-glutamatergic drugs'>? or after the
acute phase in demyelinating lesions'>!. It is also concetvable that neuronal plastcity dunng
the postoperative period could generate an increase in relanve NAA secondary to
synaptogenesis and dendritic sprouting. Finally, recent studies have demonstrated that

neurogenesis can be seen not only in the adult brain of rodents?¥3 and primates®” but also in
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the adult human hippocampus*. Therefore, in seizure free patients after surgery, recovery of
neuronal integrity could involve both neuronal plasticity and neurogenesis, both of which could

contribute to the increase in the NAA signal.

The mechanisms by which epilepsy could cause metabolic stress, or changes in
neuronal volume are unclear. Clinical seizure frequency correlates with decreases in
NAASE39 It is also possible that ongoing abnormal neuronal firing (Setles ¢/ ul., unpublished
data) or other mechanisms such as the expression of immediate-early genes and subsequent

neuromodulators™* could be responsible for decreases in NAA.

It has been shown in animals that acute neuronal injuries can cause transient NAA
reduction trans-synaptcally¥!. Similarly, acute plaques in muluple sclerosis patents can induce
transient NA\ decreases in contralateral homotopic regions*. The phenomenon of
reversible decreases of N\ remote from lesion may reflect important changes in the brain
secondary to, but not co-localized to the epilepuc area. These reversible changes in NAA may
be indicating reversible neuronal dysfuncton underlying improvement in cerebral function as
measured by neuropsychological testing>*>¢2%, For instance, Jokeit and Ebner recentdy
showed an improvement of psychometnc intelligence based on full scale intelligence quotents

six months postsurgically only in temporal lobe epilepsy patients who became seizure-free>.

In conclusion, our results confirm postoperatuve NAA/Cr recovery in St padents.
NAA/Cr recovery can be modeled as an exponennal function with a half ame of
approximately 6 months. NAA/Cr recovery is seen in areas close and remote from the
resected epileptic area, which may reflect improvement of cerebral functon in additon to

seizure control.
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APPENDIX A: RECOVERY MODEL

RATIONALE FOR MODEL

Recall that we measured NAA/Cr recovery in terms of Z-score difference (ZSD).
where Zpr. and Zp,, represent NAA/Cr; pre- and post-surgically, respectively:

ZSD - ZPrc—ZPost (l)
Zpre

Physiological realities place 2 conditions on the recovery of NAA/Cr following surgery:

1. att=0, Zpos = Zpre. No time has elapsed .. no time for recovery to occur.
Zee—-2Z
satt=0, ZSD =" o,
Pre
2. As t—wx, Zpe = 0. NAA/Cr should not recover above normal levels (recall

that NAA/Crz = 0 represents the average for normal controls, by definition).

©ast—oo, ZSD 220
Pre

These two restrictions led us to select a model that is commonly used for
simulating time-dependent phenomena. namely. a negative-exponential function of the
form zsD=a~e . Setting a=1 fulfills our requirements. as outlined below. and sets

our model as ZSD = 1-e™. Non-linear regression was used to determine the value of k.

At 1=0:
ZSD = 1-e™
ZSD = 1-¢°
ZSD = 1-1
ZSD=0

As t—;

ZSD — 1-e™
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ZSD — 1-1/e"
ZSD — 1-1/e”
ZSD - 1-0

ZSD - 1
Calculation of time needed for recovery

To mathematically formulate an expression to calculate the time necessary to

recover X percent towards normalcy, we first need to rewrite our model to express Zps

in terms of Zpe.:

-k
Zron = Zpe ¥ e !

Recall that for our application. improvement means going from a negative Zp. to a

less-negative Zpgg. i.e.. towards 0. Thus. an X percent improvement implies

Zros = (IO?O_OX ) * Zre. We set Zpost 10 represent an X percent improvement relative to

Zpre and solve for t.
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For example, the time necessary to achieve a 50% recovery towards normalcy is:
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Table Clinical data, NAA/Cr-Z-scores (NAA/Cr,) and Z-score-differences of 16 not seizure-free (NSF) and 16 seizure-free (SF)
patients

Duration of Interval Preoperative Postoperative Z-score-difference
Postop. epilepsy to between OP/ NAA/Cr, NAA/Cr, (ZSD)
Patient Outcome  Side of Type of follow- 1st MRSI postoperative
no. Sex Age(y) class Surgery up (mo) (y) MRSI (mo) contra ipsi contra ipsi contra ipsi
Surgery :

