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AB8TRACT

.:\ series of srudies \Vere undertaken \Vith me aim of assessing the static and dynamic

profiles of the mosr common types of epileptogenic lcsions: hippocampal sderosis and cortical

developmentai malformations. Neuronal metabolic dysfunction measured by proton magncric

resonance spectroscopic imaging et H-~[RSI) o\"crlaps the smlcturallesion dispiayed by

magnetic resonance imaging (0.lRI). The extent of neuronal metabolic dysfunction. howevcr.

tends to be wider than the ~[RI-visible lesion and ma\" ret1ect me intrinsic nature and extenr of

the original epileptogenic damage" In addition. neuronal rncrabolic dys function and

synchronized neuronal firing often coïncide sparially and '"ary together in intensity possibly

ret1ccting the scycory of the epileptogenic process.

Non-foreign tissue lesional, temporal lobe cpilepsy (I"LE) syndrome is a

hererogeneous condition. which dispiays a specmlm of neuronal damage. The differcnr

patterns of neuronal damage measured by ~[RI ,"olumctry ~[RIYol) and 1H-~lRSI cnable

accurate probabilistic prediction of TI..E lateralization and discrimination of TLE from extra

TI..E. Furthennore. both ~[RIYol and 1H-~lRSI have a prognostic value in surgical TLE

patients. which can be used to streamline surgical candidates.

The neuronal damage is present in the carly stages of the epileptogenic process in

patients with localizarion related epilepsy. 1bis process is dynamic and shows a slow

progressive neuronalloss and dysfunction in TLE patients. which is not related to seizure

burden. Neuronal metaholic dysfunction, lesions, spikes. cognitive decline. and psychiatrie

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

neuronal damage eo-exist but are not eausally related.

Normalization of neuronal metabolic function is seen in post-operati\·e seizure-free

patients, with a reeovery halE rime of si..x months. However, the process of neuronal reco\·ery

cloes not occur in parients who are seÏ2ure-frce clue to antiepileptic Medication. 'rbe

epileptogenic proeess causes disruption of normal neuronal network and in order to re\'erse

this disruption the epileptogenic area must be isolated or reseeted surgically. The epileptic

stare is a translation in rime of the aem;t)· of the epilcprogenic process. Seizures. stereotyped

bcha\;oral manifestations. arc thc hallmark of the cpilcpmgenic proccss..\bsenec of seizurcs.

howc\·cr, does oot retleet inacti\;~· of the epileptogenie proecss. ~eurona1 damage as

measurcd by N.-\..\jCr ean scrve as a surrogatc marker of thc epilcprogenic statc.
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RÉSUMÉ

Nous avons enrrepris une série d'études~ dans le but de dérenniner les états basal et

longitudinal des types les plus fréquents de lesions épileptogènes: la sclérose hippocampique et

les malformations du dè·eloppement cortical. Les modifications du metabolisme neuronal

détectés par imagerie specrroscopique de résonance magnétique (ISlL.\1) se superposent au.,

lesions anatomiques \~ualisées par imagerie de résonance magnétique (IIL\I). Cependan~

l'étendue des modifications métaboliques sont SOU\'ent plus larges que celle des lésions

détectées par IR.\I, et peuvent mettre en évidence la narure même et l'étendue de la région

épileptogène initi'Ùe. De plus l'étendue ainsi que l'intensité des modifications métaboliques

neuronales coincident souvent a\'ec les décharges neuronales synchronisées, ce qui reflète la

sé\'érité du processus épileptique.

Le syndrome de l'épilepsie temporale (ETL) non-Iésionelle consiste en un large spectre

d'atteinte neuronale. L'IR.\1 volumetrique et l'ISR..\( permettent de latéraliser a\'cc précision

l'épilepsie temporale et de la discriminer de l'epilepsie extra-temporale à l'aide d'une analyse

multi-paraméttique. Enfin ces cleu., methodes d'investigation permettent d'établir un

pronosrique chez des patients candidats à une chirurgie.

L'atteinte neuronale est obselyée des les premières phases du processus épileprique

chez les patients présentant une épilepsie localisée. Les \"ariations de ce processus sont

accompagnées d'une pene ou d'un disfoncrionnement neurona4 chez les patients preséntant

une ER qui n'est pas corrélée avec la ftéquénce des crises. Le processus épileptique peut

présenter plusieurs aspects tels que des modifications métaboliques, des lésions anatomiques~
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des décharges neuronales~ un déclin cognitif, et des maladies psychiatriques. Parmi ces demiers~

certains peuvent coexister malgré une pathophysiologie distincte. :\ins~ il n'y a pas de

correlation entre l'observation des crises comitiales et d'une atteinte neuronale.

Chez les patients ne présentant plus de crises après chirurgie, on observe une

normalisation du métabolisme neuronal après une demie-période de récupération de si."{ mois.

Cependan4 ce phénomène n'est pas démontré chez les patients ne présentant plus de crise

sous traitement médicamenteux. Le processus épileptique entraine des altérations du réseau

neuron~ qui peuvent être corrigées ou linùtées par une résection de la région épileptogène.

.\lors que les crises comitiales ou un comportement stéreôtypé constituent les signes du

processus épileptique, l'absence de crises ne reflète pas une inactivité du processus épileptique.

Par contre~ l'atteinte neuronale, mesurée par le rapport métabolique de N:\.:\/Cr. constitue un

marqueur substitutif du processus épileptique.
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PREFACE

This Ph.D. aims to evaluate the stnlcnrral and merabolic characteristics of the

epileptogenic lesion and its dynamic changes, with special emphasis on diagnosis, prognosis,

and clinical evolutian of partial epilepsies. 1ha\-e chosen the option offered in "Guidelines

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

This thesis is based on nine original articles. In SLX of them 1ha"e done all the resea.rch

\Vor~ performed the sratisrical analysis and wrinen the manuscript. In the remaining three 1

have donc part of the work; in paper 7, 1participated in the conceprualizarion of the idt.'a,

analysis and interprcrarion of the data. [n papers 3 and 8. [ participatcd in the

conceptualization of the idea, collection, analysis and intcrprerarion of the data, and wriring

part of the manuscript. .\11 the aumors of these aine articles have contributed significandy and

thus have co-autharship as specified in uniform requirements far manuscripts submitted to

biomedical joumals \'ancou"er group, fifth edirion (1997,

http:/,'wW\\...thclancct.c()mjn~"wIIDCL:t:sub/Juth()rl/uruflltml.html). Two papers (papers 1 and 7) have been

published in peer-reviewed journal of international repuraàon. Two papers (paper 3 and 6)

ha"e been accepted for publication. Five papers (paper 2, 4, 5, 8 and 9) ha"e been submitted.

1bis thesis is di,;ded inco five chapters. The first chapter re\;ews the current finding.;

and state of knowledge in the field of epilepsy \\;th special emphasis on the t\Vo mast common

types of epileptagenic lesions: hippocampal sclerosis and cortical dcvelapmental

malformations, their clinical manifestation, diagnosis and prognosis.

The core experimental findings of this thesis are presented in three parts in the secon~
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third and fourth chapters.

The second Chapter deals with the anatomo-functional relationships of epileptogenic

lesions. This chapter comprises three papers, in which we assess the relationship amongst

neuronal metabolic dysfunction as measured by proton magnetic resonance spectroscopic

imaging (lH-~lRSl), structural brain lesion as detected by ~[RI, and epileptic neuron.'Ù firing as

measured by EEG. \~'e demonstrated in the largest series of patients \Vith cortical

developmental malformations, confinning the findings of Kuzniecky et al.,1 thar differenr types

of cortical developmental malformarions present distinct degrees of neuronal metabolic

dysfunction, and in sorne cases, the neuronal merabolic dysfuncrion extends bcyond the ~[RI

defined lesion (paper 1). \X'e also demonstrated that neuronal merabolic dysfunction can

extend beyond the primary epileptogenic arca in about 40-50°0 of cases (paper 1). \'Çe \vcre

the first to demonstrate that frequency of interictal neuronal firing is negaove1y re1ared to the

dcgree of neuronal dysfuncrion (paper 3).

The third Chapter focuses on the clinical re1e,·ancc of new ~[R-based techniques. This

chapter comprises three papcrs which asscss the clinical urility of magnerizarion traOsfer rario

in temporal lobe epilepsy (paper 4-), a sophisricarcd mathematical approach towards ~lR dara

sets for TLE lateralization and discrimination between TLE and extra-TLE (paper 5). and the

prognostic value of IH-~IRSI in surgical outcome (paper 6). \X.te demonstratcd mat

magnetization ttaOsfer ratio is not useful for lateralizarion of liE, con~· to a preliminary

report from the Queen Square group~. We \Vere the first to report mat TLE patienrs present

~lR characteristics chat allow a probabilisric prediction, which further refines the lateralizarion

ofTIE and discrimination between 1LE and non-lIE patients (paper 5). \Vie \Vere the 6rst ro

report the surgical prognostic value of IH-~lRSI in refractoI!' TI..E (paper 6) .
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The fourth Chapter focuses on the dynamic changes in lesions underlying epilepsy.

lbis chapter comprises three papers which assess the issue of neuronal damage and reco\~ery

in 11..E. l'sing ;\lRIYol and IH-;\lRSI, we were the first to demonstrate that there is e\"idence

of progressive neuronalloss and dysfunction in patients with inrractable 11..E (paper 7).

Normalization of N:L-\ is seen in post-operative seizure-free patients and we were the fust ro

show that NAA rccovery can be modeled as an exponential function \vith a recovery half rime

of 6 months (paper 8). \'Y/e were also the fust to show that the normalization ofN:\:\ in this

case appears to be due to remo\'al and/or disconnection of the epileptogenic area (paper 9).

The fifth Chapter pro\;des a conclusion and sUlTUnary.

XlI
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INTRODUCTION (RATIONAlE AND OBJECTIVES)

There is a dynamic interplay between epileptic lesions, seizures, and neuronal

strucrural-functional state in the brains of patients with partial epilepsy. Howeyer, it is unclear

what are the strengths of these relationships and their biological and clinical rele\'ance for the

diagnosis and prognosis of partial epilepsy. ~lagnetic resonance ~lR) based techniques allow

for the non invasi\·c in ['ù'O stud,' of the strucrural and functional state of the human brain.

lbus, these different ~IR-markers of neuronal integrity can be uscd ta impro\'c (I)

understanding of pathophysiological mechanisms of underlying epileptogenic lesions and (ii)

diagnosis of epilepsy, md ulrimately these knowledgc can be applicd to (iii) impro\'c our

management of patients \vith epilepsy.

There are a \\tldc \'ariety of epileptogenic lesions; hippocampal sclerosis and cortical

developmental malformations are the most common types. "[bcsc types of lesions arc often

seen in patients with refracto~· epilepsy. Fortunately, surgical therapy is an effective altematiye

treannent in many of these patients in whorn an epileptogenic area can be defined and excised

\\-ithout major neuropsychological sequelae. The surgical outcome has been less sarisfactory in

cortical developmental malformations compared to hippocampal sclerosis. The poor results

ha\"e been blamed on a more widespread microscopic abnonnality. If this \Vere the case, one

\Vould ex-pect to find a more widespread neuronal rnetabolic abnormality in cortical

developmental malfonnations. In temporal lobe epilepsy, the neuronal metabolic dysfunction

often involves contralateral homologous region, however, it is unclear whether neuronal

metabolic aboonnality can also e..'ttend to non-bomologous regions of brain, and if present

Xlll
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what are the mechanisms underlying the widespread neuronal dysfunction. The anatomical

distribution of interictal spikes and the neuronal damage often co-Iocalize with the

epileptogenic area. _-\n 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

relationship between spikes and neuronal merabolic dysfunction.

There is a small proportion of patients \Vith rcfractory partial epilepsy \,,;th no .\IRI

identifiable lesion called "~IR-negatives". 1bis group of patients represents a major challenge

for defining the epileptogenic area. The solution to this problem lies in the developmcnt of

more sensitive pre- and/or post-processing techniques or implementation of alrcady a,"ailable

.\IR sequences used in other pathologies. '\(agneti.zarion rransfer ~1T) is a magnetic resonancc

sequence used in other pathologies such as multiple sclerosis. ,\IT is highly scnsiti,"c to

demyelinating lesions, and a preliminary report in three patients \,,;th epilepsy showed

promising results, thus .\IT might be clinically useful for epileptic patients. ~(R[ ,"olumerry

~[RI\rol) of amygdala and hippocampus and proton magnetic resonance spectroscopie

imaging (lH-~lRSn of the temporal lobes are sensitive to mesial temporal lobe neuronal

damage. The side of maximal abnorrnality often coincides ",;th EEG lateralization. lbe

specificity of temporal lobe IH-~lRSI, ho\Vever, is less clear. Ir is possible that application of a

more sophisticated mathematical approach to both .\lRIYol and IH-.\lRSI data sets can

pro\;de additional information on lateralization and also localization of the seizure foeus. The

pattern of volume loss detected by ~-[RIV01 has sho\1.i"tl surgical prognosric value, \Vith best

outcome seen in patients with wùlateral hippocampal atrophy, and with worst outcorne seen in

patients with bilateral hippocampal acrophy or no atrophy..-\lthough~ temporal lobe IH-~lRSI

can lateralize the sicle of seÎzure origin in TI..E patients, it remains unknown whether this type

of examination bas surgical prognostic value that can add information to ~lRIVol

-,\.iv
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There is a debate whether neuronal damage is progressive and caused by seizures, and

if neuronal damage is present at early stages of epileptogenic process. Since ~lR-based

techniques can provide measurement of neuronal integrity, rhese issues can be assessed using

two methodological designs: longitudinal and cross-section. The longitudinal design would be

more appropriate, but its major drawback would be rime necessary to detect any changes in the

measurements, as this could be years. :\n alternative would be a cross-sectional design srudy.

Neuronal metabolic dysfunetion can be reversible in patients \\;th TLE who become scizure

free after surgical ablation!disconnection of epileptogenic area. The rime course of rccovery

from neuronal metabolic dysfunction is unknown. and chis information may help understand

mechanism underlying normalization of neuronal merabolic function in epilepsy.

\Y/e undertook a series of studies trying to answer these questions. The studies in dUs

thesis wcre di,;ded into three interrelatcd chapters; the fust part studics the anatomo

functional relationships in epilcptogenic lesions. the second part cvaluates the clinical rele,-ance

of new types of ~lR-based techniques, and the third part in\-estigates the dynamic changes in

lesions underl~;ng epilepsy. Specifica1ly, the objectives of chis thesis are to assess:

1. Anatomo-functional relationsbips in epileptic lesions

, The extent and degree of neuronal metabolic dysfunction in patients with cortical

developmental malformation and epilcpsy.

., The anatomical distribution of neuronal merabolic dysfunction in partial epilepsy

and the clinical differences between patients with more widespread l'Jo localized

neuronal merabolic dvsfunction.

., The relationship between interictal scalp spike frequency and the underlying brain
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neuronal metabolie dysfunerion.

Clinical relevance ofoew types of MR·based techniques

•

,. The clinical usefulness of magaerizarion rransfer in the lateralizarion of patients

\Vith TLE.

, The use of pattern recognition of temporal lobe proton ~lR spectroscopie irnaging

(lH- ~[RSI) and ~IR volumetrie ~[RVol) dara for the lateralization and

discrimination bet\,...een temporal lobe epilepsy (TLE) and exrra-TLE.

, The clinical relevance of 1H-~IRSI in the prognosis of surgical patients with

refracror:-1LE and bilateral hippocampal arrophy.

III. Dynamic changes in lesions underlying epilepsy

, Progression of neuronal damage in ILE patients.

, The rime course of postoperative N.-\.-\ reco"cr:' in patients \\ith refraeto~'TLE.

,. The degree of neuronal merabolic dysfunction in the temporal lobes of patients

\Vith newly diagnosed partial epilepsy, and the reversibility of this dysfunction \Vith

anti-epilepric medicarion.

XVI
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1_· CH_A_P_T_ER_I ~

Review of the literature

Epidemiology

Epilepsy is defined as non-pro\'oked, recurrent, stereotyped seÎzures. In the gencral

population of dcveloped countries, the prevalence of epilepsy has been esrimated to be about

fivc to 10 people in 1,000 inhabitants with an annual incidence affecring 50 to 75 people in

100,000 ;-5. Current anti-epilepric drugs (:\'EDs) can achie"e seizure control in about 80° 0 of

patients with cpileps~.(1.7. The remaining 20°0 comprise a group of parients \Vith refraceory

epilepsy. Exrrapolaring these figures to Canada, in a population of.26 million, there are

approximatcly 30,000 to -«>,000 cases of chronîc epilepsy. Of the 15,000 new cascs every year•

.20°'0 will die in 5 yearsX;I), lea\wg 12,000 cases. Of these, 80°'0 are well controlled on .-\EDs,

and the remaining 20°0 (- 2,000) of new cases \vill be added to the backlog of patients \\--ith

chronic epilepsy e"ery year.

The natural history of epilepsy is unclear. The fuse effective Medication, bromide, has

been in use long before the advent of a propet epidemiological study design. Therefore, much

of the knowledge about the dynamics of epilepsy is based on the clinical c,-olurion of treated

epilcpsy.

Patients \~-ith epilepsy have a higher morbidity and mortality risk than the general

population. Sudden death has been esrimated to be 6 rimes higher than the general

17
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populationlO• Sorne of the risk factors include difficulty controlling epilepsylO-11, and associated

cardiovascular disorderu. Funhermore, the social stigma associated with epilepsy and the

prejudice towards patients \Vith epilepsy undcrmine the patient's confidence and cause

psychological stress.

Eflolo9V

There are a numbcr of factors kno\vn to cause epilepsy, ranging from gcnetic to

acquired. Progress has been made in the molecular genetics of epilepsies l4-1(1. Gcneric factors

are considered to be of etiological significance in 40° 0 to 60°'0 of cases l7. ~lutations in gcnes

responsible for epilepsy can be categorized into (i) alteration in ion channels, (ü) disruption of

normal brain dcvclopmcnt. (iii) progressive neuronal degenerati,·c processes. and (il')

impainnent of neuronal cell encrgy metabolism. For example, aucosomal familial nocturnal

frontal lobe epilepsy prcsents a dinical phenotype charactcrized by seizures beginning in

childhood with clusters of short lasting tonie posturing seizurcs arising from sleep, and normal

EEG1X. often misdiagnosed as a sleep disorderlf)~I. :\ locus "las rnapped to chromosome

10q13.2-q13.3 (phillips et al.,lt), with a mutation in the gene that encodes the a4- subunit of the

nicorinic acerylcholine receptor""'''J. The consequence of this mutation is unc1ear, but it is

thought to cause alterations in Ca2+ channel perrneability14. In cortical developmental

malformation (CD~l), for instance band hcterotopia, an X-linked disorder 25, commonly

referred to as 'double cortex' because of the extra ectopie layer ofgray matter26, [WO research

groups cloned the mutated gene that encodes a novel protein, named doublecortin!7~. The

function of doublecortin is yet unclear, possibly it plays a role in the signal transduction

pathway29...\nother X-linked disorder, familial periventricular nodular heterotopia has a

18
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phenotype characterized by female, nonnaI intelligence, with seizures often of the partial type

beginning in the second decade and presenting \Vith contiguous smooth ectopic neurons along

the lateral aspects of the third ventricle25;,lO..:;::!. Eksioglu et al.·H mapped the locus to

chromosome Xq28. The candidate region includes regions that encode for protein filamin 1'4,

which is an important regulator in ceU migration.