| NSF F 49 1B L ATL 33 49 13 -2.376 -3.283 -1.159 -3.859 0512 -0.175
2NSF  F 40 i11B R ATL 40 18 21 -3.063 -5.534 -2.746 -4.487 0.104 0.189
3 NSF F 46 1IIB L SAH 34 30 19 -1.053 -2.864 -0.630 -3.335 0.402 -0.165
4NSF M 48 A L ATL 46 35 31 -2.746 -3.283 -3.01 -4.016 -0.096 -0.223
SNSF M 25 ma R SAH 34 22 24 -1.847 -4.592 -2.640 4,120 -0.430 0.103
6NSF F 47 A L. SAH 28 25 13 -3.857 -5.848 -4.968 -5.429 -0.288 0.072
7 NSF ¥ 30 1A L. SAH 30 27 30 -2.852 -0.927 -3.804 -4.016 -0.334 -3.333
8NSF M 25 HIA R ATL 2 6 21 1.439 -0.433 -3.261  -10.018 3266 -22.016
9 NSF M 52 wvC L SAH 33 37 275 -2.787 -5.112 -0.644 0.682 0.769 1.133
I0NSF F 62 B R ATL 19 53 17 0.892 -4.631 1.005 -4.908 -0.127 -0.060
IINSF M 39 IVA R ATL 38 33 37 -1.312 -5.808 -0.984 -1.611 0.249 0.723
I2NSF M 32 IVA L ATL 20 4 12 -0.157 -2.480 22513 1.835  -15.049 1.740
13NSF M 35 A R ATL 29 15 28 -1.312 -3.078 -4.056 -4.169 -2.092 -0.354
14 NSF F 18 v R ATL i3 8 19 -0.551 -4.261 -4.503 -7.421 -7.179 -0.671
ISNSF M 34 IVA L SAH 12 15 6 -8.943 -2.344 -2.660 -1.937 0.703 0.174
16 NSF F 40 HIA L ATL 29 37 24 -1.592 0.516 -3.955 -5.142 -1.485 10.969
| SF F 3l 1A L SAH 29 17 9 -1.899 -3.387 0.058 -1.974 1.031 0417
28F F 32 1A R ATL 55 12 35 -0.894 -4.592 0.111 -0.560 1.124 0.878
3SF F 16 1A I ATL 43 3 24 -1.159 -2.864 -0.312 -0.560 0.731 0.804
4 SF F 27 1A L SAH 43 21 23 -1.741 -3.021 -0.577 -1.188 0.669 0.607
5SF M 31 IA L SAH 59 4 59 -2.376 -3.702 -1.345 -0.994 0.434 0.731
6 SF F 22 1A L ATL 24 5 5 -1.265 -3.702 -1.159 -0.979 0.084 0.736
7 SF F 33 1A L SAH 30 20 13 -0.788 -3.597 -0.101 0.330 0.872 1.092
8 SF F 47 1A R ATL 36 37 30 0.858 -5.290 0.391 -2.011 0.545 0.620
9 SF ¥ 19 1A R SAH 16 11 9 0.791 -6.049 -0.711 -0.754 1.898 0.875

186



10 SF F 19 1A L SAH 39 13 39 2133 1.576 -4.843 -2.609 3.270 2.656
11 SF M 50 HA L SAH 10 37 3 -6.813 -7.164 -5.791 -8.779 0.150 -0.225
12 8F M 48 D R SAH 26 21 19.5 -3.608 -2.338 -0.824 -3.084 0.772 -0.319
13 SF F 35 1A R SAH 19 7 13 -0.617 -3.152 -1.145 1.151 -0.854 1.365
14 SF M 56 IA R SAH 13 37 8 -4.837 -5.500 -3.728 -8.625 0.229 -0.568
15 SF F i3 1A L ATL 40 10 40 -5.671 -9.069 -1.772 -1.740 0.687 0.808
16 SF M 44 1A L SAH 23 42 23 0.498 -4.107 -1.826 1.108 4.668 1.270

NSF = not seizure-free group, SF = seizure-free group; y = years, mo = months; outcome class - see method section; OP = operation; contra = contralateral, ipsi =
ipsilateral to operation; F = female, M = male; L. = left, R = right; ATL = anterior temporal lobectomy, SAH = selective amygdalo-hippocampectomy; bold figures
indicate calculated ZSD's with Z;,. > zero or not improved Zp,,, (see text)
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Paper 9: Proton MR speciroscopic imaging studies in patients with newly
diagnosed partial epilepsy.

Li LM, Dubeau F, Andermann F, Arnold DL
Epilepsia 2000 (in press).

Lippincott Williams & Wilkins
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SUMMARY
Background: Patients with intractable temporal lobe epilepsy (TLE) have low values
of NAA in their temporal lobes. Surgical reatment of patients with intractable TLE is
associated with normalizadon of NA in patients who become seizure-free, but not in those
who continue to have setzures. If low NAA depends on the occurrence of seizures, one
would expect NAA recovery also to occur in patients who become seizure-free after AED

treatment.

Objective: \('e assessed whether the N\ to creadne rato (NAA/Cr) is abnormally
low at the onser of epilepsy and if successful treatment of seizures with ant-epileptc drugs

(AED) is sufficient for normalizadon of NAA/Cr.

Padents/Methods: Using proton magnetic resonance spectroscopic imaging ('H-
MRSI) we measured NA\/Cr in the temporal lobes of eight patents with newly diagnosed
epilepsy before or soon after starting medicaton. Six of the pauents had follow-up 'H-MRSI
examinations seven months later. The clinical pattern of the seizures and the EEG findings
suggested partal seizures in all, and TLE in five of them. None of the patents had lesional

epilepsy according to MR imaging.