Interestingly, ~IRI has brought new insights in the phenotype expression of sorne

familial partial epilepsies. For example, Fernandez et al. '5 reported on [\vo families \vith

severa! members who had a history of fehrile convulsions. 1bey found that patients who had

experienced febrilc convulsion as well as unaffected rnembers had significant hippocampal

asymmetry as comparcd to nonnaI contraIs. [n a paralld study, VanLandingham·)() rcported

~IRI tindings in 17 infants who had fehrile connllsions. The results suggested that sorne

patients had a pre-existing abnonnality. Two of the 17 who had prolongcd lateralized febrile

seizures had follo\v-up scans mat showed the devdopment of hippocampal sclerosis. In a

similar line of research in familial temporal lobe epilepsy, which presents a hetcrogeneous

clinical manifestation·'-;-, Kobayashi et al. lX showed in their preliminary results in 15 unrelated

families that many of the affected and unaffected membcrs presented an ~IRI phenotype with

atrophy and/or rnorphological alterarions of the mesial temporal structures.

Exarnination ofpos/-mor/ml and surgically removed specimens from patients \\;th

chromc refraetory TLE reveals that hippocampal sclerosis (HS) is the most common type of

pathology followed by CD~L·)l} Hippocampal sclerosis is often present as part of the temporal

lobe epilepsy syndrome. 1bis syndrome is characterized by a constellation of clinical signs and

symptoms of temporal lobe type seizures, neuro-cognitive impainnent, and temporal lobe

spikes. Association \\t;th a history of childhood fehrile convulsions is found in up to 30-40°/0
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of the cases~).4:!, followed br a latent "silent" period until early adolescence when seizures

begin. The type of precipitating factor in HS appears to be important in the pattern of

arrophy. Free et al:n demonstrated that unilateral HS \Vas associated with a history of ea.rly

febrile convulsions while bilateral HS was more closely linked to a history of meningitis and

encephalitis.

Raymond et al.oH srudied 100 patients \Vith CD~[ and refractol1' epilepsy and found

that pre- and perinatal problems occurred in one rhird of patients. however, less than 5° 1) of

these problems were considered severe. The clinical manifestation ofCD~[ was quite "ariable

and classified as generalized in 16 and localization-related in 84 patients. Even in patients with

localization-related epilepsy, the syndromes \Vere ,"ariable and cL'lssified as frontal (320 0),

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

~[oreover, patients \Vith refracto~" epilepsy can present \Vim both HS and CD~1 on

:\[R imaging series-l5-»i. -Ibe association between HS and an exrra-hippocampallesion is kno\\ll

as a dual pathology and is observed in approximately 5°'0 to 20°'0 of patients \Vith rcfracto~'

cpilepsy in ~lRI serics.JS-4X. In a pathological series this figure rises to 30°0 of patients-lIJ. In a

series of 167 patients with lesional epilepsy srudied by Cendes et al.;U"' using :\00 the most

common types of concomitant extra-hippocampallesions seen in dual pathology were early

glioric scars and CD~[ 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 abnormalities 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
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multifactorial, genetic and acquired, rather than an iso1ared factor participating in the

epileprogenic process.

Role of Antiepileptic Drugs in Epilepsy

.\nti-epilepric drugs can be di,;ded into major categories depending on the mechanism

of acoon6;7;50: (i) sodium currenrs, (ii) T-calcium currents, (iii) G.\B:\.\ currents, and (il') N~(D_\

currenrs. ~(anr of the .\EDs have multiple mechanisms of action. The tirst line .\EDs targer

primarily the sodium channels while the most recendy dc\"eloped drugs acr on G:\B.\ and

N~ID:\ svstcmsS1 ;S1.

The short tenn effect of .\EDs in epilepsy is quite \\'cll esrablished. chat is to prevent

thc reocurrcnce of seizures. howcver their long tenn effecrs are nor so weIl ddincd5'. ~,[uch

of chis is due to the limited knowledge on the natural hisrory of epilepsy. Ir is not known in

what situation the .\EDs could actually cure the epileptogenic process and/or prevcnt the

progression of this process. In sorne patients. the epileptogenic process is self limired. :\n

example is Rolandic epilepsy with onset of infrequent seizures in childhood and remission by

mid adolescenceS4• The assumption thar epilepsy progresses is conrroversw. .-\lthough chis is

nor a general phenorncnon, it has been obsen"ed to differenr degrees in sorne patienrs,

manifesting itself by progressive memory decline, appearance of beha\;oral problcm, and

exarcebation of seizure frequency and severi~·.

There is e:-.-perirnental evidence, however, that the newly developed .:\EDs, because of

rneir action on N~ID.A or GABA systems, are also neuroprotective55-51
) and can pre,-ent

epileptogenesis and progression of neuronal damage and its consequences.
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Pitkanen et al.,r~) compared the efficacy of carbamazepine, a sodium channel blocker,

and \;gabatrin, an irreversible GABA.\ transaminase inhibitor, in preventing hippocampa! and

amygdaloid damage in the perforant pathway stimulation model of starus epilepricus in the rat.

They found that both drug treaonents were equally effective in decreasing the number and

severit}· of seizures during electtical stimulation. However, in the \;gabatrin group. the damage

ta the hippocampus \Vas significandy less severe than in the carbamazepine group. The

se,·erity of neuronal damage in the hippocampus did not differ between carbamazepine and

vehicle-treated animals.

Loscher ct al.,f'\ reported an interesring finding on the no\'cl anriconvuisant,

lcvctiracctam, in amygdala-kindling in rats, a model of temporal lobe epilepsy. The mechanism

of action oflevetiraceram is unclear, but it has been suggcsted mat it acts on the G.-\B.-\

system('.:!. They found that after tennination of daily treattnents with IC\'ctiracetam, amygdala

stimulations elicited shorter lasting behavioral smures and aftcrdischargcs in the amygdala

compared ta vehiclc trl.-ated conrrols. These data indicatc that levetîracetam did not simply

mask the expression of kindled seizures through an anticon\usant action, but exerted a true

anriepileptogenic effect.

There are severa! Hnewly marketed" .\EDs such as \~batrin, lamottigine, topiramate,

gabapentin, which have been shawn to be ,·ery effective in conrrolling seizures('\ however, the

long teon effects of these drugs remain to be seen.

All AEDs, however, are not devoid of sicle effects, which can range from mild

somnolence to life-threatening heparic failure. Sorne side effects oaly became apparent after a

number of years. For instance, felbamate \\ras \\;thdrawn from the market after it was linkecl

to fatal bone marrow aplasia64• ~lore recently, vigabattin bas been implicated in causing visual
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field constriction65•

Surgical tteatrnent is an alternative for those 20°/0 of patients \Vith epilepsy in which the

current AEDs show no benefit.

Surgical Treatment of Epllepsy

The success of a surgical tteattnent for seizure control depends on the dcfinition and

cxtent of the resection of the epilcptogenic arca M,.m. Howc\-cr. approximately only 30° Il of

patients undergoing extensive pre-surgical investigation will eventually undergo surgery 71
1 due

to (i) inadequate technology for defining the cpilcptogenic area. and rii) epileptogcnic arca is

too large or is locatcd in an cloquent region which pre,"ents surgical inten"cntion. "lbcreforc,

ta ha'"e a costleffecri,"c surgical program for cpilepsy. [\Vo major lines of research should be

carried out 1) develop new strategies for seizure localization, and 2) improve pre-selection

mcchanisms for candidates undergoing extensive pre-surgical investigation. It would be

important ta have a mechanism chat can rapidly select suitable surgical candidates for

in,"estigatian. Lacalizatian of che epileptogenic area has evalvcd o'"cr rime and rclies largely

upon current knowledge and me available technalogy at a given rime and site.

The fust epilepsy surgery performed by Sir Victor Horsley \Vas guided solely by

semiology. Currently, there are severa! different techniques a\"ailable for seizure localization

including: radio-ligand imaging techniques (SPECT, PET), magnetic resonance techniques

~lR imagîng. and ~lR spectroscopy), neuropsychological tesring, magnetoencephalography,

and video-EEG monitoring. Ir is difficu1t to make a non-biased comparison of these different

types of tests, as mey each provide insight into the different facets ofepilepsy. Thus, the

definition of the epileptogenic area is a multimodal rask and relies on the convergence of
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various results to the same location in the brain.

Gloorll) proposed a seizure localizarion approach based on the conceptualization of

the epileptogenic area and the epileptogenic lesion. He made three assumptions: 1) in partial

seizures, a lesion must exist. 2) ifa structural or funcrionallesion can he demonstrated, the

chances of mat lesion being the cause of seizures is high, and 3) the area from which seizures

originate is like1y to o\·erlap or to be in the \;cinity of the lesion. In Gloor's words the

definition of the epileptogenic arca in anatomical and pathophysiological terms is impossible.

.-\lthough defining a lesion has been simplified in the past decade with the advent of modem

neuroimaging techniques, especially ~1RI, sorne difficulties remain fi) epileptogenic area varies

in extent, (ii) within the epileptogenic area there are different degrees of seizure induccd

potential, and (ii~) the epileptogenic area's properties present dynamic changes in the rime

domain.

Lüders and :\wadi1 proposed a more Canesian approach and subd.i\;ded the

cpileptogenic area into (i) pacemaker (ù) lesion, (iii) irritative zone, (iv) symptomatogenic zone.

and (v) functional zone. 1bis subdi\;sion is supported by the findings from different

complementary examinations and clinical manifestations. The pacemaker corresponds to the

are~ of the brain from which seizures originate. The epileptogenic lesion corresponds to a

stnlcturallesion. which can be re\·ealed by ~1RI in many cases. The irritative zone

corresponds to an area of abnormal neuronal firing as defined by EEG. The

symptomatogenïc zone refers to the areas in the brain responsible for the beha\;oral

manifestation of the seÏzures. The functional zone corresponds to the impairment of cerebral

function related to the epileptogenic process.

~-\lthough aIl of the different examinarions play a role in seizure localizarion. \;deo-
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EEG remains the gold standard. Video-EEG monitoring is conducted in hospitals for a

period of days or weeks, because this is usually done after drug reduction with the aim of

recording seizures. The duration of the monitoring is usualIy dictated by the number of

recorded seizures required. In sorne patients with no clear localization, an invasive

neurophysiological approach (surgical placement of intracranial electrodes) is performed,

which increases the overall risk as weIl as the complexity of the exam. In light of the costs and

risks assocÎated with \-ideo-EEG. omer techniques ha\'e been invesrigated in arder to help in

seizure localization with the aim of decreasing the duration of monitoring and to avoid

invasive recording in sorne cases.

Impact of MR·based Techniques in Epilepsy

MRimaging

~[RI is based on the detection of a signal deri\Oed mainly from water. The

concentration and mobility of water in various strucrurcs presents different re1a.xation rimes in

a magnetic field. The spatial differences of the relaxation rimes confer the contrast and

anatomic resolution in ~[RI.

~IRI has played an impottant role in the pre-surgical evaluation of patients \vith

refractory epilepsy because it cao display underlying epileptogenic lesions. including HS and

CD~[j4~n-ïl). In the pre-~[RI era, rnany of the epileptogenic lesions, espeàally HS and CD~[,

\Vere "invisible" on the a,,-ailable neuroimaging techniques and were ooly seen in pOj-,-morltm

studies.

~[esial temporal sclerosis is characterized by selective neuronalloss affecting
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predominandy aleas CA4, CA3, and CA1 of the hippocampus, variable degrees of gliosis, and

mossy fiber sprouring. The degree ofdamage is variable, ranging from severe, which is readily

identified on visual inspection of ~lR.I as \901ume loss, and changes in ~IR signal cr2t and

TI~), to subtle, which is not apparent on qualitative assessment. In fact, because (i) structural

volume and (ii) ;\IR signal changes are the ~IR hallmark of this type of lesion, other sequences

such as FL\IR~l-H:!, and post-processing quantitative measurements sueh as volumetrie

srudiesli3-AA and T2 rela.xometry~I)-')I, have been applied \\-ith "ery good results. \'olumetric

srudies of mesial temporal structures have been the most commoo formaI evaluation of

patients \1i-ith seizure disorder'J:!;93, parricularly in those \\-ith temporal lobe epilepsy.

The pathological findings of CD;\[ are quite \-ariable and 50 are thcir :\lRI correlates')4

% The type of abnormality can range from extensive which is easily identified. as in

lissencephaly, to non cvident as in microdysgenesis. lbe diagnosis is improved whcn omer

sequences and qualitari,·e and quantitative techniques are applied. Bastos ct al.:Ji;'JH

demonstrated that application of CU1'\-ilinear reconstruction can display subde forms of CD~[,

which would othem-ise go undetected 00 high resolution .\00.

.\lthough there is an increased }-ield of detecting brain lesions when different

quantitative ~[RI analyses are uscd in conjunction \\-ith qualitative :\lRI inspection (see figure),

there is still a small group of patients in whom no abnormality is detected. This group of '~lR

negative' patients remains a challenge for mose searehing for new imaging altemarn-es.
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Figure: Box-and-whisker plots ofpercentage ofabnonnalities detected by qualitative
MRI. quantitative MRI and multiple MR modalities. The detection ofabnormalities
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 retlects different sequences used. and populations being studied (A=
Bronen et al.:}q B= Pereni et al.. lIlO C= Zentner et al.. 101 0= Rvvlin et al.. lOz E=
Menzel et al.. lOj F= Li et al...&s 1995. G= Ferone et al.. IOol H= Wang et al..l0~ 1= Kramer
et al.. 106 J= Kilpatrick et al.. I07 K= Convers et al.. 108 L= Paterson et al.. 1(9

).

Quantitative MRI series comprises in patients with refractory TLE investigated with
T;! rela~ometry (M= Namer et al.. Ill) and MRVol (N= Lawson et aI..l Il 0=
Christensen et aI..l 11 P= Cascino et al.. 113 1991. Q= Adam et al.. 114

). Multiple MR
modalities series comprises patients with refractory TLE investigated with MRVol
plus IH-MRSI (R= Cendes et al.. lIs 1997. S= Kuzniecky et aI..l 16 1998) or MRVol
plus T;! relaxometry(T=Woennann et al.:11 1998. U= Van Paesschen et aI..l 17 1997).

MR spectroscopy

Brain proton ~IR speetroscopy rH-~lRS) permits the quantification of cerebral

metabolites118;119. In contrast to ~1RI, l H-~IRS measures metabolite concentrations 10,000
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rimes less than the concentration of water. The metabolites present distinct resonance

frequencies in a magnetic field that allows differentiation among them.

In brain IH-~fRS, the most intense sigrull is visible at 2.02 ppm and corresponds to ~

acetyl groups, mainly N-aceryl aspartate (N:\.\) t IH;ll'). NA..:\. is synthesized in the brain

rnitochondria from acetyl-CoA and aspartate by the enzyme L-aspartate N -acetylnansferase 121i~

11.'. ~[onoclonal immunocytochemistry has shown that N:\:\. is found exclusively in neurons

and neuronal processes of the mature brain l:!·U15. Crenjak et al. l :!6 using high field

spectrometer on extracts of cultured cerebellar granule neurons, cortical ascrocytes,

oligodendrocyte·typc 2 astIocyre (0-2:\.) progcnitor ceUs, oligodendrocytcs, and meningeal

ceUs, found a large amount of N.'-\'\ in ncurons, but also in 0-2..-\ progenitors. 1rus may pose

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

The precise role of N:\.-\ is unknown, and it has been implicated in many processes of

the nervous system: (i) regularion of neuronal protein synthesis l17, (ii) fatty acid synthesisl:'~Ul,

(iii) the mctabolism of several neurotransminers such as ~-acetyl-aspartyl-glutamatel1.\U2 and

(it') brain osmoregulation l .n .

NA.:\. undergoes changes during brain development and maturation. Kata et al.,1~

assessed the de,~elopmentaI changes in N.\.-\ in human fetaI and child brains using 1H-~lRS.

They found that NA.:\. \vas detected in the cerebral cortex and white matter of fetuses at 16

weeks gestation. NAA increased gradually from 24 weeks gestation and remarkably from 40

weeks gestation to 1year of age. Kreis et al.,1-'5 studied 77 subjects between 34.5 and 926

\veeks gestational age and demonstrated mat NAA gradually rcaches adult values over the first

[wo years of life. Saunders et al.,I36 examined the effect of aging on brain metabolite

concentrations using short echo single voxel proton sPecttoscopy in 30 healthy volunteers
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ranging in age from 24-89 years. They found no significant trend in changes of concentrations

of N.A..A, total creatine, total choline or myo-inositol \Vith age.

Sînce the NA.A signal in the rnarure brain derives only from the neuronal poo~ areas of

decreased NAA signal intensiry are interpreted as either (~) neuronalloss and/or (ii)

dysfunction. The assumption of neuronalloss is supported by both experimental 1'7·144 and

clinical observations I45-ISO. For instance Strauss et al. DM showed that the N:\.:\ measured bv

1H-:\IRS \Vas decreased in areas of neuronalloss induced by quinolinic acid, an cxcitotoxic

agent. Similarly, Ebisu et al. 141 • Najm et al.UIJ:HII and Tokumitsu et al. 14:! showed mat neuronal

loss caused by kainate induced staNS epilepticus in rat brains correlates weIl with the reducrion

ofN:L\ signal detected 00 IH-~IRS.

The assumption of neuronal dysfunction is supported by in lit'O 151 .. 154 and in li/ro

144;155;15(, srudies showing the ability of the ~:\..-\ signal ta rcco\"er. Dc Stefano ct al. 1S1 reported

00 a series of patients with acute brain injury. multiple sclerosis or mitochondrial

eocephalopathy. who had significant N:\..:\ decrease and lactate increase during the acutc phase

of disease \Vith N:\..-\ nonnalization paralIeling the clinical recovery. Balm et al., li' perfonned

tH-:\fRSI in 16 patients 'W;th symptomatic carotid artery stenosis before and after

endarterectomy. They found mat metabolic changes seeo pre-operatively (-!rN.-\--\, tlactatc)

normalized four davs after endanerecromv. ~[atthews et al. 155 showed that neurons under. .

stress conditions in vitro express less NA..:\ and chis reverses ",;th optimization of the culrure

media.. refleeting the sun-îval of a population of viable neurons. Bates et al. l56 showed that

inhibition of mitochondrial o~''Ygen consumption and :\TP synthesis also inhibited N:\._-\

production., suggesting mat impaired neuronal mitochondria function., if not re\~ersed.,may

result in irreversible neuronal deam.
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Creatine plus phosphocreatine conWning cornpounds (Cr) are seen at 3.02 ppm. Cr

participates in the energy rnerabolism cycle to generate :\TP. In vitro, glial cells present higher

Cr concentration than neurons. In normal and sorne pathological conditions, Cr is

homogeneously distributed throughout the brain and used as a reference peak. In epilepsy, Cr

has been shown [0 undergo minor changesI57.161. Perroff et al. l6U used high field spectrometty

to analyze temporal lobe tissue excised from parients 'W-ith epilepsy. They found that the Cr

concentration in epilepric brains was not different from nonnal control values.

Choline containing compounds (Cha) are secn at 3.24 ppm. Cho is involved in

membrane synthesis and degradation. :\ decrease and increase in the Cha signal ha\'e been

observed in different disease. .-\cute demyelinarion lead to increase of Cho signal, possibly

reflecting myelin brcakdowo ",-ith increase in frec mobile Cho pooll()l.

Lactate is not usually detected in normal brains..-\n increased lactate signal secn at

1.33 ppm reflects abnonnal energy metabolism and has been secn in several candirions. which

inc1ude strokel4X, llÙtochondrial diseasel(d-IM" and brain nunors l(,7.

l'sing short echo rimes, editing sequences, and high field strengths. other signais can

be detected, such as G.-\BA 16X and glutarnate/glutarninel()'J.