Results: Initial 'H-MRSI of the temporal lobes showed significandy low NAA/Cr
values in five out of the eight patents. Five of the six patents who had follow-up 'H-MRSI
were seizure-free after instituton of medicaton; the remaining one decided not to take
medication and continued to experence occasional auras. Wilcoxon rank sign comparison of
the NAA/Cr on the inigal 'H-MRSI examinadon and the follow-up H-MRSIs showed no

significant difference (Z = 135, p = 0.893, 2-tailed) for the five seizure-free patents.
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Conclusion: Neuronal dysfunction is present at an early stage of the epileptic process.
The NAA/Cr recovery in seizure-free patdents controlled with AED:s is less evident compared
to successful surgical treatment. Thus, the mechanism for NAA/Cr normalization after
surgical treatment of TLE appears to be related to removal or disconnection of the epileptic

area.
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INTRODUCTION

In brain 'H-MRS, the most intense signal is visible at 2.02 ppm and corresponds to N-
acetyl groups, mainly N-acetyl aspartate (NAA) 15119 N A\ is synthesized in brain
mitochondna from acetyl-CoA and aspartate by the enzyme L-aspartate N-acetyltransferase!-
'3 and is confined to neurons and neuronal processes of the mature brain!>#15, The NAA
signal in the marure brain derives only from the neuronal pool, areas of decreased N\ signal
intensity are interpreted as (7) neuronal loss and/or (7) dvsfuncton. The assumption of
neuronal loss is supported by both experimental 7'+ and clinical observations'¥-'". The
assumpton of neuronal dysfuncton is supported by /n zre 1315 and in vitrp 144155156 srudies
which showed the ability of the NAA signal to recover. De Stefano et al.'3! reported on a
series of patents with acute brain injury, multiple sclerosis or mitochondnal encephalopathy,
who had significant NAA/Cr decrease and lactate increase during the acute phase of disease
with NAA/Cr normalizaton paralleling their clinical recovery. Balm et al.,'>} performed 'H-
MRSI in 16 patents with symptomatc carotd artery stenosis before and after endarterectomy.
They found that metabolic changes seen pre-operatively (VNAA, Tlactate) normalized four
days after endarterectomy. Matthews et al.!>® showed that neurons under stress conditions 7»
vitro express less NAA and this reverses with optimization of the culture media, reflecung the
survival of a population of viable neurons. Bates et al.' showed that inhibidon of
mitochondrnial oxygen consumption and ATP synthesis also inhibited NAA producton,
suggesting that impaired neuronal mitochondria function, if not reversed, may result in

irreversible neuronal death.

Since NAA can be quantfied in v by proton MR spectroscopy, it has been a useful

marker of neuronal integrity in the assessment of neurological disorders. The NAA signal is
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often reduced in the brains of patients with intractable partal epilepsy.>*” Although the NAA
decrease can be widespread and usually involves the contralateral side as well, the maximal
reduction coincides with the side of seizure ongin as defined by EEG. !15:1G157-15%176 N A A
recovery was shown in padents with intractable temporal lobe epilepsy (TLE) who had
undergone a surgical resection and became seizure-free.!¢'>!>3 We have shown that the time
course of NAA recovery in these patents can be modeled as a simple exponenuaal functon,
with a post-operative recovery half-time of approximately six months.»? In contrast, in
patents whose epilepsy persisted despite surgery, NAA levels did not change significandy.
The mechanism thar leads to NAA improvement post-operatvely is poorly understood. Since
NAA recovery is only seen in those patients who become seizure free, it is unlikely that post-
operative tissue changes and alterations in water content and metabolite relaxaton ume are the
cause. An alternaove explanaton is that the N\ levels normalize following cessaton of
seizure actvity, but if this were the case, one would also expect to see NAA recovery in the

brains of patents who become seizure-free with ana-epilepuc drug (AED) therapy.

The use of the newly introduced AEDs rarely leads to seizure freedom in patents
refractory to convendonal AEDs.»**  On the other hand most patents with newly
diagnosed epilepsv can become seizure-free with AEDs. However, it is not known whether
padents with newly diagnosed epilepsy might have neuronal dysfunction that results in
epileptogenic actvity or whether neuronal dysfuncton is a consequence of a long-standing
epileptic process. [n our previous cross sectional study of 82 patents with chronic refractory
TLE, linear regression plots suggested that neuronal metabolic dysfunction is present at the

tme of clinical diagnosis of epilepsy.*?

In this study we aimed: 1) to evaluate whether neuronal dysfunction, as measured by
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NAA/Cr reduction, is present in padents with newly diagnosed partial epilepsy; and ii) to

assess if neuronal dysfunction can improve with AED treatment.

PATIENTS AND METHODS

We studied with 'H-MRSI eight patients with newly diagnosed parual epilepsy before
or soon after starting medicaton (maximum | month). Thev were referred by neurologists of
the Montreal Neurological Hospital, who were also consultants on call at the Emergency
Service of the adjoining Roval Victoria Hospital. Inclusion criteria were: 1) patents who had
at least two unprovoked stereotyped seizures, 2) absence of a foreign ussue lesion as detected
by MRI, 3) patents willing to undergo serial 'H-MRSI. The study was approved by the Ethics
Committee of the Montreal Neurological Institute and Hospital. Intormed consent was

obtained from all padents. Six patients had a follow-up 'H-MRSI seven months later.

'H-MRSI studies were performed int a Philips 1.5 T ACS Il combined imaging and
spectroscopy system (Philips Medical Systems, Best, The Netherlands). Following scout
images in both axial and sagirral planes, a muldslice ransverse spin-echo MRI (TR 2000 ms,
TE 30 ms) was obtained. The volume of interest (VOI) within the temporal lobe 'H-MRSI
included part of the head, body and tail of the hippocampus and portions of gray and white
matter from the mid and posterior temporal regions (Figure 1A-MRI). The size of the VOI for
temporal lobe spectroscopy protocol was approximately 85-100mm in the left-nghe axis, 75-
95mm in the antero-posterior axis, and 20mm in thickness. A water suppressed 'H-MRSI was
acquired from the VOI (TR 2000 ms, TE 272 ms, 250x250 mm field of view, 32x32 phase-
encoding steps), followed by a 'H-MRSI without water suppression (IR 850 ms, TE 272 ms,
250x250 mm FOV', 16x16 phase-encoding steps). Post-processing included zero-filling the

water unsuppressed H-MRSI to obtain 32x32 profiles, followed by application of a mild
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Gaussian £-space filter and an inverse 2D Fourier transformation to both water suppressed
and unsuppressed 'H-MRSI. The resulting ime domain signal was left shifted and subtracted

from itself to improve water suppression.>?

Resonance intensities in individual spectra were determined by integration of peak
areas using locally developed software. Voxels on the edge of the VOI which were affected by
chemical shift artifact and voxels that were artifactually broadened were excluded from the
analyses. The resonance intensity of NAA was normalized to intravoxel Cr. In epilepsy, Cr is
relatively stable!57:15%161161177 5o that changes in the NAA/Cr rado reflect changes in NAA and
neuronal loss or dvsfunction. NAA/Cr tor each temporal regions were expressed as z-scores
((value — normal mean) / normal standard deviaoon) compared to values from 40 healthy
control subjects of similar age. Values 2 SDs below the normal mean were considered
abnormal. Three controls had follow-up scans 2 years after their baseline scan. The
repeatability coefficient™3 of the NA.A/Cr measurement berween scans was calculated for
these three controls and found to be 0.22 (5%) for a 99%6 confidence interval. NAA/Cr
differences between follow-up and baseline measurements that fell outside the range of the

repeatability coefficient were considered significant.

Diagnostic MRI scans were acquired using the same scanner in a separate examinaton.
We acquired sagirtal and coronal Ti-weighted (TR 550 ms, TE 19 ms) images, followed by
dual-spin echo (TR 2100 ms, TE 20ms - 78 ms) transverse proton density and T>-weighted
images. A Ti-weighted gradient-echo volume acquisition of the whole brain (TR 18 ms, TE

10ms, 30° angle, 1| mm thick contiguous slice) was used for multplanar reconstruction.

RESULTS

Patents’ data are displayed in Table. The mean age of patents at the ime of diagnosis

194



of their epilepsy and 'H-MRSI examination was 30 years (range 21 — 56 vears). None of the
eight patients had any idendfiable risk factors, such as febrile convulsion, head trauma, or

previous central nervous infecdon. Diagnostc MRI was normal in all eight patents.

The second seizure occurred within one vear after the first seizure in all eight patents,
three patients (Table: 1, 3, and 7) had the two seizures within a day. All eight patents
described an aura. Three patents (Table: patents 1, 4 and 7) had occasional (<than 5) isolated
auras for a period of one vear before the clinical diagnosis of epilepsy was established and the
remaining tive patients had only two seizures before their baseline scan. They all had

recollection of their seizures.

Routine and sleep EEGs were performed on all patients and showed epileptc acuvity
over the temporal lobe in two patents (Table: patients 1 and 3). Five patients had clinical
manifestations with well described temporo-limbic-type auras (Table: pauents 1, 3, 4, 7 and 8)
and in two of them their EEGs showed temporal lobe spikes (see Figure 1B), suggestng
temporal lobe epilepsy. We could not establish precisely the anatomical location of the

seizures in the remaining three patents (Table: 2, 5, and 6).