In epilepsy, 1H-~IRS has often been used for presurgical investigation, mainly for

lateralization ofTLE. Both single and mulrivoxel studies have pro\·cn to be equally useful for

TLE lateralizatioo. Table 1 and 2 summarize these findings.
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• Table 1: Single voxel IH-~ studies ofTLE

:\uthors Patients n Concordant Lateralization Discordant Lateralization

Connelly et al.~ 199415X ,- 15 (60°'0) 3 (1200)-"
Breiter et al., 19941711 7 7 (100°/0) 0

Cross et al., 1996157 20 Il (55°'0) 0

.\chten et al., 1997171 21 17 (81 00) 0

Duc et al., 199817~ Il Il (1000'0) 0

Total 84 61 (72°0) 3 (3° 0)

Table 2: Multivoxel IH-MRS studies ofTLE

:\uthors Patients n Concordant Discordant
Lateralizarion Lateralizarion

Hugg et al., 1993171 8 8 (100°0) 0

Yainio ct al.~ 1994,1i4 7 ï (l000 0) ()

Cendes et al., 1994175 10 8 (SOOo) a

Ng et al., 1994176 25 21 (S4°'0) 2 (8° 0)

Hetherington et al., 1995177 10 10 (100°0) 0

Ende et al., 1997 171; 16 16 (100°'0) 0

Cendes et al., 1997115 100 84 (S4°'0) 2 (200)

Kuznieckv et al. 199811fJ 30 29 (97°0) 1(3° 0). ,

Total "9 183 (80°'0) 5 (2°0)

•
~IRVol and IH-~lRSIof temporal lobes are complemenwy examinations and have

shawn good agreement \vith results from prolonged video-EEGI15:116. The results ofboth
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~lRVol and IH-~'lRSI of temporal lobes are usually e..~ressed in tenns oflateralizarion, i.t. le~

righ4 or bilateral. This kind of approach is simple and usefuL hO\Vèver, it is possible that a

more sophisticated \vay of analyzing these data sets can bring an additional information.

The neuronal metabolic dvsfuncrion within the \"olume of interest detected bv 1H-. .

~IRS[ in patients with partial seizure tend ro be more diffuse than EEG localization and ~IRI.

Concomitant contralateral temporal lobe NA..:\ reduction can be seen in 18°'0 ro 50° 0 of

patients with unilateral1LE 115;157;\76;1714. Interestingly, in a pathological series reportcd by

~[argerison and Corsellis 1iCJ, approximately 50°'0 of patients with 1l..E also had c\"ldence of

bilateral hippocarnpal sclerosis. The bilateral N.\A reduction may represent bilateral disease

in sorne patients. On the other hand, the N.\.-\ reducrion may reflect secon~' neuronal

dysfunction due to che primary epileptogenic area. Ir has been obseI\~ed that a lesion in one

area of che brain can cause dysfunction in distant, interconnected areas. Fulham ct al.IH{1

dcmonstrated chat ~L\:\ is reduced in cases of rrans-synaptic cerebellar diaschisis.

Furthennore, Rango et aLIHl perfonned an elegant experiment wherein a.xonallesions were

induced by stretch injury in the guinea pig right optic nen-e (95-99°0 crossed fibers). The rrans-

synaptic concentration of NAA, Cr, and the N:\.-\/Cr ratio in the lareraI genicu1ate bodies

(LGB) and superior colliculi (sq sample extracts were measured 72 hours larer using high

resolution IH-;\lRS. In the left LGB/SC, which is where the right opric neITe fibers projec4

reducrions ofNA,A and N.~\/Crwere found \vhereas Cr lev·eIs were normal. N.-\.-\, ~L~\/Cr,

and Cr values were aU nonnal in the right LGB/SC. Histology and e1ectton microscopy

findings revealed no abnonnalities. At day seve~ the left LGB/SC N.~\ and ~L\A/Cr \·alues

were in the nonnal range. In epilepsy, there are a number of factors assumed to cause

secondary neuronal dysfunctio~ these include (i) clinical sCÎZUIes, (ii) subclinical epileptic

activity, and (iii) epileptic lesion.
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It remains unclear whether the NAA decrcases observed at the epileptogenic foeus

aIso extend to other non-homologous areas of the brain. Bertolino er al.~ 1M2 perfonned an

experiment, in which they assessed the repereussions of a focal brain lesion occurring early in

development throughout the developing brain. They induced mesial temporo-limbic lesions in

12 monkeys, si.x had a lesion u.-ithin three weeks ofbirth and the remaining six at

approximately five years of age. 1H-~IRSI of the prefrontal cortex of these monkeys \vere

acquired and they found significant bilateral reductions of N:\A relative signaIs exclusively in

the prefrontal cortex of the neonatallesion group in comparison with control and adult lesion

groups.

In epilepsy. the spatial relarionship between the N.-\..-\ decrease and the underlying

mcchanisms causing neuronal damage is unclear. The abo\'e mentioned srudics suggest mat

the neuronal damage as measured by N.\:\ cao extend ta arcas at a distance from the lesian.

and that the timing of the insult may contribute to the widcspread neuronal damage. Ir

rcmains ta be seen if chis is relevant for epilepric patients.

The N:\.:\ signal is used as a parameter of neuronal integrity. The sicle of maximum

N:\.\ reduction often coincides with the side of EEG abnonnaliry. Intericra1 spikes are

intennittent, rransitory, electrical phenomenon which reflect underlying, synchranize~

neuronal depolarization caused by an imbalance in the excitatory/ inhibitory neuronal circuitry.

The relarionship beween spiking frequency and underlying neuronal funetion and

epileptogenic state is unclear. GotmanllB;lM4 has demonsrrated that spikes do not appear to

modulate ietal seizure onsets. On the omer han~ the spiking frequency increases after

seizures 1M5;HI6, which suggests the possihility of neuronal damage. Peeling and Sutherland1K7

used high-resolurion IH-~lRS to detennine the concentrations of severa! Metabolites (lactate,

33



•

•

alanine, NAA, gamma-aminobutyrate, glutamate, aspartate. creatine, choline, taurine, inositoL

and succinate) in tissue from patients undergoing surgical treatment for intractable epilepsy.

They correlated the metabolite profiles with the results of histopathological analysis of the

excised tissue and the spike activity. Surprisingly, they found no differences in metabolite

lcvels for tissue from actively spiking or nonspiking ncocortical sites.

Magnetization transfer

Traditional ~IRI of brain produces images \""hose intensity retlects the distribution of

water. Hydrogen nuclei associated with various semi~solid (macro-molecular) componenrs

have an extremely short T2 « - t00 JlS) and are not directly derecrable on .\lRI scanners sincc

minimum echo rimes are typically .2-orders of magnitude longer. Howe\·cr. interaction

between semi-solid and bulk water protons results in a continuous cxchange of magnctization

referred to as cIoss-rela.'Carion or magnetization rransfer1HX;lHlJ. '\lagnerization trafisfer ratio

~ITR) imaging detects chis exchange by selecrively saturating the semi-solid magnerization

pool and measuring the resulting decrease in the warer signal due to rransfer of dUs saturation

in regions undergoing exchangePJO-ll)4. The biological meaning of magnerization transfer is still

unclcar. though abnonnal ~ITR has been shown to correlatc with low N:\.A in other

pathologies 1lJ5• :\.bnonnal ~lTR has been demonstrared in the TI..s of patients \,,;th TLE2,

possihly retlecring a disruption of structural integriry. '\Iagnetization transfer imaging could

potentially he applied in the investigation of patients with seizure disorders, parricularly where

the conventional ~[RI shows no ahnormality.

MR findings and surgical outcome

Once the epileptogenic area is identified and epilepsy surgery is indicated, it is
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important to detennine and to infonn patients of the potenrial risk/benefit of the proccdure

along with the anticipated post-operative resulrs. It is apparent that different types of

underlying pathology carry distinct surgical outcomes.

Hippocampal sclerosis, CD~I, tumors, vascu1ar malformations, and traumatic injuries

are the most common types of lesions encountered in patienrs \Vith refractory epilepsy");45;1%.

SurgiC:ll results in patients \Vith CD~I appear to depend on the type and extent of the

underl~i.ng CD~Pl;%;1IJ7-tl)l). :\ poorer surgical outcome is often attributed to morc widespread

malfonnations mat usuallv extend bevond the lesion defined on ~[RI. Palmini et al.II)H;II)I} have. .

proposed that both ~[RI-\;sible lesion and actively spiking tissue should be remo\"cd in arder

to achieve sarisfactory surgical results. They reasoned that actively spiking tissue might reflcct

microdysgenesis, \\'lùch is in\;sible on ~lR imaging. Eriksson et al. 1% re\;ewed

histopathological and clinical findings in 139 children and adults with epilepsy who had

surgical treattnent. [n their series, microdysgenesis had the worst surgical results, only 40° 0 of

patients became seizure free.

Hippocampal sclerosis is the Most common type ofpathology seen in excised surgical

material of patients with refractory TLE. The surgical approach is usually anterior temporal

lobectomy or selective amygdalo-hippocampectomy. :\lost centers attain total seizure control

in 2/3 of cases.Jll).

Results derived from volumetrie studies ha\-e predictive value for surgical outcome2' l l-

2115 For example, Arruda et aL2IH studied 7411E patients treated surgically. They dÏ\;ded the

patients into three groups according to the volumetric findings: unilateraL bilatera4 or no

attophy of the amygdala-hippocampal formation on quantitative ~lRl. Outcome was assessed

according to Engel's classification at least one year after surgery. Ninety-three percent of the
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patients with unilateral atrophy, 61.7°/0 of those with bilateral attophy, and 50% of the group

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

[-II).

IH-~lRSI has become useful in providing prognostic infonnation for other conditions

affecring the central nervous system 3l6-21IR. Friedman et al. ~IJH showed mar NA_-\ measurcd \Vith

1H-~[RS soon after a traumatic brain injury predicred overall neuropsychological performance

6 months larer. IH-~lRS has a higher sensiti\;~· to neuronal damage man ~IRI and can

provide additional diagnostic and prognostic information on mose patients with pathologies

associated with poorer prognosis, i.~., patients \Vith CD~I, bilateral hippocampal atrophy or no

atrophy.

Neuronal Damage and Recovery in Epllepsy

Neuronal damage: cause or consequence of seizures

Hippocampal sclerosis is found in about 50° 0 to 75° 0 of the surgical specimens

obtained from patients with refraetory TLE. It is debatable whether the neuronalloss seen in

HS is the cause or the consequence of long-standing seÏzurcs. Studies using an e),.-perimentai

model of partial epilepsy or based on clinica1 observations ofpost-morl~mand surgica1 materials

have been carried out to assess this question.

Cavazos et al.2UlJ used quantitative stereological methods to detennine the distribution

and rime course of neuronalloss induced hy eleetrica1 kindling in rats. 1b.ree groups were

analyzed: 3, 30, and 150 kindled generalized tonie-clame seizures in bippocampal, limbic, and

neocortical pathways. Neuronalloss was observed in the hilus of the dentate gyms and C.-\ 1
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after three generalized tonie-donic seizures, and the neuronalloss increased in rhese arcas after

150 seizures. Neuronalloss was also observed in the C.\3, the entorhinal cortex, and the

rostral endopyriform nucleus after 30 seizures and was deteeted in the grantÙe celllayer and

C:\2 after 150 seizures.

On the other band, Bertram and Lothman 210 srudied the effeet of intermittent kindled

seizures on the dentate gyms. They compared 3 groups of rats: (1) those that had experieneed

1500 intermittent kindled scÎzures, (2) those mat had experienced a single episode of limbie

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 deereased neuronal densities in the hilus when eompared to conrroIs, but, the

deereased density after statu.'i epilepticus \""as secondary to neurona1loss, while that whieh

followcd kindIing was the restÙt of the expansion of the hilar neuropil without a ehange in the

number of neurons.

Liu et al.211 demonstrated that stereologieal estimates of neurons in regions C:\ l, C_-\3

and the dentate granule celllayer in the dorsal hippocampus showed a dosc-depcndent

neuronalloss in the C.\3 and CA 1 subregions of the pilocarpine rat model of epilepsy. ~o

progressive neuronal Ioss was obscn-cd in these regions srudied after 3, 6 and 12 wceks of

sponraneous recurrent se1ZU!es.

l"sing human autopsy material, ~louritzen-Daln~12demonstrated chat frequent

generalized tonie-clonie seizures (>2 seizurcs per month) \Vere positively correlated with

significant reduetions in the number of neurons in fields HI and H I-2when compared with

patients who had suffered only a few sueh seizures «6 per year). 1bis neuronalloss increased

throughout life with the duration of the disorder.
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~[eencke and Veith213 studied 650 autopsied brains of epilepsy patienrs and found HS

in 30% of cases. They found that (i) patients with early manifestation of epilepsy « 1 year)

more frequendy showed HS than those with lare onser epilepsy (>21 year), (ii) the incidence of

HS was not correlared \Vith the duration of epilepsy, and (iii) there was no correlation berween

incidence of HS and frequcncy ofgeneralized tomc-clome seizures.

~[athcm et al., 21-t-2}l} have taken a more moderare stancc, suggesting that hippoeampal

scierosis resu1rs from an "initiating precipirating e\'ent" followed by progressive damage.

Secondary neuronal damage due to seizures has been invcstigated using ncw :\lR-based

techniques that allow the in vivo assessmcnt of the structural and funetional inregrity of

epileptogenie lesions. Cendes et al.2211 perfonned \'olumctric studies in 70 patients \Vith

epilepsy: 50 had refracrory nE. 10 had extra-TLE. and 10 had generalized epilepsy. They

found no significant correlation amongst duration, frequency and life rime esrimated seizures

with degree of hippocampal and amygdala atrophy.

ln contrase, Kalviainen et al.211 performed volumetrie studies and T2 rela."ometry in 3

groups of patients \vith nE (18 newly diagnosed, 14- weil controlled and 32 drug resistant

chronic epilepsy) and found a significant difference in seizure severiC)' and degrce of

hippocampal atrophy among the groups. ln addition, they observed that estirnated life-rime

seizure burden had a significant negative correlation with hippocampal atrophy and a positive

correlation with T 2 signal.

Theodore et al.222 perfonned volumetrie ~lRI studies on the hippocampal formation

of 35 11.E patients. L-sing a multivariate analysis, the effect of duration, but not age at onset

or scan, was found ro be significandy associated \\<;th hippocampal atrophy. Patients with a
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history of fehrile seizures did not have earlier epilepsy onset or longer duration.

Van Paesschen et al.~ used ~IRI inc1uding hippocarnpal quantitation to srudy 63 adult

patients with newly diagnosed partial seizures. They found that 76°'0 of patients had normal

~[RI findings, 10°/0 had hippocampal sc1erosis, and 1.Jo /ohad i'vIRI abnonnalities other chan

hippocampal sc1erosis. Patients wich hippocampal sclerosis had a \vorse prognosis chan

parients with other ~lRI findings with respect to seizures.

These srudies are inconclusive as to the presence or absence of neuronalloss as a

consequence of seizures. Future srudies are required to settle this issue.

Neuronal recovery: relevance of seizure control

Seizures have becn shown to induce changes in gene expression~ cellular morpholo~y

and function.!!4. It could he assumed mat blocking che seizures \vould allow dysfunctional

neurons to recover. E\-idence from PEr.25·.!.~I. IH_~[RSl(.t2.;I.2.", and neuropsychological

testing2-;+.!.3l> support mis assumprion. For instance, Hajek et al.22.'i srudied 25 patients with

intericta118F-fluorodeo",:yglucose (18F-FDG) PET, a marker ofglucose metabolism~ before

and after selective surgery for TLE. They dh.-ided the patients into three groups: (i) patients

\Vith neocortical TI..E (n = 5), (fi) patients \Vith mesiobasallimbic TIE associated \\-ith mesial

gliosis (n =14), and (iii) patients \vith mesiobasallimbic TLE and small mesial nunors (n =6).

Postoperatively, patients in group (ii) and five of SLX patients in group (iii) were seÏ2ure-free; the

remaining si."<th parient had one generalized seizure. Patients with neocortical TI..E had more

than a 90°/0 reduction of seizure frequency. The main postoperative metabolic findings were

as foUows: (1) marked increase of regional cerebral metabolic rate of glucose (rC~lRglu), bath

in the ipsilateral and, significandy, in the contralateral hemisphere in group (ii), patients with
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mesial gliosis; (2) deerease of rC~lRgluvalues in the contralateral mesiobasal temporal lobe

cortex in aIl parient groups, and (3) a trend toward the normalizarion of rC~lRglu 'talues in the

ipsilateral temporal neocortex 12 months after surgery in patients with mesial temporal

sclerosis.

Sa,,;c et al,.:!:!!) using PET measurements \Vith [11Cl flumazeniL demonstrated the

nonnalization of the benzodiazepine receptor density in four patients with TLE one year after

complete seizure control following surgical removal of the epileptogenic area. Similarly, N:\.\

has been shown ta narmalize after successful surgical treattnent in the temporal lobe ipsi- I('l;2.31

1.U and cantralateral[(,l to the sicle of resection. rrbe N:\.-\ recoverv has been observed ta occur

as early as [\Vo months postoper.ltively1.33.

Neurapsychological series shawed a similar trend. Jakeit and Ebner2-~ measured full

scale intelligence quotient (FSIQ) in 127 TI..E patients preoperatively and 6 months

postoperatively. Retesting 6 months after surgery showed that seizure free patients (0=85) had

a significant improvement in their FSIQ.

The improvement abserved in different domains ofbrain function as shown in PET,

IH-~[RS, and neuropsychological series, resulted from surgicaI treatrnent and the improvement

of thcse parameters \vith drug rherapy is less c\;dent.

Selwa ct aI.2.1S performed seriai cognitive testing in TLE patients treatcd either 'W-ith

pharmacological or surgical therapies. Cognitive testing was repeated at intcn·aIs ranging from

1 ta 8 years in 47 adult 1LE patients. The results showed that the nonsurgicaI group showed

no significant change in intellect or memory compared ta controis, and ,rariance over rime was

simi1ar to test-l'ctest nonns in healthy contrais. [n the surgica1 group, however, only the
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patients who had undergone surgery on the right side improved significandy in FSIQ and

tended to impro\"e in logical memory on postoperative testing.

Preliminary results from the National Institute of Health-L·S:\240 in children with

newly diagnosed epilepsy showed follow.up FDG-PET nonnalization one yea.r later in t\Vo

seizure-free patients, while in those \\-ith poor seizure contro~ deterioration or no change \Vas

observed on the follow-up FDG-PET exam. \Vhether the glucose metabolism dismrbance is a

marker of poor seizure control is unclear, since it is known mat FDG-PET results are

influenced by peri-scanning seizures141 •

~[endes-Ribeiro et al. 142 reported [emporallobe tH·~lRS findings in 10 seizure free

TI..E patients treated \Vith :\EDs. Two patients had significant N:\A/Cr reduction despite a

long period of seizure freedom (3 years) using :\EDs. Interestingly, these two patients had a

past history of poor seizure control.

Holopainen et al.1·n performed tH-~[RS of mcsial temporal regions, in IWO groups of

children with epilepsy; in children with a history of complex febrile con\-ulsions (CFCs) (n =7;

mean age 7.1 years) and in children \\-ithout any history of CFCs, (n =6; mean age 7.6 years).

In both groups, NA..-\/ (Cho + Cr), NA..-\/Cho. and ~ ..-\.:\/Cr were significantly decreased

ipsilaterally to the seizure foeus when compared \\-ith the control group, but no significant

differences were deteeted bet'Neen the epilepsy groups. In this study metabolite abnormalities

in the mesial temporal region were detected in bath children with intractable and \Vith .-\ED

controlled epilepsy. Cnlike FDG-PET, N:\...-\/Cr appears not to he intluenced by peri

scanning seizures:!44. In addition, N.A.A is a more specific marker of neuronal integrity.