Table: Clinical description and 'H-MRSI of eight patients with newly diagnosed epilepsy

N - ]
NAA/Cr z-score of temporal lobe MRSI

Interval between __Baseline Follow-up
patient/sex/age Aura Seizure description EEG Medication Clinical status |scans (months) rit__;ht left riﬂ left
1/m/26 T epigastric disconfort SGTC R-Temporal CBZ seizure-free 7.34 -8.91 470 627 -443
2/t/33 unwell feeling SGTC normal CBZ seizure-free 7.80 -2.56 -2.59 1.04 -1.27
3/m/56 fear, déja vu CPS Bi-Temporal CBZ seizure-free 8.00 -1.91 -4.44 -4.66 -5.05
4/£120 fear, déja vu SGTC normal not-treated manthly auras 928 -0.86 -0.28 -2.29 -1.13
5/f131 hard to describe, dizzness SGTC normal VPA seizure-free 7.28 -0.74 0.44 -1.81 -0.80
6/m/21 dizziness SGTC normal cBz seizure-free 9.67 492 -4.87 -5.70 -4.63
7/m/34 experiential phenomena  CPS, SGTC normal PHT -0.40 -1.87 . .
8/1/24 experiential phenomena CPS normal cBzZ -3.27 -0.94 . .

CPS = complex partial seizures, SGTC - secondarily generalized tonic-clonic seizure. R —right, L- left, Bi - bilateral. CBZ - carbamazepine, VPA - valproate
acid, PHT= phenytoin. The mean normal control NAA/Cr ratios (SD) for the right T1. is 4.28 (0.15) and for the left TL is 4.24 (0.16)
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Figure 1: a 26 year-old patient with newly diagnosed temporal lobe epilepsy. A) The
follow-up temporal lobe 'H-MRSI 7 months after complete seizure control by
carbamazepine still shows low NAA/Cr values in both temporal regions. B) Interictal
EEG showing right temporal lobe epileptic activity.

Statistical analyses were carried out to assess (Z) the difference of NAA/Cr berween
baseline and follow-up scans and (%) the NAA/Cr changes in an individual patent. Temporal
lobe 'H-MRSI showed significandy low NAA/Cr values in five out of eight padents (sce
Table). The mean (n=8) NAA/Cr value (z-score) was 3.85 (-2.94) for the rnght and 3.83 (-
2.40) for the left temporal region. Six patients had follow-up temporal lobe 'H-MRSI. Five
out of the six patients were seizure-free since beginning their medical reatment and the
remaining one chose not to take medication and continued to experence occasional auras.
Wilcoxon rank sign comparison between the baseline and the foilow-up temporal lobe 'H-
MRSIs for the five seizure—free patents with alpha corrected for multiple comparison (0.025)

showed no difference in NAA/Cr ratos for either side (right temporal lobe Z = 135, p =

0.893, 2-tailed; left temporal lobe Z = 135, p = 0.893, 2-tailed).
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Figure 2: A) Box-and-whisker plots of 'H-MRSIs NAA/Cr ratios converted into z-
scores for patients with newly diagnosed partial epilepsy. The mean interval between
scans was 8 months (range 7 to 10 months). The mean NAA/Cr z-score for the first
'H-MRSI (7=8) was —2.94 (right) and -2.40 (left). The follow-up mean NAA/Cr z-
score (n=6) was —3.28 (right) and -2.89 (left). Wilcoxon rank sign comparison
between the first and the follow-up temporal lobe 'H-MRSIs for the five seizure—tree
patients (1. 2, 3, 5. and 6) showed no difference in NAA/Cr ratios for either side (right
temporal lobe Z = 135, p = 0.893, 2-tailed: left temporal lobe Z = [35. p = 0.893. 2-
tailed). The baseline and follow-up NAA/Cr =-score mean values of the five seizure-
free patients are linked with a line. Horizontal dashed line across represents the limits
of -2 SD. B) Difference between follow-up and baseline 'H-MRSIs NAA/Cr ratios
are plotted in the graph with horizontal dashed lines representing the upper and lower
limits (99% confidence interval) of the repeatability coefficient of NAA/Cr
measurement between scans in normal controls. The patients 1 and 2 had significant
improvement of NAA/Cr in the right temporal lobe. while patient 3 had significant
decrease of NAA/Cr in his right temporal lobe. The remaining three patients showed
no significant change.

In an individual analysis, two seizure-free patents (Table: padents | and 2) with

bilaterally low NAA/Cr on the ininal 'H-MRSI had a follow-up NAA/Cr increase above the
range of the repeatability coefficient, and patent 2 reached a NAA/Cr within the normal range
(2 -2SD). Nevertheless, one other seizure-free patient (Table: patent 3) with bilaterally low
NAA/Cr on the initial 'H-MRSI showed a decrease in NAA/Cr in the temporal lobe below

the range of the repeatability coefficient in the follow-up scan. The untreated patent (Table 1:
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patient 4) had a follow-up scan showing a decrease in NAA/Cr from the normal range to <
25D below the normal mean, but the NAA/Cr difference between baseline and follow-up

scans falls within the range of the repeatability coefficient.