The temporal profile of neuronal damage and recovery is unclea.r. Studying these
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processes would shed light on the dynamic changes caused hy the epileptogenic lesion and

consequently pravide guidance in the clinical management of patients with epilepsy.
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CHAPTER Il

Anatomo-ftlDctional relationships in epileptic lesions

We do not know the precise the relarionship between the lesions seen on ;\[RI (cortical

dcvelopmenral malfonnarions) and functional measures (N:\.:\ reduction and EEG spikes).

~lRI cao demonstrate cortical developmenral malfonnarions. but the neuronal rncrabolic

profile of these types of lesions is unclear. The side of N:\.-\ reducrion often coincides with

the side of epilepric focus. but the anatomicallocalization of these [WO variables is less clear.

The rclarionship berween spikes and neuronal rnetabolic dysfunction is also unknown. Thus

wc undertook the following srudies to clarify of these issues.
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Paper 1: Neuronal metabollc dysfunctlon ln patients wlth cortical
developmental malformations: a proton MR spectroscopie imaging study.

Li L~I, Cendes F, Bastos _\C, :\ndennann F, Dubeau F, .\mold DL.
Neurology 1998;50:755-759.

Lippincott \X'illiams & \~rilkins
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SUMMARY

Background: Cortical developmental malfonnations are best diagnosed by ~IR

imaging and are often the cause of refraeto~'epilepsy. The extent of neuronal metabolic

dysfunction in cortical developmental malfonnations is unclear.

Objective: T0 assess the neuronal metabolic profile of patients \vith cortical

developmental malformations and refractory epilepsy.

Patients/Methods: \~e srudied 23 patients \\ith cortical devclopmental

malformations and refractory epilepsy using proton ~IR spectroscopie imaging. ~k~n age \Vas

28 years (range, 9 - ~7 years). The lesions examined \Vere: focal cortical dysplasia (5).

hcterotopia (4 band, 6 peri\·entricular. 2 subcortical), polymicrogyria (3). ruberous sclerosis (2),

and polymicrogYrL'l and periventricu1ar nodular heterotopia (1). \'(le measured the reiati"e

signal intensity of ~\·-acetylaspartate/creatine (N:\:\/Cr) in the lesion, in the peri-lesional

region, and remote region from the \;sible lesion. The values were compared to those from

similar brain regions of 25 nonnaI control subjects.

Results:The mcan NA.A/Cr ~-score \·aIues for the 23 patients \Vere: lesion == -2.20

(Scandard error [SEl == 0.32, N [number of patientsJ == 21), peri-Iesional region == -1.01 (SE =

0.38. ~ == 15), and distant region == -0.03 (SE == O.3-l, ~ == 18), \~ith P < 0.0002. Despite the

presence of a large number of neurons, heterotopia showed a relative decrease of N:\..-\ in

sorne patients, suggesting mat the neurons present were dysfunctionaI.

Condusion:The maximal N:\"A/Cr decrease, rnetabolic dysfunction, co-localized to

the structural malformation as defined by ~IRI and extended to nonnal-appearing regions

adjacent to the visible lesion.
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INTRODUCTION

Brain development is a complex process regulated by many factors. :\fter neural

inducrio~ neuroblasts proliferate and differenriate into neural or glial cells. From the germinal

plate neuroblasts migrate to their final destination. Once the indi\;dual cells established their

identiries, they extend their a.xons and establish synaptic connections. Disruption at any of

these crirical periods of foonation of the nervous system leads to different types of cortical

developmental malfonnations (CD~I). These may be gross abnormality such as lisscneephaly

or microscopie and invisible on convcntional ~lRI. The appearanec of the abnormal cclls also

\'aries depending on the timing of the insult.

The clinieal presentation ofCD~I is \rarmble. CD~ls have been recognized as a

common cause of seizures in patients with medically refractory epilepsy being cvaluated in

terriary centers)(r.H~5;i:!. ~Iagnetic resonance imaging (J\IRI) has played an important role in

prcsurgical evaluation of these patients in helping to define the structural epileptogenic

abnormalities. Surgical results in these patients c.lepend on the type and extcnt of the

underlying CD~PI;I'}Î. Poorer surgical outeome is often explained by the fact that the

malfonnations are usual1y widespread, and often extend beyond the lesion defined on

~Iagnetic resonance specttoscopy of brain enables non-invasive quantification of

metabolites ~·n vivo. The most intense signal in the proton ~IR spectrum of brain originates

from the l"·.aeetyl groups, mainly N-acetylaspartate (N.~-\.). Less intense signals arise from

creatine plus phosphocreatine (Cr) and choline-containing compounds (Cho). ~L~-\. is

localized exclusively in neurons and neuronal processes in the mature brain 124;1:?5;IW, and ean

be used as neuronal marker 175~47. Decreased NAA is obserred in areas of neuronalloss or
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dysfunetion 1611;175;247. Cr, whieh MaY he more coneentrated in glia than neurons 1W, is relati\·ely

homogeneously distributed in normal brain and ean be used as internal standard in this

circumstanee.

"Ibis study was designed to assess whether proton magnetic resonance spectroscopie

imaging ~lRSI) measurements ofNAA could deteet abnormalities associated ~ith neuronal

lesion in CD~[s, whether the abnormalities extend outside the lesion \-isible on ~lRI~ and

whether different types ofCD~[ exhibit different abnormalities in the proton speetrum.

PATIENTS AND METHOnS

\Vle studied 23 patients (ta womcn) \Vith different types ofCD~L :\1l23 patients had

medieally refractory epilepsy. The Mean age at srudy was 28 years (rangc~ 9 - -l7 years) .

.\il patients underwent detailed eyaluarion including prolonged \;deo-EEG monitoring

to record seizures. The diagnosis ofCD~I was based on ~lR imaging findings. Threc patients

had histopathologieal confirmation. The patients studied represent most of the patients

admitted to the epilepsy sen;ce with CD~[ over a t\Vo year period..\ few patients \Vere not

included for logistie reasons. These oceurred at random and patients who \Vere included

represent a reasonable sample of patients with CD~[s and refraetory epilepsy seen in this

institution, and others44•

Diagnostic ~IRI seans were acquired using a 1.5 T scanner, combined imaging and

spectroscopie system (.\CS III Philips ~[edical Systems, Best, The Netherlands). \'{'e acquired

sagittal and eoronal Tl-\veighted (fR 550, TE 19 ms) images, followed by tran~'Yerse proton

density cm 2000, TE 20 ms) and T2-weighted (IR 2100~TE 20, 78 ms) images. Tl-weighted

gradient-ccho volume acquisition of the whole hrain (fR 18 ms, TE 10ms, 30° angle, 1 mm
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thick conriguous slice) was acquired for multiplanar reconstrUction.

Proton ~lRSI studies were perfonned in a separate examination..\frer scout images in

a....aaI and sagittal planes, a multislice transverse spin-echo ~lRI (fR 2000, TE 30) \vas obtained.

:\ large volume of interest (VOl). including the lesion, was defined for selective excitation..-\

water suppressed proton ~lRSI was acquired from the YOI (fR 2000 ms. TE 272 ms,

250:<250 mm FOV, 32x.32 phase-encoding steps), followed by a proton ~fRSI \~-ithoutwarer

suppression (IR 850 ms, TE 272 ms, 250x250 mm FOY, 16x16 phase-encoding steps). Post

processing included zero-filling the warer unsuppressed ~[RSI ro obtain 32x32 profiles,

followed by application of mild Gaussian k-space filter and an inverse 2D Fourier

transfonnation to both water suppressed and unsuppressed ~[RSp4H;2.JIJ. Residual warer s~111al

was removed by applying the tinear HSVD fitting method1.J'). Resonance intensities in

indi,;dual spectra \Vere determined by integration of peak areas using locally devcloped

software.

Ibe definition of the region (figure 1:\ - B) corresponding to lesion, peri-lesional tissue

and tissue remote trom the lesion were based on ~lR imaging and done by one of us (:\CB)

who was unaware of the :\IRSI results. The peri-Iesional region was defined as normal

appearing tissue surrounding ~lRI \;sible lesion. Remote regions within the volume of interest

(VOl) were defined as being more chan 2 \'oxel (approxiInately 2 cm), at least, away from the

~IRI visible lesion, and appearing normal on .\00. Values for N.A...-\, Cha, Cr, were

detemlÏned by averaging values from spectra in these three regions.

The size of the VOl for spectroscopy was 75mm to 100mm in the left..right a..xis,

75mm to lOSmm in the antero-posterior a..xis, and 18mm to 20mm in thickness. The size of

the individual \'"oxel after post-processing was approximately 1.2 cm x 1.2 cm x 1.8-2 cm
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(thickness of the box). The number of voxels averaged for each of the three regions Oesion,

peri-Lesion, and distant from the Lesion) ranged from 2 to 15.

Z-scores (stuldardized scores that express the original raw \-alues in terms of standard

deviations [SD1 from the mean of the normal controL group) were used because mey allowed

uniform comparison of the degree of reduction ofNA.A/Cr values in the Lesion, the peri

lesional region, and rcgions remote from the Lesion. Z-scores were obtained for cach

individual patient by subtracting NAA/Cr values from the mean N:\"-\/Cr value obtained

from a sinillar region of a group of 25 age-matchcd normal contrais, and cm;ding the result by

the normal controls' SO for mat region. .-\nalysis of variance (.-\NOV:\) was perfonned ro

assess statistical differences among the ;:-scores of N.-\:\/Cr ratio from these thrce regions

Oesion, peri-Lesion, and reroote from the Lesion).

In six patients \\;th unilaterallesion. we also assessed the percenrage differcnccs of

~ :\.:\. Cr and Cho betwcen the Lesion and contralateral homologous regions.

The objectives of this srudy were explained ta all patients and infonned consent

obrained.

RESULTS

The CD~[ studied were: focal cortical dysplasia in 5 patients, heterotopia in 12 (4- band,

6 bilateral penventricular, 2 unilateral subcorrical), bilateral perisyLvian polymicrogyria in 3,

ruberous sclerosis in 2, and unilateral perisyLvian poLymicrogyria pLus bilateral periventricuhr

nodular heterotopia in 1. Seventeen of the 23 patients had bilateral structural abnoonalities.

\Ve obtained spectroscopie infonnation from the three regions Oesion, peri-Lesion, and

remote regions) in 12 patients, from at Least two of these regions in 7 patients, and from only
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one region in 4 patients (table 1).

Table 1: NAAICr values converted into z-scores for 23 patients with cortical
developmental malfonnations

Pt/sex/age Type ofCDr.,1 Lesion Peri-lesion Remore &om the lesion

(y~)---
-~

1/f/38 FCD -0.95 -0.19
2/m/22 FCn -4.31 -1.91 -1.23
3/m/30 FCn -1.73 -0.72 -1.39
~/f/19 FCO -2.15 0.02 -0.03
5/m/29 FCD -4.57
6/f/31 Ht-band -4.13
7/m/9 Ht-band -1.20
8/ f/ Il Ht-band -0.42 -0.63
9/m/ll Ht-band -2.48 l.65
10/f/45 Ht-PNH -4.39 -4.35 -2.10
11/f/23 Ht-PNH -4.68 -2.58
12/m/25 Hr-PNH -3.46 -1.96 -1.39
13/f/39 Hr-PNH -1.62 0.04 -1.01
14/f/36 Ht-PNH 0.75 0.54
15/m/24 Hr-PNH -0.98 O.6ï 1.54
16/rn/16 Ht-sub -3.33 -3Al 0.58
17/rn/23 Hr·sub -1.57 0.84
18/rn/34 P~[G -1.25 0.56 l.i3
19/m/33 Pr.,lG -0.72 -OA8 -0.07
20/f/20 P~lG -0.39 1.22 -0.52
21/rn/30 P~lG+PNH -1.03 -0.67 1.10
22/f/~7 TS -1.~33

23/m/~3 TS -2.56 0.92

~lean. -2.20 -1.01 -0.03

• =Analysis of variance with p < 0.0002

FCO =focal cortical dysplasia. Ht =heterotopia. PNH = periventricular nodular
heterotopia. sub = subcortical. PMG = polymicrogyria. TS = tuberous sclerosis.
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The mean NAA/Cr Z-scores values for the 23 patients were:

• lesion =-2.20 (Standard error [SE] =0.32, N [number of patients1=21),

• peri-Iesion = -1.01 (SE = 0.38, N = 15),

• remote &om the lesion = -0.03 (SE =O.3~, ~ = 18).

There was significant difference among these regions with p < 0.0002 (."\NO\·:\) (see

table 1).

The mean N:\A/Cr Z-scores values for parients with focal cortical dysplasia \Vere:

• lesion =-3.19 (SE =0.52, N =4),

• peri-Iesion =-0.89 (SE =0.52, ~ = ~),

• remote &om the lesion = -0.71 (SE =0.52, ~ = ~)

There was significant difference among these thrce regions with p < 0.02 (.-\~O\'.-\).

The mean Z-scores \·alues for parients \vith pol)"microgyria were:

• lesion =-0.85 (SE =DAI, N =~),

• peri-Iesion = 0.15 (SE =0.41, N = ~),

• remote from the lesion =0.56 (SE =0.41, N = 4)

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

(ANOVA).
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The mean Z-scores values for patients \\-ith heterotopia were:

• lesion =-2.07 (SE =0.49, N =12),

• peri-lesion =-1.49 (SE =0.61, N =7),

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

There was significant difference among th~se three regions with p < 0.02 (:\NO\·:\).

In unilateral CO~I, comparison bet\veen ratios of N:\.:\ in the lesionl~ .-\.:\ in

contralaterai homologous region and the mean controls' NA..-\ ipsilateral to patient's lesion

side/mcan contraIs' N:\.:\ in the contralateral hemisphere showed relative reduction of~.-\..\

resonance intensit\" of5°'0 to 51°/0 (mean =-21°0, median = -1100, SO =16) in the lesion. \Vc

used the same method of comparison for Cr and Cha. Cr showed a Mean reduction of 1° 0

(median =-3°'0, SD =25. range ..37°/0 to 27°'0). Cha showed a mean increase of 12°0 (median

=6°'0, SD =51, range from ..49% ta 100°'0). Increase in Cho were mainlv obsen·ed in Fcn.

The interictal EEG abnarmalities were localized in 6/23 patients. rcgional in Î 123,

multifocal or generalized in 8/23. and silent in 2/23. \Ve observed very acri\·e interictal EEG

activiry, characterized by frequent runs ofpaly-spikes. in ten patients (table 1. patients 1,2.3,

4,6,8, 9, 16, 17, and 20). There was no relationship bet\veen the extent and degree of active

interictal spiking and N:\.:\/Cr ratio values.

DISCUSSION

\Ve found relatively deaeased N.AA/Cr signal intensity in sarne types ofCD~I

suggesting abnonnal neuronal metabolism in these malformations. The relative decreased

N.AA signal intensity, when present, was ma.'timal in the lesion, decayed in areas surrounding



• it, and was less marked or absent in areas far from the lesion (figure te).
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Figure 1: Twenty·two year old man. with seizures since age 5 years. A) Scout MR
image showing the VOl with superimposed phase·encoding grid. and the three regions
of interest: lesion. peri-Iesion. and far from the lesion. B) Axial TI weighted image
showing left parietal focal cortical dysplasia (arrow). C) Average spectra trom the
three regions of Înterest. The reduction in NAA signal intensity is greatest in the
lesion and decreases with distance from the lesion.

Possible explanarions for che low ~:\..-\ outside che visible lesion include: 1)

microscopie abnonnaliries chat e::-"lend outside che lesion \;sible on ;\IRI, 2) depression of

N ..-\..\ by epilepric acm;~·, or 3) altered relaxation rime ofNA...\ or Cr. The presence of

microscopie abnormalities more extensive chan che lesion \"Îsible on ~lR1 would be consistent

with pathological:!5lI-.251 and clinical.w;1"5~-Kl25:!obsen;ations , and could explain, at least in part,

the poor surgical results sometimes obserred in patients with CD~l Palmini et al.,l9H ha'"c

found that active residual repetitive cortical spiking had negarive influence on surgical outcome
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and suggested that additional reseetion of the spiking cortex surrounding CO~(s, should he

perfonne~speculating that this type of epileprifonn acti,,;ty reflects underlying microscopie

cortical malfonnation. Ongoing interictal epileptic abnonnality or recurrent seizures could

lead to secondary neuronal dysfunction through secondary involvement of areas connected ta

the primary epileptogenic region~J-255. 1bis is consistent with our recent observation mat

NA.:\ in the remaining temporal lobes increases after successful anterior temporal

lobectomy\(,l. W'e do not believe that altered re1a..xation rimes are responsible for the altered

NAA/Cr, as the nature of the pathology would not be expected to produce changes in

relaxation rimes, especially changes mat would affect N:\..-\ and Cr sufficiently differently ta

alter their ratio significantly.

We did not perform absolute quantification of Metabolite signal intensitics. but rather

used Cr as an internai standard [0 normalize intensities between subjects. [n patients who had

unilaterallesion visible on ~IRI we compared the Metabolites [0 the homologous normal

appearing region of me conttalateral hemisphere. In these patients, Cr in the lesion was similar

to Cr in the contralateral homologous normal-appearîng region (mean diffcrence =_1 0 o.

maximum inerease of 27°'0). Thus, increases in Cr cannot explain the magnitude of the

ohserved decreases in N:\A/Cr which must, therefore, represent N.\A decrease.

Distinct de\-elopmental malformations result from insults occurring at different stages

of cell generation, proliferation, differentiation and migration into the cerebral cortex256• \Ve

dernonstrate that different types of COl\( may also show different degrees of relative ~:\..-\

decrease (figure 2).

For instance, in focal cortical dysplasia we found very low NA.A/Cr ratios. This

disorder results from abnoanal neuronal and glial cell differentiation and proliferation~and the



• Lesion contains structurally abnonnal neurons an~ at rimes, balloon cells. Both are probably

dysfunctional cells with abnormal synaptic activity and connectivity, and presumabLy this

explains the reduced N.A.~\/Crvalues. In polymicrogyria the malformation is due to abnormal

cortical organization. The timing of the insult is post-m.Îg[ational, and neurons are thought [0

be mature. ~Iore normal cellular structure and the presence of synaptic integrity may explain

why patients with polymicrogyria have normal N.\-\/Cr mtios (figure 2).

:J t'r.U
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Figure 2: Frequency distribution ofNANCr =-scores for different types ofCDM.
Seventy-five percent of patients with focal cortical dysplasia had NAAJCr more than 2
SD below the normal mean. Ali cases ofpolymicrogyria had NANCr within the
normal range. Heterotopia were variable with half of the patients having NAA'Cr
more than 2 SO below the nonnal mean.

Heterotopia consist of a large number of neurons mat failed [0 initiate or complete the

•
m.Îg[ation process. In heterotopia because of the clustering of an abnormally high numher of

neurons one would e.xpect a relative increase of N.A.A signal. This assumption is based on

histopathologica1 studies showing normal-appearing neurons and evidence of active
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• synapses257, and on FOG-PET findings showing patterns ofglucose uptake similar to nonnal

cortex258• However, we found NA.A to be variably nonnal or abnormal in this group. Ibis

suggests mat at least sorne of these apparcndy nonnal neurons are, in fact, dysfunctional

(figure 3).

:,",d

Figure: 3:

A) MR image B) NAA image

•

Figure 3: 16 year old boy with seizures. A) MR image showing a large unilateral
heterotopia. The black rectangle shows the VOl for MRSI. B) The corresponding
NAA image shows a relatively low signal intensity from NAA over the heterotopia
compared to the contralateral nonnal side.

T\vo case reports have also shown variability of NA..r\ signal intensity in

heterotopia25IJ-,2(J4.I. One possible explanarion is chat the neuronal populations in heterotopia

may consist of neurons at different stages of maturation, sorne of them being immature and

improperly conneete~ and therefore e..xpressing less NA...\ l.lS•
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The degree of interictal EEG activity, and the extent of the EEG abnonnalities

Oocalized or generalized), did not correlate with the NAA/Cr values in our series. Kuzniecky

et al., 261 also failed to 6.nd correlation between relative N..-\..A/Cr values and EEG

abnormalities in their series. The differences in N:\.:\/Cr between types ofCD~[s appea.r ra

retlect more the type of malformation than the amount of interictal EEG abnormality. lbis

suggests that the deaease in NA..-\. is not entirely secondary to interictal epileptic activity.

However, in this series ail patients had clinically refractory epilepsy, and further srumes in

patients with COL\[s and well controlled epilepsy might provide sorne answer about the

relationship between the scizure se\~erity and N:\..-\ signal intensity.

There is as yet no consensus on the classification of ~'l1formationsof the cerebral

cortex, this is due to our incomplete understanding of the mechanisms underlying the

pathophysiology of CDL'.(Jt'. Proton ~IR spectroscopy may be useful in srudying the biology of

CO~ls and, as \Vith brain rumors 1(17, help refine the classification and differential diagnosis in

different types of brain lesions. lbree out of 24 patients in chis study underwent surgical

resections. 'Ibis number is [00 small to make any meaningful clinico-pathological correlation.

~lulrimodal image co-registration techniques2f)~I.; that allow visualization of the relarionship

between structural lesions and cellular metabolism (pET, ~lRSI), or function (~1RI, EEG)

may offer new dimensions for surgical planning and resection of malfonnations in patients

with refracto~'lesional epilepsy.
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Paper 2: Spatial extent of neuronal metabollc dysfunction measured by
proton MR spectroscopie Imaging in patients with locallzatlon related

epllepsy.

Li L~[, Cendes F, .Andennann F, Dubeau F, .\rnold DL.
Epilepsia 2000 (in press).

Lippincott \~rilliams & \~Tilkins
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SUMMARY

Background: In patients with unilateral temporal lobe epilepsy, low N:\..\ can be seen

in both temporal lobes in 18 to 60(% of patients. It is possible that analogous u-idespread

reduction of NA..:\ might also extend to areas of the brain not primarily involved in the seizure

generanon.

Objectives: i) :\ssess the spatial extent of the decrease in the neuronal marker ~

acetyl-aspartate (N:\.:\) relative to creatine (Cr) in patients with localization-reL~tcdcpilepsy,

and ii) assess the clinical differences between patients with and without widespread N ..\...\/er

reduction.

Patients/Methods: \Ve srudied 51 patients \\ith localization-related epilepsy. Patients

were divided into three groups according to their clinical :md EEG investigation: 1) temporal

lobe epilepsy (Il~E. n=21), 2) extra-temporal lobe epilepsy (extra-TLE, n=10), and 3)

multilobar epilepsy (patients ",,-ith a wider epileptogcnic zone, n= 10). \Ve acquired proton ~[R

spectroscopie imaging (t H-~lRSI) of temporal and fronto-centro-parietal regions in separate

examinations bath for patients and contrais. N.:\..\Ier ,"aIues 2 standard de\;ations belo\V the

mean of normal contrais \Vere considered abnormaI.

Resu/ts: Twenty-three patients (45°'0) including 12 with TIE had normaI:\lR imaging

including volumetric studies of the hippocampus. Forry-nine patients (96%) had low ~L~\/Cr

indicating neuronal dysfunction in cither temporal and/or extra-temporal tH-~lRSIs; 38°'0 of

patients with TLE and 50% of patients with extra-TIE. also had NAA/Cr reduction ourside

the clinical and EEG defined primary epileptogenic area. The N.\...\/Cr reduction was more

often widespread in the multilobar group (6/10 [600/oD than in the temporal or extra-temporal
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groups (5/16 [31°/0 1). Non-paramettic tests of: a) seizure duration, b) seizure frequency, and c)

life-rime estimated seizures, showed no statistically significant difference (p > 0.05) for 11..E

and extra-11.E patients with or withouc NAA/Cr reducrion outside the seizure focus.

Conclusion: 40-50% of patients with localizarion-related epilepsy have neuronal

metabolic dysfuncrion chat extends beyond the epilepcogenic zone defined by clinical-EEG

and/or the sttuctural abnonnality defined by ~lRI .
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INTRODUCTION

Proton ~fR spectroscopy rH-~lRS) of brain is a non-invasive technique that enables

detection of differenr metabolites in vivo based on distinct resonance characterisrics of the

substance in a magneric field. The most intense signal in a normal brain~ seen at 2.02 pans per

million (ppm), is derived &om the N-acetyl groups~ mainly composed ofN-acctyl aspartate

(NA_\)1ll);2.n. NA..\ is found exclusively in mature neurons and neuronal processesl~~;125.

Se\-eral srudies have demonstrated that an area of brain with relative reduction ofN:L\

correlates with either neuronallossL\7-1~145-1541 or dvsfunctionl~:ISI.I51d(II;1.'I.!.ll.rrbe two other

signais easily identified in nonnaI brain spectra are Choline-containing compounds (Cho) and

Creatine and phospho-creatine containing compounds (Cr), seen at 3.2 and 3.0 ppm

respecrivelyllCJ;.!.r;-. Cr, a metabolite important for energy metabolism~ is found in neurons and

glia cells, and is relatively homogeneously distributed throughout the nonna.! brain.IXi~(.·t~d.

Both single \·oxellI5;15i;15H;1Ï1l;17~1 and multivoxel 1H-~[RS Cl H-~lRSI) Il;:1 J(1;1;1);li'·17(d7X

have high sensitivity for detecring low N:\.A indicative of temporal lobe neuronalloss or

dysfunction in temporal lobe epilepsy, and the maximum NA:\. reduction is often associated

with the side of seizure origin defined by prolonged video-EEG monitoring. In patients \Vith

unilateral temporal lobe epilepsy, low NAA can be seen in both remporallobes in 18 to 60°0

of patientsll;;15ï;l;H;tï(dï~. Ir is possible that analogous \\';despread reducrion of N:\..-\ might

also extend ta areas of brain not primarily involved in the seizure generation.

The objectives of the present study were: 0 to assess the spatial extent of N.-\..\/er

reduction in patients with 10calization-reIated 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 METHOnS

Patients were recmited &om the Epilepsy Service at the ;\lontreal Neurological

Hospital. The majority had medically inttaetable epilepsy and underwent detailed pre-surgical

evaluation including prolonged video-EEG monitoring to record seizures. The anatomie

classification ofepilepsy \Vas based on the clinica1 clara and prolonged video-EEG monitoring

findings. The objectives of the study were explained to all patients and inforrned consent \Vas

obtained.

Seizure duration \Vas expressed in years and defined as the period between onset of

habituai seizures and the 1H-t\(RSI scan. Seizure frequency in the fiV'e years prior ta the scan

\Vas obtained from direct interview with the patients and re\;ew of the medical chart. 1bc

seizure frequency was variable and Engel's seizure frequeney seore167 was applicd: 1-3 per ycar

=1; 4-11 per year =2: 1-3 per month =3; 1-6 per \Veek =4; 1-3 per clay =5; 4-10 per clay =

6; and morc than 10 per clay = 7. Frequeney of seeondarily generalized tonie-darne seizures

\Vas eategorized into three groups: rare =< 3 per year, monthly =< 4 per month, and wcekly

= occurring at least once a week. :\ seizure duster \Vas defined as a tcndency for anacks ra

occur one after another during a short period of rime. Estimatcd life-rime seÎzure scores \Vere

obtained by rnultiplying the seizure frequency score by seizure duration.

For those who underwent surgieal treannent for epilepsy, Engel's outcome seor~i

\Vas used (elass 1=seizure-free or residual auras; elass II =less than 3 CPS a yeu: class III =

reducnon of >90% of seizures; dass IV =reduction of < 90°'0 of seizures).

Temporal andextratemporallobe 1H-MRS/protocols.

We performed prospective 1H-~lRSI in 38 consecutive patients during their
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investigation. We also included 13 other patients with refractory partial epilepsy who in the

past had lH-~lRSIs ofboth temporal and extra-temporal regions. The main reason whv thcse

13 patients had both examinations was because the seizure localization was not clear at the

rime of their initial investigation. The mean age of the 51 patients was 31.5 years (range 12 to

60 years).

1H-~lRSI studies were performed in separate examinations using a Philips 1.5 T

combined imaging and spcctroscopy system (philips ~[edical Systems, Best, ~Ibc Nethcrlands) .

.-\fter scout images in axial and sagittal planes, a multislice ttansyerse spin-ccho ~[RI (l'R 2000,

TE 30) was obtained. ~Ibe volume of interest (VOl) of the exrra-remporallobe prorocol

included a large portion of the frontal and part of the parietal lobes (see Figure la). The size of

the VOl for extra-tempora! protocol spectroscopy was 75mm to IOOmm in the left-righr axis,

75mm ta lOSmm in the antero-posterior axis, and 18mm to 20rnm in thickness. The "01 of

the remporallobe prorocol included part of the body and tail of the hippocampus and portions

of gray and white matter from the mid and posterior temporal lobe (see Figure lb). The size of

the VOl for temporal lobe protocol spectroscopy was 8S-100mm in the left-right axis, 75

95mm in the antero-posterior axis, and 20mm in thickness. The size of the indi\;dual voxel

after post-processing was approximately 1.2 cm x 1.2 cm x 1.8-2 cm. Detailed descriptions and

results of these two protocols have been described elsewhereI15~JH. Water suppressed proton

~msl was acquired from the VOl (Œ. 2000 ms, TE 272 ms, 2S0x250 mm FO\", 3:!x32 phase

encoding steps), followed by a proton ~IRSI withOllt water suppression (fR 850 ms, TE 272

ms, 250x250 mm FOV, 16x16 phase-encoding steps). Post-processing included zero-filling

the water unsuppressed ~IRSI to obtain 32x32 profiles, followed by application of a mild

Gaussian k-space filter and an inverse ID Fourier transfonnation to both water suppressed

and unsuppressed ~IRSI. For the extra-temporal protocol residual water signal was removed
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• by applying the linear H5VD fitting method 2~. For the temporal lobe protocol the resulring

rime domain signal was left shifted and subrracred &om itself to impro'ge warer supprcssion2!II
).

Ibis procedure reduces the amplitude of warer and nearby resonances and results in relacive1y

high ratios of NA:\/Cr.

Figure 1

Mi

. Mid

Posterior

•

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

The spectroscopist was unaware of the results of EEG and ~lRl. Resonance

intensities in individual specna were detennined by integration of peak areas using Locally

developed software. The number of spectra averaged for each subregion 'W-ithin the VOl

(Figure 1) was 10 ±2 for the temporal lobe protacol and 8 ± 2 for the extta-temporallobe

protocol for bath patients and nonnal conrrol subjects. Voxels on the edge of the VOI~ that

were affected by chemical shift artifact and voxels that were artifactual1y broadent:=d were

excluded from the analvses. The resonance intensit\" of N.-\A was nonnalized to inrravoxe1 Cr.. .

In epilepsy~Cr is relatively stable157;158;16(~161;177 50 chat changes in the NAA/Cr ratio reflect
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changes in NAA and neuronalloss or dysfunction.

The same procedure was perfonned for specific group control data (25 for extra-TL

and 30 for TI.. protocols). Patients' NAA/Cr ratios 2 standard deviations (50) below the

normal mean were considered abnonnal.

MR imaging and MR volumetrie measurements

AlI the patients had diagnostic ~IR imaging acquired separately using the same scanner.

The protocol consisted of sagittal and coronal Tl weighted cm 550, TE 19 ms) images~

followed by axial proton density (fR 2000~TE 20 ms), and T2 weighted (fR 2100, TE 20, 78

ms) images. Tt weighted 1mm thick conriguous slice gradient-echo volume acquisition of

whole brain (fR 18, TE 10 ms, 3011 angle, isotropie \·oxel) was also acquired for multiplanar

reconstruction and volumetrie study of mesial temporal structures. The volumetrie protacal

and its prevlous results have been published elsewhereli5;.!70. Corrected amygdala or

hippocampal volumes 2 50s below the normal mean \Vere considered abnonnal

RESULTS

\Ve used the IL-\E 1989 syndromic classificarion!il ta classify the 51 patients inta NlO

groups based on the clinical fearures and EEG findings: 1) temporal lobe epilepsy. and 2)

exrra-temporallobe epilepsy. \~Te performed a separate analysis based exclusively on patients

with well-Ioca1ized EEG. \Ve added a third multilobar group. Patients \Vere classified into the

multilobar group if the epileptogenic zone \Vas widespread, involving rwo or more lobes, or

electro-clinical features were Dot clea.rly localizing or if there was discordance berween the

EEG findings and clinical manifestations ta a point where it was Dot possible ta resolve

whemer the clinical manifestations were related ta a given location or a retlection of seizure
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spread &om a distance.

The clinical dara, EEG findings, ~[RJ and IH-~lRSI results are displayed in Tables 1,2

and 3 respectively.

Patients with temporal lobe epilepsy

Twenty-one patients (10 women) \\;th a mean age of 35 years (range 1Î - 60 years)

were classified as having TLE.

MR IMAGING AND VOLUMETRIC MEASUREMENT Of MESIAL TEMPORAL STRUCTURES:

Diagnostic ~[R imaging and ~lRVol showed hippocampal atrophy in 10 (6 bilateral),

cortical dysgenesis in 4 (2 had associated hippocampal attophy), and no abnonnality in 8

(38°'0). \Vith the exception of periventticular nodular heterotopia, ail the lesions \vere locarcd

in the temporal lobe.

IH-MRSI:

TI..-~lRSI showed significant NA.A/Cr reduction in ail patients (100°'0), concordant to

the side of EEG lateralization in 19/21, and discordant in two (fable; patients 32 and 49).

The N:\.A/Cr reduction in the temporal lobes was unilateral in only 7/21. Extra-n-~[RSI

showed an additional N:\._",-/Cr recluction in 8 (38°0) patients (4 unilateraL 3 bilaterallocalized,

and 1 diffuse) with TI..E. Seven of these eight patients with reduction of N.\A/Cr in the

extra-TL regions also had bilateral NA:\./Cr reduction in the temporal lobes. The

Iateralization given by extra-TI..l\lRSI was concordant with TL-~lRSI in 2, discordant in 2, and

non-lateralized in 4.

tH-MRSI AND CUNICAL CORJŒLATES:

l\(ann-\Vhitney U test rank comparison between those with and those without
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NAA/Cr reduction in extra-TI.. regions showed no significant difference for the SUffi of the

tanks for age of seizure onset (95 vs. 136, P =0.61), for seizure duration (82 \·s. 149, P =0.66),

for seizure frequency scores (68.5 vs. 141.5, P = 0.68), and for estimated life-rime seizure

scores (63.5 vs. 146.5, P =0.43). Chi-square showed no significant association between

additional extra-TI.. N.-\.:\/Cr reduction and frequency of secondary generalized tonic-donic

seizures (rare [42%1 vs. monthly [33~/o] \·s. weekly [0%1), Chi-square (2) =0.808, P =0.67.

Fisher's exact test showed no significant association between additional extra-TL ~.\.-\/Cr

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

Seven patients underwent surgical resection in the temporal lobe. Two of five patients

without, and neither of the two patients \\-~th extra-TL N:\'-\/Cr reduction \Vere seizure-free

(Fisher's exact test with p > 0.05, 1 tailed)

Patients with extra-temporal lobe epilepsy

Twenty patients (13 women) with a mean age of 28 years (range 12 - 56 years) were

dassified as having extra-TLE.

MR IMAGING AND VOLUMETRIe MEASUREMENT OF MESIAL TEMPORAL STRUCTURES:

Diagnostic ~[R imaging and ~lRVol showed cortical dysgenesis in 5, hippocampal

attophy in 3 (2 bilateral), hippocampal asymmetty in 2, hemispheric atrophy in 2, and were

nonnaI in 9 (45°'0).

IH-MRSI:

Extta-TL-j\fRSI showed NA.A/Cr reduction in 14 patients (70%) and the side of the

abnonnality was concordant with EEG lateralization in all. The extra-TL-~msIN.\A/Cr

reduction ~las unilateral and localized in 9, bilateral and localized in 5. lL-j\IRSI showed
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N.AA/Cr reduction (5 bilateral and 5 unilateral) in 10 patients (50%). In these 10 patients with

1L-~IRSIabnormality, the extra-n-~msIwas normal in four, abnoonal in SLX, and in two of

them the N.-\A/Cr reduction was on the side opposite the lL-~lRSI lateralization.

tH-MRSI AND CUNlCAL CORRElATES:

~Iann-Whimey C test tank eomparisons between those with and those \,,~thout

N.:\.:\/Cr reduetion in the extra-TI.. regions showed no signifieant differenee for the SUffi 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 esrimated life

rime seizure scores (127.5 \·s. 82.5, P = 0.088). Chi-square showed no signifieant association

between additionallL N.:\.:\/Cr reduction and frequency of seeondarily generalized tonic

donie seizurcs (rare [500 '01 vs. monthly [500 /01 \-s. weekly [500
01), Chi-square (2) =0.0, P = 1.

Fisher's exact test showed no significant association between additional TL N:\.:\/Cr reducrion

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

Four patients underwent surgical removal of a lesion. One patient had TI.. N.\.-\/Cr

reduction and \Vas not seizure-free. One of three patients wimout 11. NA...-\/Cr reduction was

seizure-free.

In a separate analysis, we excluded the 13 patients that were rettospeetively studied to

ensure that our findings were not bias beeause of mem. \Yie found that 7 of 15 patients \vith

extra-TI..E (46%), and 7 out of 18 patients with 11.E (39° '0) had associated low N.-\.-\/Cr in the

temporal and extra-temporal! H-~IRSI, respectively. These figures are similar to those in the

analysis that included the 13 patients; 50°1
0 for the extta-TI..E and 38% for the nE patients.

Patients with multilobar epilepsy
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Ten patients (3 women) with a mean age of 32 years (range 13 - 52 years) were

classified as ha,,;ng mulrilobar epilepsy. Six had electro-clinical fearures more suggestive of

TLE and four of extl'a-TLE.

Ma IMAGING AND VOLUMETRIC MEASUREMENT Of MESIAL TEMPORAL STRUCTURES:

Diagnostic ~[R imaging and ~[RVol showed cortical dysgenesis in 2, bilateral

hippocampal atrophy in 2, fronto-central atrophy in 1, and no abnormality in 6 (60°'0).

IH·MRSI:

TL-;\lRSI showed significant reduction of~:\.:\/Cr in 9/10 (5 bilateral, 4- unilateral).

The side of maximum N:\..\/Cr reduction was concordant ra the side of EEG lateralization in

aU patients. Extra-TI.-~fRS[ showed reduction ofN.\.\/Cr in 8/9 (-4- unilateral 3 diffuse, and

1 bilaterallocalizcd). One patient with non-lateralizing seizures had l1..-~lRS[ \vith maximal

N:\..\/Cr reduction in one temporal lobe and the extra-TI.-~[RSI showed N:\;\/Cr decrC3se

in the opposite side.

IH-MRSI AND CUNlCAL CaRRElATES:

Fivc patients had surgery (4 anterior temporal resection, and 1 parietal resection). Goly

one patient who had remporallobe resection was seizure-free, the others wer~ in dass III-IV.