DISCUSSION

MR imaging abnormalities have been reported in approximately 24°0 of patents with
newly diagnosed epilepsy™ and 12%% of patients who had a single seizure. ™ Fernandez et
al.,’ have also demonstrated that clinically asymptomatic relatives of patients with familial
febrile convulsions have asymmetrical hippocampal volumes as measured by quanatagve MRI
In this series of patents with no structural abnormality detected by MRI, we found that
NAA/Cr was reduced in the temporal lobes early in the course of their epilepsy. [tis very
unlikely that the few (< 5) auras one vear before the diagnosis was established were the cause
of the low NAA/Cr seen in these studies. This suggests that a pre-existng underlving
structural and/or functional abnormality likely facilitated the development of epilepsy.
Similarly in animal models, Germano et al. " demonstrated that rats with neuronal migradon
brain lesions had a lower afterdischarge threshold and their hippocampi would kindle more

quickly than the control rats.

Normalizaton of NAA/Cr has been reported in pattents who are seizure-free post-
operatvely.!6t31-33 The normalizaton of NAA can be seen as early as two months after
surgery.” Surprisingly, in this series the two time point NAA/Cr measurements did not differ
significantly in patients who became seizure-free following medical treamment. In individual
patent analyses, however, the changes in temporal lobe NAA/Cr were varable: NAA/Cr
went up in two patients, down int one, and did not change in the remaining two patents,

though they were all seizure free. This suggests that the mechanism for NAA/Cr
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normalization in the surgical series follows removal and/or disconnection of the epileptogenic
area, and that seizures and neuronal metabolic dysfunction coexist but are not necessarily
causally related and may represent independent variables. A\ mechanism by which the lesion
causes local and remote neuronal dysfunction might be similar to the phenomena of
diaschisis, ™ in which acute lesions in an area of the brain leads to transitory functional
impairment of interconnected areas. Rango et al.'* demonstrated that acute deafferentation in
the central nervous system can cause transitory N.A\A/Cr decrease in interconnected areas. In
the case of epilepsy, however, in order for sustained neuronal dysfunction to occur, there must
be ongoing neurcnal network disrupton, which apparently is not influenced by the first line

AEDs prescribed.

Explanatons for not seeing neuronal improvement in this series would include 1)
short follow-up, 2) sample size - group selection, and 3) tvpe of drug. The time course of
NAA/Cr normalizaton in drug treated patients might not follow a similar aime frame to that
seen in surgically treated individuals. The group of padents represented in this study are
patents referred from emergency rooms and teruary centers who usually have more severe
epilepsy and do not represent the general epileptic populadon. Future studies with a larger
sample and 2 community based selecdon will provide more power in the idendfication of a
sub-group of padents likely to have NAA/Cr normalizaton. It has been suggested that
gabaergic or glutamatergic action drugs can prevent epileptogenesis, while sodium, or calcium
channel action drugs only alter the threshold of seizure expression.®! There is also evidence
that some of the recently developed AED:s also have neuro-protective properties,’™* which
might be relevant in blocking epileptogenesisé'=+* or prevennng further neuronal damage.>' [f
this is the case, we hypothesize that "ant-seizure" and "anu-epileptogenic” drugs have distinct

NAA/Cr recovery profiles; the former shows n0 improvement in neuronal dysfunction, and
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the latter shows improvement and normalization of the neuronal abnormality. Moreover, the
presence of a structural brain abnormality is 2 major contributing factor for relapsing
setzures,3 thus patients with normal MR imaging and absence of 'H-MRS demonstrated
neuronal dysfunction would stand a higher chance of successful drug withdrawal. In that case,
'H-MRS could be used to monitor and provide informaton about a patent’s epileptogenic
process. This, however, does not imply that patents with abnormal NAA/Cr ratos could not
achteve seizure control. Mendes-Ribeiro et al. 22 reported single voxel temporal lobe 'H-MRS
findings in 10 seizure-free TLE patients treated with AEDs. Eight patents had normal
NAA/Cr values, however, two patents had significant NAA/Cr reduction despite a long
penod of seizure freedom (3 vears) using AEDs. Interesungly, these two patients had a past
history of poor seizure control. Preliminary results from the National Insttute of Health-
USA¥ in children with newly diagnosed epilepsv showed follow-up FDG-PET normalizanon
one vear later in two seizure-free patdents, while in those with poor seizure control,
deterioration or no change was observed on the follow-up FDG-PET examinauon. Itis
unknown, however, if glucose metabolism disturbance is a marker of poor seizure control
since it is known that FDG-PET results are influenced by peri-scanning seizures>!. Unlike
FDG-PET, NAA/Cr appears not to be influenced by per-scanning seizures** and in additon,

NAA is a specific marker of neuronal integnty.