Patients with well-Iocalized ictal EEG

Considering ooly patients with well-Iocalized ictal EEG changes (fable: patients 6, 10

14, 18,28,30, 35,37,40,4-1,43, -tG, 47, and 49), we found that the NAA/Cr reduction was

present at the site ofictal EEG abnonnaliry in 16 117 (94°/0) of patients. The N..-\..\/Cr

reduction also extended to region distant from the localized ictal EEG abnonnality in 6/ 17

patients (35%
) •
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DISCUSSION

IH-~IRSI is very sensitive for detection of neuronal metabolic dysfuncrion in patients

with localization-related epilepsy. In this series 23 patients (45°'0) had normal ~lRI induding

volumetrie studies, white 49 patients (96~/O) had either temporal and/or extra-temporallH

~IRSIs showing significant decreases of NA..r\/Cr. The t\VO patients \Vith normal lH-~lRSIs

had extra-temporal epilepsy; one had a dysplastic lesion in the frontal lobe, and the

correspondent lH-~IRSI had artefactual voxels at the same place as the ~oo visible lesion.

The other patient had no \;sible lesion on :\00, and it is possible that the lH-~IRSI-\'OI did

not caver the site of the exttatemporal seizure generator.

Pre\;ous reports have described conflicting findings in their studies of the presence';'2

or absence l51)-,1"n of remote ~:\...\ reduction in patients with localization-related epilepsy. Our

series of patients \vith inttactable seizures~ showed that patients \Vith TLE and extra-TLE had

additional neuronal dysfunction outside of the primary cpileptogenic area in about ..w°o and

50% respectivcly (see Figure 2). The additional N:\.:\/Cr decrease in the VOl outside the

seizure generator tended to he more widespread in the multilobar group (6/10 [60°'01 diffuse)

than in the temporal lobe or extra-temporal groups (5/16 (31°01 diffuse).

In patients with extra-temporal epilepsy there was a trend for significant difference in

duration of epilepsy for those \Vith and mose without additional temporal lobe neuronal

metabolic dysfunction. No significaot clifference, howC"er, was obsen'ed for age of seizure

onset, seizure-frequency (cither of partial or secondarily generalized ~1>es), or clustering. In

patients with temporal lobe epilepsy there was no difference in any of these factors for those

\\-;th or \\-;thout additional exm-temporallobe decreases in NAA/Cr.
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Figure 2: IH-MRSI of temporal regions showed significant NAAJCr reduction in the
right medial temporal region of a patient with right fronto-central focus and nonnal
amygdala and hippocampal volumes.

The finding that the frequency of clinical seizures was not a significanr factor suggests

chat factors other man seizures memseh·es might be associared \Vith addirional neuronal

dysfunction secn in the remporallobe. One possibility would be the narure of the epileptic

lesion, \Vmch could cause disruption of neuronal network over rime with consequent neuronal

dysfunction in vulnerable interconnected areas. This hypothcsis is, in pai4 supporred by two

observations: 1) NA.:\/Cr recovcry in patients after successful temporal lobe resection((Jl;2.,1,

and 2) NA-A/Cr reduction in seÎZllre-free patients24::!. The NA.:\/Cr recovery follo\vmg

removal of an epileptogenic area cao occur as carly as two months after surgery2J3 and cannat

he explained solely by the absence of seizures for t\VO months, since N.\-A/Cr docs not

recover in patients who do not have successful surgery but do not have seizure for 2 months.

The imponance of the presence of an epileptogenic area is further supported by observation

that patients with TI..E who are seizure-free for at lcast a year with anriepileptic drug treattnent,

continue ta have low N.A-A/Cr in the mesial temporal region2"1• Orber possible overlapping
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explanations for patients with more extensive NA.A/Cr reduction include: 1) hidden dual

pathology, and 2) widespread epileptogenic areas.

Dual pathology is defined as the presence of hippocampal attophy in the presence of

an extra-hippocampallesion~'.Surgical results in patients \vith dual pathology suggested that

both the hippocampal attophy and the e..xtta-hippocampallesion play a role in seizure

generation27~. [n a pre,,;ous study115 we showed that IH-~IRSI can be abnormal in TIJE

patients with nonnal hippocampal volumes. Qualitative pathology demonstrated mild

astrogliosis and neuronalloss of mesial temporal structures in these patients l15. Thcrefore, in

sorne patients \\I-ith extra-temporal epilepsy the ~L\...-\ICr reducrion in the tcmporallobes

mighr reflect underlying potenrial hippocampal epilcprogenicity, or 'hidden dual pathology', if

so, such patients would ha\"c a distinct surgical outcome-!i5. [n mis series 5/9 patients with

normal ~1RI and hippocampal volumes in the extra-TI..E group had abnormal temporal lobe

NA.-\ICr. The IH-~lRS[ of the temporal lobes added significant additional information o\-er

rhat available from even the most careful and quantitative ~lRI examinations. Orbe significance

of the temporal lobe NAA/Cr decrease in the extra-11..E group is still unclcar. Ncvertheless

our preliminary study in patients with bilateral hippocampal attophy and TLE showed that

parients with 1H-~IRSI concordant to EEG and ",-ith absence of ",-idespread contralateral

temporal lobe NA.-\/Cr reduction had better surgical ourcomes2Î(,.

In conclusion, in -W-500,o of patients with localization-related epilepsy, the neuronal

metabolic abnormality can extend beyond the epileptogenic zone defined by electto-clinical

and ~1RI findings. In patients with electro-clinical manifestations suggesting a ",-ider

epileptogenic zone, the neuronal metabolic abnormality also tended to be more diffuse. lbere

were no apparent differences in those with widespread NAA/Cr reduction in age at seizure
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onse~ duration of epilepsy, frequency of partial and secondarily genera1ized seizures, and life

rime estimated number ofseizures. 1bis extensive neuronal metabolic dysfunction appears ta

be related ta the intrinsic narure and extent of the original epileptagenic damage. \Videspread

abnormalities in NAA/Cr may negatively influence outcome in patients with TLE and shauld

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

Ptlsexluge ~)'"drtJ",e

I/m/IR Extra-ll.E

2/m/31 Extra-l'LE

3/f/44 Extra-l'LE

4/ml30 Extra-l'LE

5/f/56 Extra-l'LE

6/ml20 Extra-l'LE

7/t137 Extra-l'LE

8/ml19 Extra-l'LE

9/f/51 Extra-l'LE

IO/m/12 Extra-l'LE

II/f/l3 Extra-l'LE

12/f/16 Extra-l'LE

13/f/19 Extra-TLI~

14/f/36 Extra-TLE

15/f/22 Extra-l'LE

16/f/19 Extra-TLE

.\'eiZllu tle.n'riptioll

CPS-slarc, saC~lIn, agilJlCd al limes, has aura hard 10 de~(;rihc

CJlS-~yes and head deviation to the right with impainn~nt ofconsciousness and tonie posturing. drop attacks

SPS-Ioss of sensation. letl ann. tollowed by tonie posturing

CI)S-wakcs up. opens his cyes. movcs his head. rocks back and forth

CPS-no aura -=-> tonic posturing of right ann. flexion of the left tor fcw seconds with impainnent of consciousness

CPS-no aura.=... :;.. looks ahead, manual, and p~dal aUlomatisms

CPS-aura: numbness and slifTncss right hand -'-";1 loss of consciousness and SGTC

CPS- aura: ?dizziness -> stares, opens his l111luth and SGTC

CPS-aura: right facial numbncss and h~aduche --'-'> lip smacking followcd by slurred speech

SI)S- aura: sensation over the Icti cye -'-~ lell 'ace Iwilching, Ictl side jerking, and SGTC

CPS-no aura => wakcs up, forcctùlly moves both legs und anns. hypertonicity (L>R)

SilS-leU hemibody simple molor sei/ures

SPS-paresthesia and contraction of right hand with march and involvement of right leg, with ditliculty speaking

SPS-right upper limb molor scizurcs

SGl'C-no aura, SGTC

SGTC-no aura '-/ stares, SGTC
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17/f/34 Extra-l'LI~

IB/mlI7 Extra-l'LE

19/f/15 Extra-l'LE

20/f/43 Extra-l'LE

21/m/52 Multilobar (EXTRA-l'LE)

22/01/48 Multilobar (EXTRA-l'LE)

23/ml13 Multilobar (EXTRA-l'LE)

24/f/18 Multilobar (EXTRA-l'LE)

25/f/20 Multilobar (l'LE)

26/01/25 Multilobar (l'LE)

27/f/40 Multilobar (l'LE)

28/01/39 Multilobar (l'LE)

29/ml26 Multilobar (l'LE)

30/01/35 Multilobar (l'LE)

3 1lm/56 l'LE

32/f/40 l'LE

33/f/17 l'LE

34/ml40 l'LE

35/01/38 l'LE

•
SPS-Ien aml nu01bness

SPS-left hand sensory seizures tollowed by left arm tonie posturing

SPS-no aura ='> head luming, laughing

CPS-no aura "-"> becomes agilaled, loses urine. at limes wilhoUlloss ofconsciousness

CPS-aura: epigaslrie sensalion ~> speech arreSl, impainneni of consciousness, posluring, l'ails and SGIC

CPS-no aura;> lonic extension ofright anll, flexion of the lell an11. Bi-manuat aUlomatism (L>R)

CPS-aura: tachycardia =>bipedal aulomatisms wilh scissors-like movements.

CPS-aura: sees the future, epigaslric sensation :oc:> starc~s and orofacial automatism. SPS: R-thigh pain and c10nic movement

CilS-no aura => vocalization, lrashing movements, tachypnea

CPS-aura: diuiness-ttinnitus =~ orofacial automatisms or head devialion with lonic posturing of upper limbs

CilS-aura: epigastric sensation -<;. bipedal aulomalisms

CilS-aura: epigastric sensation -'--> grimace, omfncial automatism, scream, bieycling movemenl.

CPS-no aura ~> stares, R hand alilomalism

CPS-no aura => unrcsponsive, swallowing, twitching R sidc orthc làce. blinking

CPS-aura: lear :.;...> starcs, vocelillltion, and automatism

CilS-aura: déjà vu, l'car -> arrcsl of aetivity

CPS-aura: cpigastric scnsation --e> manual aulomatisms (L sided scizure is associatcd with spccch impainnent)

ePS-aura: change in breathing -> lip smacking and manual automalism

CPS-aura: epigastric sensation, déjà vu -~ R hand dystonie
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36/m/26 l'LE

37/m/34 l'LE

38/1'/39 TLE

39/m/32 l'LE

40/ml48 TLE

41/m/30 l'LE

42/m/26 TLE

43/1'119 TLE

44/1'/45 TLE

45/1'/23 TLE

46/1/60 l'LE

47/ml32 l'LE

48/m/36 l'LE

49/1'/44 l'LE

50/1'/27 l'LE

51/1'/28 l'LE

CPS-aura: nausea and feeling of internai vibration ;...;./ stitTness of right foreann

CPS-no aura => stares, head tums to the right, R side c10nic movements, SGTC

CPS-aura: difficult to describe, dry throat ""> manual automatisms

CPS-aura: dizziness :..;.>stares, L hand automatism, swings his body l'rom side to side

CPS-no aura => stares, aITest of activity

CilS-aura: dizziness, epigastrie aura => neck flexion, extension ofarms

CilS-aura: epigastrie sensation "-'> automatisms

CPS-aura: epigastrie sensation, l'car => vocalization, automatism, chewing

ePS-no aura ~> stares, tèw manual automatism

CilS-aura: epigastrie sensation =~ loss ofeonseiousness tor tèw seconds

CI>S-aura: feeling unwell => manual automatisms

CilS-aura: dizziness, epigastric sensation -"-/ serrc

CPS-no aura ""> stares and says "Oh boy, oh boy" and automatie pose "Iike a bodyguard"

CPS-aura: epigastrie sensation, déjà vu => automatisms

CPS-no aura ;o">repelitive speech "somebody at home", manual automatism, tonie head deviation to the right

CPS-aura: Icels sick ~.c/ manual automatisms

SPS""simple partial seizure, CllS=eomplex partial scizurc, SGTC-secondary gencraliLcd tonie c10nic seizurc L-Icft, R=right, Bi""bilatcral
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Table 2: Interictal and ictal EEG findings in 51 patients with localization related epilepsy

•
PtI.~ex/uge

l/m/18

2/01/31

3/1'/44

4/m/30

5/r/56

6/1n/20

7/f/37

8/111119

9/1'/51

IO/rn/I2

Il/f/13

12/1'/16

13/f/19

14/f/36

15/1'/22

16/1'/19

17/f/34

I"tt!ric'ttll I::E(i

1.-1"-(', Hnd Icss frcqucnl J{-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 (max. central)

GSW, and Bi-F-C

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

R-P

/clul EEG

Ri-F-C' (I.-·R)

Bi-hemisphcre

no visiblc changes

Bi-F-C parasagiual

Difluse attenuation

SEEG: R-F

Bi-F (L>R)

Bi-F

not recorded

R-C-F

SEEG: R-F

R-F

ten hem, max C3

Lell hemispheric, max central

Generalilcd with fronto-central accentuation

not-recorded

not recorded
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18/01/17 l-I-'-C L-I-'C

19/f/15 Bi-F, GSW bilateral changes

20/f/43 nomlal no changes

2 1lm/52 Bi-F-C-T (R>L) SEEG: muhifocal (more ovcr the R-t»

22/01/48 Bi-F, GSW L-hcmisphcrc

23/01/13 Bi-F-T (R>L) R-F-T

24/f/18 GSW, Hi-F-C L-C, and R-T

25/f/20 Bi-F, T SEEG: multitllcal

26/ml25 Bi-T Bi-F-C, and L-1'-P

27/f/40 Bi-T (R>L) Bi-FT with later R side predominance

28/mJ39 R-F-T R-T

29/m/26 Bi-T,GSW Bi-hemisphcrc

30/m/35 R-F-C-T R-T

31lm/56 Bi-T l-T:;., R-T

32/f/40 Bi-T Bi-onset, morc R-tcmporal

33/f/17 Di-T Bi-hcmisphcre (max. tcmporal regions)

34/m/40 Bi-T Bi-T

35/01/38 L-1' SEEG: L-hippocampus onset

36/m/26 L-I.'-1' L-F-T, with late I.-T predominance

lN
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37/01/34

38/f/39

39/01/32

40/01/48

41/01/30

42/01/26

43/f/19

44/f/45

45/t123

46/f/60

47/01/32

48/01/36

49/f/44

50/f/27

51/f/28

•
L-T-F

Bi-1'

L-T

R-T

R-T-C

R-T

R-T

Bi-T (L>R)

Bi-T

L-T

L-1'

L-T

L-T

R-hcmisphere (max. centrotemporal)

R-T

SEEG: L-T neocortex

Bi-T (L'>R)

Bi-hemisphere with later L-T accentuation

R-T

R-T

notrecorded

R-T

Bi-hc01isphcre (max. L-T)

SEEG: Bi-T

1.-1'

1.-1'

Bi-T.I.-T

L-l'

R-hcmispheric (max centrotcmporal)

not-rccordcd

•

GSW=gcneralizcd spike and wave F'-'trontal. ('-ccntral, l'-tcmporal, P-parielal SEEG·stcrcolaxic implalllcd dcpth [[(.
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Table 3: Results of MRI and MRSI of temporal and extra-temporal in 51 patients with localization related epilepsy

•
Ptl.'tex/age ~)'"drll",e ,URS/ templlral regimr JURS/ extrtl-temporul regloll ,UR Imaglng and JURVol

1/m/ 18 Extra-TLl~ Ahnormal- Bi (1. ;.R) Ahnormal - I.-paric.:tal Nonnal

2/m/31 Extra-l'LE Abnonnal - Bi (I.>R) AbnunnaJ - R parietal FeD

3/f/44 Extra-TlE Abnormal- Bi (L>R) Abnomlal - R-ccntro-parictal FeD

4/ml30 EXlra-TI.E Abnomlal- Bi (L>R) Nonnal Bi-Be atrophy

5/f/56 EXlra-TLE Abnonnal - Bi (R>l) Abnonnal - Bi-mesial-antcrior-mid Nomlal

6/ml20 Extra-l'LE Abnormal - Left Abnonnal- R-mid L-Be atrophy and R hcmisphcre slightly smaller

7/f/37 Extra-l'LE Abnormal - Lcft Nomlal Nonnal

8/ml19 Extra-l'LE Abnormal - Lcft Nonnal Bi-Ile atrophy, Icft smallcr

9/f/51 Extra-l'LE Abnonnal- l.-Mid Nonnal Nannal

10/rn/12 Extra-l'LE Abnomlal- Right Abnomlal - R-mid-ecntral Nannal

II/f/13 Extra-l'LE Nonnal Abnonnal - Bi-antcrior (R>L) FCD

12/f/16 Extra-TL.E Nonnal Abnonnal - Bi (R-anterior-mid and l.-rnid) Nonnal

13/f/19 Extra-l'I.E Nonnal Abnonnal - Bi-mcsial-ecntral Asymmctrie He. Lcft smaller

14/f/36 Extra-TlE Nomlal Abnonnal Ditlusc (I>"R) L-hcrnisphcrc smallcr

15/f/22 Extra-l'LE Nonnal Abnormal- L- mcsial-ecntral Nonnal

16/f/19 Extra-l'LE Nonnal AbnomlUl - L-paricto-ecntral FeD
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17/f/34 Extra-TLE Normal Abnonnal - R-cenlro-parietal Asynullctrie He. Left smaller

18/ml17 Extra-l'LE Nornlal Abnormal- R-paricto-eentral Nornlal

19/f/15 Extra-l'LE NOffilal NOffilal NOffilal

20/f/43 Extra-TLE Normal Nonnal Feil

21/m/52 Multilobar (EXTRA-TLE) Abnoffilal- Bi (L>R) Abnonnal - Bi-ccntro-parietal Ri·l'Lille atrophy

22/m/48 Multilobar (EXTRA-l'LE) Abnoffilal - Bi (L>R) Abnonllal- R-side Normal

23/ml13 Multilobar (EXTRA-l'LE) Abnonllal - Right Nonnal R-TL and orbito frontal CD

24/f/18 Multilobar (EXTRA-l'LE) Abnornlal - Right Nonnal Nomlal

25/f/20 Multilobar (l1.E) Abnornlal- Bi (L>R) Abnormal- Ditlùse (L-R) Prcvious operation

26/ml25 Multilobar (l'LE) Abnonnal - Bi (R=L) Ahnonnal - Ditllisc (L=R) PNI·I

27/'/40 Multilobar (l'LE) Abnonnal- ni (R>L) Abnonnal- R-side Bi-TL 1 Ile and R-fC atrophy

28/m/39 Multilobar ('l'LE) Abnomml - R-I)ost Abnomml - K-ant-mid Normal

29/01/26 Multilobar (l'LE) Abnornlal-Asymmctry (R>I.) Abnonnal - K-mid-ccntral Nornlal

30/01/35 Multilobar (l'LE) Nornlal Abnomlal - Ditfuse (L""'R) Nomlal

31/01/56 l'LE Abnomlal- Bi (L>R) Abnonnul - Bi-mid-central Nonnal

32/t140 l'LE Abnoffilal- Bi (L>R) Abnonnal - Dillùsc (l.-K) Bi-Ile atrophy, Left smaller

33/f/17 'l'LE Abnonnal- Bi (L>R) Abnonnal- R-ant-mid Bi-lie atrophy, Left smallcr

34/m/40 l'LE Abnormal - Bi (L>R) Abnol1nal - R-ccntral Normal

35/m/38 l'LE Abnonnal - Bi (I.>R) Nomlal L-II«: alrophy and R-I)NH
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36/m/26 l'LE Abnormal - Bi (L>R) Nonnal L-Ue atrophy

37/m/34 l'tE Abnomlal - Bi (L>R) Nomlal L-Ue atrophy

38/f/39 l'LE Abnormal- Bi (R~L) Normal Nomlal

39/m/32 l'LE Abnomlal- Bi (R~L) Nonnal 1.-1' dysplasia

40/m/48 l'LE Abnomlal- Bi (R·>L) Abnomlal- R-central Bi-TL+Be atrophy

41/m/30 l'LE Abnonnal- Bi (R>I.) Abnormal - Bi-central Ilrevious surgery

42/m/26 l'LE Abnonnal- Bi (R>L) Abnomlal - R-centro-parictal Normal

43/f/19 l'LE Abnormal- Bi (R>L) Nonnal Bi-He atrophy. Right smaller

44/f/45 l'LE Abnonnal- Lell Abnonnal - Bi-central Nomlal

45/1123 l'LE Abnonnal - tell Nonnal Nomlal

46/f/60 l'LE Abnonnal - tell Nonnal Nomlal

47/m/32 l'LE Abnormal - l.en Nomlal L-Uc atrophy

48/m/36 l'LE Abnonnal - Len Nonnal Nonnal

49/f/44 l'LE Abnormal- Right Nomlal Bi-IJe atrophy no asymmetry

50/f/27 l'lE Abnomlal - Right Normal Bi-Ile atrophy, subtle change in the right

inlèrior central sulcus

51/f/28 l'LE Abnonnal- Right Nonnal Nonllal

Ilc= hippocampus l''CD~local cortical dysplasia CD-cortical dysplasia
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Paper 3: Relation of Interictal splke frequency to lH-MRSI-measured
NAA/Cr.

Serles \V, Li L~l, Caramanos Z, _\rnold DL, Gonnan J.
Epilepsia; 1999:40:1821-1827.

Lippincon \X'illiams & \Vilkins
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SUMMARY

Background: \Vhereas EEG spiking and decreases of the neuronal marker N-acetyl

aspartate (NA-A) both /oca/ize the epileptic foeus welL the significance of the inlenJ71y of these

variables is unclear.

Objective: T0 invesrigate whether the frequency of interictal surface spikcs is relatcd

to the degree of N-acetyl-aspartate/Creatinc (N:\.:\/Cr) ratio decrease as measured by proton

~[R spectroscopie irnaging ('H-~IRSI) in parients with inrractable partial epilepsy.

Patients/Methods: \Ve retrospectively studied 14 patients, rune with tcmporallobe

epilepsyand five with fronL'Ù lobe epilepsy. Spikes that occurred during prolonged \;deo-EEG

monitoring from clectrodes placed according to the [ntemational 10-20 system \"'cre counrcd

blinded to the lH-~IRSI rcsults. Eight dectrode posirions (F3/4;C3/4; 1'3/4;1'5/6) \Verc

assigned to underlying brain subrcgions in the lH-~(RSrs volume ofinterest. \~·c con\'crted

N ..\.:\/Cr ratios inro z-scores (N.-\;\/Cr1.) to directly compare N:\A/Cr values across

subregions. \Ve calculated Speannan rank-order (P) and Pearson product-moment (ry

correlations between spike frequency and N.-\;\/Cr1. \'aIues O\"crall as weil as \\"Ïthin each brain

subregion.

Results: \Yic found an overall negatiye rclationship betwecn spike frcquency data and

N~-\..\/Crl.data (p =-.341). \X'hen analyzing only spiking suhregions, this negatiye rclationship

becarnc slighdy stIonger (p =-.442; r= -.338). \Vhen data from the eight sites \Vere

considered separately, chis negative relarionship remained in most instances.

Conclusions: Our results reveal a trend toward higher interietal spike frequencies on

surface EEG in regions of pronounced neuronal metabolic damage or dysfunction. 1bis
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suggests that both variables parallel an underlying pathological substrate, although the

pathophysiological processes may be distinct.
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INTRODUCTION

EEG still pro\;des the gold standard parameters for loealizing the epileptie foeus in

the presurgical evaluation of patients with inrracrable partial epilepsy. The distribution of

spikes and the ictal EEG onset zone are sttongly indicative of me site of seizure origin. In

recent years, proton magnetic resonance spectroscopie irnaging (1 H-~lRSI) has been used [0

bteralize the seizure foeus on the basis of localized decreases in N-acetyl-aspanate (N.-\.-\)

relative to Creatine (Cr) signal intensity (N,:\..:\/Cr)l73;26H. \'Çe, and omers, have shown that lo\v

N..-\...\ is not due primarily [0 neuronalloss but, ramer, to neuronal metabolic dysfunction as it

\\-1.ll increase to normallevels after successful epilepsy surgeryUll;2J::!. To better undersrand the

reason for chis obsc[\·ation, wc asked whether the frequent, interictal synchronized firing (i.~.

spiking) of neurons was coupled [0 regional neuronal merabolic damage or dysfunetion. ~Iore

specifically, we were inrcrested in mase regions of N:\:\ decrease. where spiking was present,

beeause 105s of N..-\..:\ can be found in many neurologie diseases and is not specifie for

epilepsyHl);l51~..!i7. To answer this question, wc exarnined the relarionship between localized lH

~(RSI-measuredN:\"-\/Cr values and surfacc-EEG-measured spike frequency in individual

patients \Vith intractable partial epilepsy.

PATIENTS AND METHODS

Patients

We rettospective1y studied 14 patients (eight women, mean age =25.1 years, range,

13--45 years), who had undergone both 1H-~msI of the frontal and the temporal lobes. ~ine

patients had temporal lobe epilepsy (IlE) and five had frontal lobe epilepsy (FLE). Diagnosis

was based on a comprehensive eleetroclinical investigation that included depth e1eettodes in
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five patients.

MRimaging

We acquired sagittal and coronal Tt-weighted (fR. = 550 ms; TE =19 ms) images,

followed by dual spin-echo transverse proton density and T2-weighted images (IR =2100 ms;

TE =20 and 78 ms). In addition, a Tt-weighted gradient-echo volume acquisition of the

whole brain (fR =18 ms, TE =10 ms, 30° angle, I-mm-thick contiguous slice) \Vas obtained

for multiplanar reconstruction.

EEG analysis

:\ single obscng er (\V.5.) who was blinded ta the IH-~lRSI results revlewed tracings

from the first three days of prolonged vldeo-EEG monitoring with automaric spike detection.

T0 minimize any influence of seizures on the spiking rate we excluded thase sarnples arising

cither 1 hour prior to, or 8 hours following a clinical anack. Interictal spikes were counted

manually on the basis of morphological criteria (i.~. havmg a duration < 200 ms and bcing

clearly distinguishahle from background acri,;~· on a bipolar montage). W'e obtaincd the

distribution of amplitudes using an average reference montage, choosing a 50°'0 cut-off valuc

compared to the ma.~um peak. For each patient, we counted the number of spikes that

were recorded from 10:00 p.m. to 8:00 a.m. over the course of [\va nights (up to a maximum

of 100 spikes). 1bis \Vas done from the following elcctrode sites: Fpl, F3, F7, F9, C3, T3, T5,

T9, P3, P9, and 01; the homologous sites on the right; fz, Cz, Pz; and zygomaric eleettodes

Zyl and Zy2. For cach parient, the mean spike frequency per hour was ca1culated for each

electrode position.
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1H-MRSIacquisition andprocessing

For each parient, separate IH-~IRSI studies \Vere camed out in the temporal Iobe lt5

and the extta-temporalIobe1CJH regions using a Philips 1.5 T combined imaging and

spectroscopy system (philips ~[edical Systems, Best, The Netherlands). :\fter scout images in

axial and sagittal planes were acquired, a multislice transverse spin-echo ~IRI (IR =2000 ms~

TE =30 ms) was obrained. The volume of interest (VOn for the temporal lobe protocol

~P) included part of the body and rail of the hippocampus, as weIl as portions of gray and

white matter from the mid ~[id) and the posterior (post) temporal lobe in both the Ieft (Lt)

and right (Rt) hemispheres. The VOl of the extta-temporallobe protocol (ElLP) includcd a

large portion of the frontal lobes (Front) and the central area of the parietal lobes (Cent)

bilaterally. The size of the VOis for TI..P (ETLP) spectroscopy was 85-100 (75-100) 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 \"oxels after post-processing was approximarely 1.2 cm x

1.2 cm x 1.8-2 cm.

:\ water-suppressed IH-~IRSI was acquired from the VOl (fR = 2000 ms; TE = 2Tl

ms; FOV = 250 x 250~ 32 x 32 phase-encoding steps). This was followed by a lH-~IRSI

\\'-ithout water suppression (fR =850 ms, TE =272 ms, FOV =250 x 250 mm, 16 x 16

phase-encoding steps). Post-processing included zero-filling the water unsuppressed ~IRSI to

obtain 32x32 profiles, followed by application of mild Gaussian k-space filter and an in\"erse

2D Fourier transformation to both water suppressed and unsuppressed ~lRSI. For the ERP

residual water signal was removed by applying the linear HS\TI fitting methrnl1.m. For the

TI..P the resulting rime dornain signal \Vas left shifted and subrracted from itself to improve

water suppression16lJ• This procedure reduces the amplitude of water and nearby resonances
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and results in relatively high ratios of NAA/Cr. The same process was perfonned for specifie

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

We divided the IH-~lRSI VOIs into subregions that would hest represent the

underlying brain volumes that corresponded to the surface electtode sites. Thus, spectra from

the laterai frontal subregions were related to electrodes F3 and F4; spectra from the lateraI

centro-parietal subregions wcre related to C3 and C4; and spectra from the mid- and posterior-

temporal subregions \vere related to electtodes T3, T 4, T5, and T6 (Fig. 1). Resonance

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

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

Fig 1. Location ofelectrodes in relation to volume of interest of \H-MRSl. R =right:
L = left; F4. F3. Ct C3; T4, T3. T6. T5 =electrode positions according to the
International 10-20 system.

Standardization of1H-MRSIdata

Because of hiological variability ofN.A.A levels in different regions of the brain17R;2'79

and because of differences in post-processing methods 24M;269, we used a ~-score transformation
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to standardize each of our patients' NAA/Cr ratios to that of a group of normal control

subjects that underwent similar lH-~fRSI. This allowed us to direcdy compare NA.A/Cr

,"alues across subregions.

For each subregion, standardized values (NAA/Crz) were calculated for each parient

br: (i) subtracting their N:\A/Cr value from the mean N.\.:\/Cr value obtained from the same

region in nonnaI control subjects, and (ii) dividing the result by the normal control subjects'

!'L·\A/Cr standard deviarion (SO) for that region.

Data Analysis

Concordance oflocalizarion between EEG and lH-~lRSI \\-ithin a subregion was

defined as cimer: (i) the absence of spiking and the presence of normal NAA/Cr levels (i.~.

NAA/Crl.less negative than-2.0); or (ii) the presence ofboth spiking and of abnormal

~.\.:\/Cr levels (i.(. NAA/Crl. more negarive than -2.0). The overall degree of concordance

fur each indi\.;dual was expressed as the percenrage of subregions that showed such

concordance.

Seatter plots \Vere used ta illustrate the overall relationship between spike frequency

data and NAA/Crl. data (i.e. displaying together the data from all subregions in order to

increase the sample sac). Because the spike frequency data was posim"ely skewed, wc also

examined the relationship between NA.A/Crz values and logarithmically transformed spike

frequency values..\na.lyzing together aIl regions from aU patients, however, resulted in data

points not being independent from one another because each patient contributed more than

one data point. Thus, Spearman rank-order correlation coefficients (P) were calculated for

these data, but ooly for descriptive purposes. Pearson product-moment correlations (" were
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also calculated for the relationships between the logarithmically transfoaned spiking frequency

data and the N.A.A/Crz \~alues bu~ again, only for descriptive purposes. Similar analyses wcre

also perfooned within each subregion
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Table 1: Patients' demographic and clinical data

•

Patient 1Se" 1 Epil~ MRll1lippoca81JOl NANO, wlœi and intcrictal spikc fregIency al cmcsponding scalp elcetmles

AF i /1 vollm.1J'y Ri-Mid T4 Lt-Mid '11 Rt-Posa T6 Lt-Post T5 Rt-I;~ F4 Lt-frord F3 Rt-Ce;"ll CA Lt-Cert 0 Cmcorlanœ
t

l/f/13 FU RI fimtaI FCD -1.55 0.00 -1.78 0.00 ..0.85 0.00 ..0.18 0.00 -2.55 3.90 • 0.00 -0.55 2.00 0.68 0.00 86%
2/m/18 RE NmmI -5.81 0.00 -3.99 14.10 -4.86 0.00 -J.6t 0.40 0.70 0.00 -1.44 0.10 -0.36 0.00 -0.89 0.00 63%
3/ m/17 tlE Noom! 1.40 0.00 0.38 0.00 -0.19 0.00 1.05 0.00 -2.3S 0.40 -1.75 0.00 -1.07 I.JO -1.16 0.00 880/0
41 fi 19 RE NmmI -0.53 0.00 0.35 0.00 -0.75 0.00 0.33 0.00 -1.59 0.40 -2.54 1.90 -1.78 0.00 -1.32 10.20 750/0
S/m/JO RE Bilateral HA -&46 0.00 -5.82 0.00 -2.13 0.00 -2.04 0.00 0.49 0.00 -0.40 0.00 -0.50 0.00 -0.95 0.00 50%

61 fi 45 TI.E Nomlll -1.18 0.00 -4.58 nlll -0.48 0.00 -1.78 1.20 -1.04 0.50 -1.11 0.50 -1.85 0.10 -0.54 0.00 630/0
71 f/l9 'IlE RtUA -&J3 0.00 -tSJ 0.00 0.12 0.00 -0.49 0.00 • 0.00 0.23 0.00 • 0.00 • 0.00 roo/o
81 fI 39 llE NoolBi -4.34 0.20 -3.4J MiO 0.02 0.10 0.06 0.10 -0.92 0.00 -0.95 0.00 -0.99 0.00 -0.63 0.00 75%
9/f/17 1l.E Uilatcrall-JA -5.52 4.10 -6.~ &00 -1.66 0.20 -2.36 1.60 -2.51 0.10 -1.23 0.90 -1.59 0.00 -0.34 0.00 75%
10/m/34 llE IJHA -2.56 0.00 -6.43 37.90 -1.62 0.00 -2.58 7.60 -1.37 0.00 -0.81 0.10 -1.67 0.00 0.51 0.00 750/0
Il 1m/3S 'lU NomBi -1.64 lA20 -1.28 0.00 ..0.86 2.40 -0.54 0.00 -1.00 OJO -0.2' 0.00 -1.J5 0.00 -0.82 0.00 50%
12/m/38 llE LJ I-IA and Rt PNH -3.81 1.90 -5.75 6.1M) -0.12 0.00 -0.80 0.70 -1.74 0.20 ..0.88 1.40 -0.09 0.00 0.92 0.00 63%
13/f/23 llE Nomlll -0.07 0.70 -4.78 o.JO -1.88 0.00 -2.38 0.00 -1.42 0.00 -0.16 0.10 -0.41 0.00 -1.47 0.00 63%
141 f/40 llE Bilateral HA -11.6.1 1.10 -IJ.C)I 0.00 -&82 0.00 ..Jl.75 0.00 -277 0.00 -1.33 0.00 -2.37 0.00 -1.30 0.00 380/0

f;;;female; m=malc; NAA/Cr/::=.NAA/Cr values standardized to nonnal control values in the hOillologous subregion #1 Bascd on ILAE syndromic classification 
1989 271 Bolding indicales abnomlally low NAA/Crl values or presence of spiking FCD-Focal çortical dysplasia; UA~llippoçampal atrophy.
PNH=I)eriventricular nodular heterotopia ·o.;Artilactual spcctra;t% ofsubregions that showcd concordance betwcen spiking and NAA/CrL values
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• RESULTS

The mean duration 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

\Vas 13.4-/ br (range = 0-65.2/ br). Two patients (5 and 7) had no interictal spiking and a

small number of IH-~lRSI spectra were artifactual in t\Vo patients (1 and 7). Our patients'

demographic~clinicaL spike frequency~ and 1H-~lRSI data are summarized in Table 1.

. PA 0 B, • 1
1

• ,,

i • ,
1.. .:.

j
~

i
G

! • ni U-MICI

o T41 RI-Mid

.10 -5 0 -10 ·5 0 • TSI U-Pos
NAAJCr, NAA/Ct, () T'SI Rl-Pos

& F31 U-Frort
a

b. F41 Rl.frortC 1• ,

• 1 • o C4 1RI.cert
1

I t" • ,

~ :. • C3/U.cert" '." .: ~
.,

i "
,

o 4:.n Rl.,\td" 41

i" &' # .fof#~f~IA1-<"CI
" l~

~ 0
,

i
~

i
a .10 -5 a -5 0

NANCr, NANCt,

•

Fig. 2: Scatter plots iIIustrating: (A) the overall relationship between spike frequency
and NAAJCrz values plotted using a linear y-axis scale: (B) same as (A) but with a 0.2
power-transfonned y-axis scale: (C) overall relationship between logarithmically
tr3nsfonned spike ftequency and NAAJCrz values with the NAAJCrz outlier (broken
line) and without the NAA/Crz outlier (solid line): (0) relationship between
logarithmically transfonned spike frequency and NANCrz values plotted separately
for each subregion. The broken vertical line represents the NAAlCrz normalcy cut.aff
point of -2.0. The shape and fill of the data points reflect the location at which they
were acquired. NANCrz =N-acetyl-aspartate/Creatine-z-scores: see text for
abbreviations in the legend.

Fig. 2-.\ illustrates the overall negative relationship between spike frequency dara and
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their NAA/Crz data (p =-.341; n =108). Fig. 2-B presents this exact same data but with the

y-axis rescaled using a power of 0.2 in order to better illustrate the distribution of the individual

data points. When data &om the 8 electrode positions were considered together across the 14

patients, spiking was present in 40 instances and absent in 72. \VIlen data from the 8 1H-~lRSI

subregions were considered together aeross the 14 patients, abnortTL'Ù N~-\...-\/Crz \-alues (i.t.

more negative than -2.0) were found in 35 subregions and normal values in 73 subregions: (i)

abnonnal N.-\...-\/Crz and non-spiking was found in 16 subregions overall; (ii) abnonnal

N:L\/Crz values and spiking was found in 19; (iii) normal N.-\.:\/Crzand spiking was found in

21; and (iv) normal N..-\A/Cr-: and no spiking was found in 52. Within individuals. a mean of

66°0 (range =33 - 88°'0) of the sites showed concordance between the presence of spiking and

the abnormality of the N~-\:\/Crz value in that location (fable 1).

.\5 shown in Fig. 2-C, \\'hen the spike frequency data \vere logarithmically transformed

~eaving only the .w subregions \Vith non-zero frequencies) chis negative relationship becarnc

slightly stfonger (p =-.442; r =-.338). \Vhen the one extfemdy low N.-\...·\/Crz value oudier

was removed from this analysis, this negative rclationship still remained (p = -.456; r=-.499).

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

Electrode! n of rho r
subregion subregioftCi

TIl Lt-Mid 7 -0.250 -0.369
T4! Rt-Mid 6 0.029 0.160
T51 Lt-Post 6 -0.429 ..0.505
T61 Rt-Post 3 -0.500 -0.233
F3 1Lt-Front 7 -0.519 .(l.388
F4! Rt-From 7 -0.270 -0.270
C4/ Rt-Cent 3 1.000 0.961
leJ 1r'-Cent 1 n.a. n.a.

n.a = IlOt applicable
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.As shawn in Fig. 2-D and Table 2, for the mast part, this negative relationship

between NAA/Cr1. values and spike frequency remained even when we considered dara from

the 8 sites separately. Ir should be noted thac (i) the positive relationship at T4/Rt-~lid \Vas

due mostly to the one individual who had a nonnaI N.A..A/Crz value but a very high spiking

frequency; and (iz) the positive relationship at C4/Rt-Cent was associated with very little

variabiliry in NA.A/Crz cbta.