In conclusion, neuronal dysfunction is present at an early stage of the epileptc process,
and its recovery after seizure-control with standard AEDs s less evident compared to
successful surgical treatment. Thus, the mechanism for NAA/Cr normalization after surgical

treatment of TLE appears to be related to removal or disconnection of the epileptic area.
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CHAPTER YV

Conclusion and summary

Neuronal metabolic dysfunction in relation to lesions and spikes

The results of our 'H-MRSI study on patients with cortcal developmental
malformauons and epilepsy are similar to a previous study!. We found that the degree of
neuronal metabolic dysfunction is different depending on the type of corucal developmental
malformations (CDM), possibly reflecang the intrinsic nature of the lesion. Focal cortical
dvsplasia showed abnormally low NAA and in some cases a high choline signal at the lesion
site. In brain tumors, an increase in the choline signal has been linked to hypercellulariey 1733
and malignancy¥', and in the context of CDM, areas of {NAA and Tcholine outside the MRI
visible lesion may represent microdysgenesis. Careful anatomo-pathological study of surgical
FCD specimens and correlaton to co-registration images using anatomical MRI, NAA and
choline maps can be used to assess this issue in the future. In heterotopia, the NAA decrease
was varable. Although the heterotopic neurons behave™* and look like normal neurons=’,
thev are dysfunctonal. This is additional evidence that NAA signal is a2 marker of neuronal cell
functon. A recent study®>? in 15 patients with CDM confirms low NAA at the site of the
lesion. In addition thev*? found no significant association berween levels of NAA/Cr and the
presence of frequent runs of spikes or the seizure burden. In contrast to results seen in
CDMHK 21352 neuronal metabolic dvsfuncton and synchronized neuronal firing in non-lesional

cases tend to vary together in intensity (paper 3). This was the first ime we have evidence that

202




interictal spikes are related to neuronal dysfuncton. Future study using imaging techniques to
quantfy neurotransmitters, such as GABA and glutamate, might vield further clanificadon

about the relationship between the structural lesion and epileptogenicity.

The results from the second paper, which assessed the anatomical distribution of
neuronal metabolic dvsfuncton in relagon to the epileptogenic area, showed that these two
vanables co-localize very well, and the former often extend bevond the latter. Our results
demonstrated that in addinon to commonly seen contralateral homologous NAA decrease, the
neuronal metabolic dysfuncton also extends to non-homologous regions in ~40°0 of panents
with partial epilepsy. These findings contrast a previous study'®, which using a single 2D 'H-
MRSI of the temporal lobes revealed that non-lesional E-TLE does not have decreased NAA
in the hippocampus. Nevertheless, the same authors reported two preliminary studies using
multslice 'H-MRSI with conflicting findings, one showing that neuronal metabolic
dvsfuncton exclusively localized to the seizure focus™™ and the other showing that neuronal
metabolic dysfunction extends beyond the seizure focus™>. The reasons for discrepant
findings are not clear, possibilines include different types of patents (lesional ». non-lesional),
different brain regions (hippocampus 2. temporal lobe) and 'H-MRSI techniques (2D-PRESS
vs. muldslice). Future studies should explore these issues and more important is to assess
whether presence of widespread neuronal metabolic dysfuncton is associated with poor

surgical prognosis.

In summary, neuronal metabolic dysfunction overlaps the neuronal electrical
paroxysmals detected by EEG and the structural lesions displayed by MRI. The extent of
neuronal merabolic dvsfuncton, however, tends to be wider than the MRI-visible lesion and

often coincides spadally with the area of synchronized neuronal firing. We conclude that the
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anatomical distribution and degree of the neuronal metabolic dysfunction reflects the intrinsic
nature and extent of the original epileptogenic damage and also the severity of the

epileptogenic process.

Clinical relevance of new types of MR-based techniques

Although magnetzation transfer imaging is sensitive to demyelinating lesions!”, it was
not useful for lateralizing TLE, probably reflecting distinct pathophystological mechanisms of
axonal #s. neuronal damage. Future studies should be performed looking for alternative

imaging techniques in the investugation of MR-negative epileptic patients.

TLE panents display a spectrum of structural and metabolic abnormalides
demonstrated by MR-based techniques, which allow a probabilistc prediction of TLE
lateralization and discriminadon between TLE and non-TLE (paper 5). An analogy of this
approach towards MR data sets can be made to a weather forecast, in which case we not only
predict the possibility of rain, but also its probability. The linear disciminant analyses
demonstrated high accuracy for TLE lateralization using a high posterior probability curoff,
but the accuracy was not so high for discimination of TLE from extra-TLE, mainly due to the
presence of temporal lobe neuronal damage in some pagents with extra-TLE, reflectng a dual
pathology. Future studies using multi-slice 'H-MRSI which provides a wider coverage, and
more powerful data analysis using aruficial intelligence, can overcome the limitatons of our

model in the task of discriminating TLE from others non-TLEs.

[n terms of surgical prognosis, the results of our paper 6 showed several features
associated with good outcome in a selected group of TLE patents. This contrasts with a

previous study353, which failed to demoanstrate a prognostic value for 'H-MRSI. In their series,



only unilateral hippocampal atrophy was a significant factor associated with outcome. A
recent report’>* showed similar results to our paper 6, they found that the severity of
contralateral neuronal metabolic abnormality was associated to surgical outcome. The
discrepancy observed among these reports, including ours, on surgical prognostic value of 'H-
MRSI may be due to sample size, different types of TLE patents, i.e., NAA decreases in
unilateral and bilateral hippocampal atrophy and normal hippocampal volume might have
different biological meaning and impact on surgical results. It is possible that the severty of
the NAA decrease in unilateral hippocampal atrophy has very little importance on outcome,
while it is relevant in bilateral hippocampal atrophy patents as we have demonstrated. Since
MRVol has surgical prognostic value on TLE patents™!-23-5353 future studies using
multivariate analysis on the various MR markers can provide us with clues about the value of
these measurements. Furthermore, application of artficial intelligence on different data sets
(MR-markers, EEG, neuropsychology, and clinical data) can add prognostc informaton to
surgical outcome. In summary, MRVol and 'H-MRSI are reliable markers of lateralizaton of
TLE and also have surgical prognostic value, thus we conclude that these techniques should be
used to streamline the presurgical evaluation. Patients with a high certainty of MR
lateralizaton and localization plus concordant routne interictal EEG and clinical

manifestatons do not require prolonged video-EEG monitonng.

Nevuronal damage and recovery in the epileptogenic process

In non-foreign tssue lesional TLE syndrome, the epileptogenic process is dynamic and
manifests itself as seizures, cognitive impairment, and neuronal loss and dysfuncrion. A cross
sectional study of full scale intelligence quounent (FSIQ) in a large TLE epileptc populaton

demonstrated that there is a progtessive decline of FSIQ over tme®*. Similarly, results of our

205



paper 7 showed progressive neuronal damage in a selected group of patients with non-foreign
tssue lesional refractory TLE. Seizure burden did not correlate with degree of neuronal
damage (paper 2 and 7). There was, however, a significant association between the presence
of generalized tonic clonic seizures and neuronal damage, but no definite conclusions can be
made about the causal relatonship of these two variables because of the type of the study. A
recent MR Vol study™ in a smaller group of patents with non-foreign tissue lesional TLE
showed similar finding to our study, that the hippocampal volume declines over ime and is
not related to seizure burden, but history of febnle convulsion is associated with a smaller
hippocampal volume. We concluded that there is progressive neuronal damage in non-foreign
assue lesional TLE pauents that is not due to setzures. The slopes of NAA/Cr and
hippocampal volume over ume showed that the period of ume needed to detect a drop of one
standard deviaton in these markers is 33 and nine vears respectively. Seizures and neuronal
damage should be regarded as distinct domains of padents' TLE process together with
neuropsvchological impairment or psychiatric disorder. These domains parallel each other in a
given time, although their pathophysiological processes are disunct and not necessanly causally

related but instead are epiphenomena of the underlying epileptogenic process.

Using a larger series of patents, we confirmed previous observations!6:231-33% that
NAA recovers after surgery. Neuronal recovery occurs only in post-operatve seizure-free
patients and has a recovery half tme of six months (paper 8). Patents who are seizure-free on

AEDs, however, do not show neuronal recovery during this umeframe (paper 9).

Based on the distinct pattern of neuronal recovery between surgically and medically
treated patents, the mechanism for neuronal recovery is surgical resection or isolaton of the

epileptogenic area, which interrupts the ongoing neuronal nerwork dysfuncuon and
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consequently normalizes neuronal function, controls seizures, and improves cognitive
impairment. As for medically treated patents, the available first line AEDs in most cases only
control seizures by altering seizure manifestation threshold but do not improve neuronal
metabolic dysfunction. Sato et al. ¥ suggested that certain classes of AEDs exert a true ant-
epileptic effect in kindling models, however, this has been difficult to confirm in humans. The
newly marketed AEDs have shown to be neuroprotective 3> and may prevent
epileptogenesis and progression of neuronal damage and its consequences. Thus, we
hypothesize that "anti-seizure" and "ant-epileptogenic” drugs would show different profiles of
neuronal metabolic recovery, the former showing no effect and the latter showing

improvement of the neuronal marker, NAA.

Absence of setzures did not appear to be a key factor for neuronal recovery. This
supports the idea that seizures and neuronal damage co-exist but are not causally related.
Mendes-Ribeiro et al.**> demonstrated that pagents with TLE who are seizure-free for many
vears may still have neuronal metabolic dysfunction. Since presence ot a brain lesion 1s a nisk
factor for seizure relapse in drug withdrawal process’33, we hypothesize that patients who are
seizure-free with no structural or neuronal metabolic dvsfunction would stand a higher chance
of successful drug withdrawal. We add to the statement made by Walker and Sander*¢ that
the final goal of drug treatment is total control of seizures and also resolution of epileptogenic

process.

Epileptic State

The epileptic state, herein, refers to the patient’s epileptogenic process at a given time

point. Seizures, stereotyped behavioral manifestations, are the hallmark of epilepsy. The
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presence of seizures denotes an active epileptogenic process, but the absence of seizures does
not automatically imply an inactive epileptogenic process. This is supported by the presence
of cognituve impairment>* and neuronal merabolic dysfunction in seizure-free patients+*
(paper 10), and seizure relapse after AED withdrawal"338. The NAA/Cr measure is closely
associated with an actve epileptogenic area (paper 2, 3, 5, 7-9) and its severty (paper 3). Thus
we propose that the NAA /Cr measure can serve as a surrogate marker for the pauent’s

epileptogenic state.
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