DISCUSSION

The present study attempted to investigate the relationship between the spike

frequency on surface EEG and the magnitude of the decrease in NA.\/Cr as measured by lH

~[RSI in patients \\I-ith intractable partial epilepsy. \X'c addressed this specific question, becausc

we hypothesized that enhanced epileptic actn;~· and more severe neuronal metabolic damage

or dysfunction of epileptic areas should change in paralleL Our results suggest sorne

correlation in the overall analysis. 'Ibis holds true for most of the subregions.

The focal interictal spike represents the fundamental hallmark of partial epilepsy and

its e),,-perimental neuronal correlate in inttacellular recording is the paro~-ysmaldepolarization

shift 1l'\l)o.2Hl. The detecrion of an interictal epileptiform discharge on surface EEG requires the

synchronous firing of a large nurnber of neurons within at lcast 6 cm:! of cortical tissue 2l'I~J.

Quantification of surface spikes bas been used for lateralization of the epileptogenic zone in

temporal lobe epilepsy patients during presurgical evaluation284285• Looking specifical1y at the

jrequen'Y of interietal spiking on surface EEG, Gonnan el al IM5;1H6 have shown that dUs can be

influenced by seizure activity. Ye~ the pathophysialogical significance of this measure in

epilepsy bas not been investigatecl
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In IH-~lR spectroscopy, the amino acid NA..-\ is well accepted as a marker of cerebral

neuronal integrity~·n. NA.A decrease can be detected in various neurological diseases with

neuronal damage149;1511;.!i7 and there seems to be a correlation between N:\.:\ decrease and

clinical impainnent in sorne diseases2S6;287. In partial epilepsy. one study reports that seizure

frequency correlates with the degree of N:\A decreasc2AA. In a recent article invesrigating 82

patients with lLE, Tasch el al. found that N:\A/Cr was negatively correlated ",;th the duration

of epilepsy and the number of generalized tonic-dornc seizures~'). The ooly e:-"l'enmental

srudy, which addressed a similar question to ours by comparing increased electrical brain

activity and metabolic changes, using phosphorus ('lP)-spectroscopy in the penicillin epilepsy

model in rats, was reported by i\lcLachlan el al. 2')0. These authors found no differences in pH,

phosphocreatine or adenosine-triphosphate levels between areas of acti,·e spiking. induced by

topical application of penicillin, and the contralareral unaffected hemisphere or control

animals. In conrrast to our approach, spectroscopic measurements in chis animal srudy were

perfonned after a maximum of 60 min of continuous focal spiking and more imporrandy, this

study used ;lP-spectroscopy, thus detecting metabolites different from those observed by IH

~IRS. Therefore, it remains unclear, ifor how neuronal merabolic dysfunction or danL-.ge as

detected by in \;VO spectroscopie methods pathoph~;ologicallyrelates to epilcptic acti';ty.

Our srudy comprised only nonlesional cases except for (wo patients. In one patien4 a

focal cortical dysplasia of the frontal lobe was partLy included. In the other parient, a

pem-entricular nodular heterotopia was outside both the temporal and the frontal \'"0I.

Therefore, NAA changes due to the underlying pathology as reported in cortical

developmental ma1formations1;291 cm be ruled out.

Although the IH-~lRSI in our study did Dot pro\;de co\erage of the encire br~ 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 tH-~[RSI. Furthermore, metabolic

abnormalities of epileptic foci are known to be more widespread than stnlcrural changes

dernonsttated by conventional ;\00175, Similarly, although the VOl predominandy included

,,,'hite matter as opposed to cpileptic cortex, the white matter projections from epileptic cortex

are very sensitive ta abnormalities in TLEt75, Further support for our approach is given by the

considerable spatial overlap of the [Wo measures in our patients as also found in other

studies I7(1;1CJ2. Finally, as already noted, interictaI spikes detccted on surface EEG must ÎIl\'olve

a considerable amount of cerebral tissue 2H2:.2'B,

In our srudy, we med to rule out any sleep-induced increase in spiking between

patients by sampling over the same period of rime in each parient 2'11. and to minimizc seÎ2ure

induced changes by appropriate choice of sample periods\X5;\l'\(I,

\H-;\I.RSI in aIl patients was performed either before or after prolonged \;deo-EEG

monitoring. Wc beüe\"c that N:\.:\ measurernents remain constant during such a short period

of rime, since Cendes t/ al. obsen-ed no significant N.-\.\/Cr differences bet\vcen the ictaL

intericta4 and posticra! states2~C},

In conclusion, our results indicate that spike frequency on surface EEG tends to be

higher in regions of pronounced neuronal merabolic damage or dysfunction. Ho,"vever.. wc

also found decreases in NA.,\. in non-spiking areas. Ir is possible that tbere rnay ha\"e been

spiking in these regions, which was not visible from the surface EEG. Ir appears therefore

that spikes and N.-\.\ deaeases often coincide spatially and vary together in intcnsity possibly

reflccting the severi~· of the epileptogenic process. We believe it is the first rime that spiking

frcquency can he related ta a measure of neuronal dysfunction.
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CHAPTER III

Clinical relevance of new types of MR-based techniques

There is a small percentage of patients \Vith partial epilepsy referred for pre-surgical

e\-aluation in which no visible lesion is detected on ~[RI. "This group of '~lR-negati\-e'

patients represents a major problem in defining the epileptogenic area for surgical resection.

Searching for alternative imaging methods, we invesrigated the clinical usefulness of

magnerization trans fer in cpilcpsy.

~[RVol and temporal lobe IH-~[RSI ha\-c pro\-en to be useful in the lareralizarion of

seizures. We sought altemam-e, more sophisticarc~ mathcmatical analyses of these ~lR data

sets. Linear discriminant analyses were applied in order to predict \-ideo-EEG lateralization

and to discriminate TI...E from extra-11..E. These analyses test multivariate differences among

groups and explore which variables alone and in combination are most useful for

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

1H-~lRSI is very sensitive ro neuronal metabolic dvsfunction and useful in. .

L'lteralization of11..E, however, the prognostic value of rhis technique is unknown. \X'e

investigated this issue by analyzing IH-~lRSI results and surgical outcome in a group of

patients with bilateral hippocampal attophy and TI..E_
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Paper 4: Magnetlzatfon transfer contrast in the lateralizatlon of temporal
lobe epilepsy.

Li Ll\I, Narayanan S, Pike B, .:\ndennann F, Dubeau F, _-unold DL.
Submitted.
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SUMMARY

Background: A preliminary report of magnerization traflsfer ratio ~ITR)

measurement in three patients with temporal lobe epilepsy (IlE) and t\Vo conrrols has shawn

promising results.

Objective: Ta assess the clinical use of magnerization transfer rario ~ITR) for

lateralizing patients with refractory temporal lobe epilepsy ([LE).

Padents/Methods:\Ve compared the ~ITRs of amygdalae and hippocampi in 10

patients with unilaterallLE versus 10 nonnaI control subjects.

Results: Three out of 10 patients had ~ITR values [Wo standard deviation bclo\V the

normal mean, and in only one of the three \Vas the ~ITR abnormality concordant with clcctro

clinicallateralizarion.

Conclusion: ~ITR of amygdalae and hippocampi are not useful for the lateralization

oflLE.
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INTRODUCTION

~lR imaging of brain produces images that reflecr the distribution of warer among

various chemical en\'1ronmenrs. Hydrogen nuclei assoeiated with various semi-solid (macro-

molecular) components ha,-e extremely short T2s «-100 Jls) and are nor directly derecrable

with ~lRI since minimum echo rimes on clinical scanners are rypically 2-orders of magnirude

longer. However, interaction between semi-solid and bulk warer protons rcsults in a

conrinuous exchange of magnetization, referred to as cross-relaxation or magncrization

transfer1KH;IKIJ. ~Iagnetization transfer ~IT) imaging detecrs this exchange by selecoyely

saturating the semi-solid magnetization poo~ and measuring the resulting decrease in the bulk

warer signal due ra trarlsfcr of this saturation in regions undergoing exchange1'Jo-I')4. The

biological meaning of rnagnerization transfer is still unclear, though abnormal ~ITR has bcen

shown ra correlare with low N:\.:\ in sorne other pathologies llJ5• :\ prcliminary report of ~IT

measurement in three patients with remporallobe epilepsy (ITE) and NtO contraIs has shawn

promising results2• We further invesrigared whether ~IT measurernenr could be of clirùcal

utility in lateralizing patients \Vith refraetory liE.

PATIENTS AND METHOOS

5ubjects

We selected 10 consecutive patients (! women, Mean age = 38 yeats, range 26 to 54)

with unilateral non-foreign tissue lesional TLE referred for pre-surgical evaluation. The side of

seizure origin was defined after comprehensive work-up, including prolonged video

monitoring for seizure recording. Controis were mainly composed of research staff (T men,
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mean age = 32 years, range 19 to 51). AIl were in good health and none were raking any

medicarion at the moment of scanning. There was no significant difference in age bcrwcen

patients and controls (t test, p=ü.18)

MTacquisition and data analysis

~IT imaging was acquired using a Philips Gyroscan :\CS-III ",-ith a field strength of

I.ST. Fifty slices (3mm) Tl-weighted and ~rr images was obtained using a pair of gradient

echo acquisitions, \vithout (No Saturation) and with (Saturation) ~IT saturation pulses

respectively, using a TR= 1000 ms TE = 20ms. Semi-solid spin saturation was achieved using

1.2ms on -resonance 121 binomial pulses (1 Bl! =19 J.11) placed just prior ta each slice

selective excitation. Pcrcenrage difference (100 x (No Sat -Sarl/No Sat) ~IT images were

calculatcd after thresholding above the noise background.

:\mygdalae and hippocampi were outlined on I-mm thick contiguous Tl weighted

images using a pre'\;ously described protocolH5;2ïll.

:\.fter registrarion of the ~IT images ",ith the 1 mm Tt image volume2<J4. mean ~rr

\"aIues for the oudined structures were computed using locally de\-eloped software.

~ITR values below:2 standard deviation from the nonnal mean were considered

abnormal.

RESULTS

Clinical infonnation and ~IT ratios are sho\'\in in the Table. Volumetric measurements

of amygdalae and hippocampi showed abnonnal \"aIues in seven of 1Ü patients and these were

concordant to the side of seizure origin. ~rr ratios in controls were very symmetricaI and had
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a relative narrow variation for amygdalae and hippocampi (see Table). ~IT ratios were more

than 2SD below normal mean in tbree patients crable: patients 1, 8 and 10), and were

concordant to electto-clinical diagnosis in patient 1 ooly.

DISCUSSION

The results indicare that J\iIT ratio measurements in amygdalae and hippocampi are not

useful in the lateralization of temporal lobe epilepsy. \Ve do not believe that the 10w sensitivity

abserved could be due ta the ~IT acquisition and processing, because it is currendy in use for

studying multiple sclerosis u,;th good results. The coefficient of variation in our control for

hippocampus was larger than reported previously2. which is not surprising in \;e\v of the very

small sample size in that report. Even ifwe considered a 5°'0 difference to be abnonnal for

hippocampus, we would have detected ooly one more patient crable: pt. 6) u,;th abnannal ~IT

rana.

The reasons why ~ITR was not law in cases with severely abnormal hippocampus are

not clear. It could be that while in hippocampal sclerosis there is neuronalloss with

astrogliosis causing volwne decrease, the relative cell density in the outlined ~lR imaging ROI

might not change enough to cause a significant drop in ~IT ratio. :\lthough ~ITR is \~ery

sensitive ta white matter lesion of multiple sclerosis. in epileptic lesion this appeared not to be

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

t'Jo a."{onal damage.
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Table: Summary ofclinical infonnation, Ml'R and volulnetric data

Side of Age Amygdalae Hlppocampl Volumes (L-R)/(L+R)
Subjects ..Izu.... (y.ars) se. Left Right (L-R)I(L+R) Left Rlght (L-R)I(L+R) Amygdalae Hippocampl
TLE-1 Left 45 f 22.42 25.18 -0.01 26.07 25.43 0.01 -0.02 -0.03
TLE-2 Left 38 m 28.97 28.34 0.01 28.44 27.34 0.02 -0.03 -0.21
TLE-3 Left 38 f 27.04 28.53 -0.03 25.73 25.46 001 -0.06 -0.07
TLE-4 Left 40 f 28.32 26.93 0.03 28.13 26.88 0.02 -0.10 -0.27
TLE-S Left 54 f 28.70 27.62 0.02 26.03 26.53 -0.01 -0.11 -0.11
TLE-6 Left 26 m 27.09 27.17 0.00 24.66 26.61 -0.04 0.01 -0.01
TLE-7 Right 41 m 30.41 28.32 0.04 27.28 26.76 0.01 0.03 -0.02

TLE" Right 39 f 21.24 11•• 0.07 11.21 21.21 -0.05 -0.01 0.17
TLE-9 Right 34 f 26.29 28.04 -0.03 27.23 27.57 -0.01 -0.03 0.10
TLE-10 Right 28 f 23.11 24.82 -0.02 22.30 21.65 0.01 -0.02 0.00

Control-1 - 25 m 28.24 26.96 0.02 26.98 27.43 -0.01 0.00 -0.04
Control-2 - 34 m 29.51 29.02 0.01 29.16 28.15 0.02 -0.03 -0.03
Control-3 - 35 m 28.31 30.56 -0.04 28.22 30.38 -0.04 -0.05 -0.01
Control-4 - 25 m 28.94 25.71 0.06 28.03 27.56 0.01 -0.05 -0.05
Control-S - 46 m 27.31 28.12 -0.01 25.48 25.64 0.00 -0.04 -0.04
Control-6 - 19 m 28.39 26.58 0.03 25.33 26.11 -0.02 -0.01 -0.04
Control-7 - 51 f 25.72 24.10 0.03 23.91 22.10 0.04 -0.04 0.01

Control" - 34 f 27.83 25.31 0.05 25.38 24.61 0.02 -0.01 -0.01
Control-S - 23 f 25.95 26.76 -0.02 24.51 22.71 0.04 -0.01 -0.01
Control-10 - 34 m 27.23 24.98 0.04 23.45 22.63 0.02 0.00 0.00

Mean (control) 27.74 26.81 0.02 26.04 25.73 0.01 -0.03 -0.02
SD (control) 1.22 1.97 0.03 1.95 2.73 0.02 0.02 0.02
Mean - 2S0 (control) 25.31 22.87 -0.05 22.15 20.28 -0.04 -0.06 -0.06
Mean + 28D (control) 30.18 30.75 0.08 29.94 31.19 0.05 0.01 0.02

Highlighted numbers are below 2 SO from the mean of controls
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Paper 5: LateraUzatton of temporal lobe epllepsy (lLE) and discrimination
of lLE trom extra-TLE uslng pattern recognition on MR spectroscopie and

volumetrie data.

Li L~l, Caramanos Z, Cendes F, _-\ndennann F,
_-\ntel S, Dubeau F, .Arnold DL.

Epilepsia 2000 (in press).

Lippincott \~rilliams & \Vilkins
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SUMMARY

Background: The results obtained with both ~lR ~.rolumetric~lRVon and proton

~lR spectroscopic imaging (tH-~lRSn for the lateralizarion of parients with temporal lobe

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

Objective: \~'e examined whether or not pattern analysis of~lR volumetrie ~lRVon

and proton ~[R spectroscopie imaging (1 H-~fRSI) data would enable (i) the aecurate

lateralizarion of temporal lobe epilepsy (ILE) and (il) the discrimination of TLE from extra

temporal epilepsy (E:nE).

Patients and Methods: For the laltrali~tltioflanalysis we used data from 150 non

foreign tissue lesional TI..E patients [881eft-sided (L-TLE). ~6 right-sided (R-TI.E), and 16

bilateral (Bi-TLE)I. For the dùcrilninafion oflLE from E-TLE we used data from 17-" parients

[1 ~5 with unilateral TLE, 1~ with unilateral E-TLE, and 15 \vith widespread epileptogenie

zones involving both the TI.. and extra-lI. regions - multilobar epilepsy ~[ulti-L)I..\ series of

'leave-one-out' cross-validated linear discriminant analyses were perfonned using the ~IRVol

and lH-~lRSIdata sets in order to lateralize TLE and discriminate it from E-TLE.

Results: Liftra/iration: the 'leave-one-out' lincar discriminant analyses were able ta

corrccdy lateralize (with a posterior probability > 0.50) 120 of the 134 (90°0) L- and R-TLE

patients. Imposing higher posterior probability (> 0.95) increased accuracy of lateralizarion to

98°0, \\<;th only t\vo discordant cases who underwent surgery on the side of EEG and both

had bad outcome. Distnminalion: the 'leave-one-out' linear discriminant analyses were able ta

correctly classify (with a posterior probability > 0.50) 142 of the 159 (89°/0 ) TIE and E-TIE

patients. Accuracy increased slighdy as higher posterior probability eut-offs were imposed,
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with fewer patients being classified.

Condusion:We have shown that pattern analysis of IH-~lRSI and ~fRVol dara can

accurately lateralize ~ITE. Discriminating nE frorn E-nE was less accurate, probably due to

presence of temporal lobe damage in sorne parients \Vith E-TIE reflecting dual parhology.
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INTRODUCTION

In the general population of developed counmes, approxirnately 50 to 75 indn;duals

out of every 100,000 e~l'erience non-provoked recurrent seizures every year~;5 Current anti

epileptic drugs can control seizures in only 80% of indi,;duals with epilepsy. Surgical

treatment is an effectiye therapeutic option for those indi,;duals who ha,·e medically

intractable epilepsy, especially those with well-Iocalized temporal lobe epilepsy (ILE). Ir is

important to note, however, mat the success of surgical treattnent in controlling an indi,;dual's

seizures depends largely on the accurate localization, and subsequent resection, of the

cpilcptogenic area(~dI7;m. Cnforrunately, in most cases, rhis is not easily detennined.

:\t the present rime. results from an indi,;dual's clinical and neurophysiological

examinations which are bodl interpretahle and congruent are regarded as the 'gold standard'

for localizing me epileprogenic area. This usually in,·olves a combination of ,;d~o-monitoring

and electroencephalographic (EEG) recording that is generally performed in a hospital setting:

often for a prolonged period of rime and under the reduction of medication. The duration of

such video-EEG monitoring is dictated by the number of recorded seizures required for an

unequivocal diagnosis. Furthermore, in sorne patients \Vith no c1ear localization or

lateralization of the epileptogenic area, an invasive neurophysiological approach is required for

further clarification. 1bis is often the case in those patients who are cither diagnosed with

bilateral TI..E or who have shown conflicting clinical- and EEG-localizing features.

Cnfortunately, such a procedure increases the overall risk, cost, and complexity of the

investigation.

108



•

•

~[agnetie resonanee ~lR) imaging can often reveal underlying epileptogenie lesions in

many patients with refraetory epilepsy "5 an~ thus~ is conrinuing to play a more important role

in the pre-surgical evaluation of sueh individuals. ~[oreover~ the clinieal urility of ~IR imaging

in loealizing indÏ\;duals' epileptogenie lesions increases as other pre- and post-proeessing

techniques sueh as FL\IR ~).~2, volumetrie measurement In-H5;2CJ);2%, and T2 reL'l.xometry ~').'H

are used. For example, ~IR volumetrie ~lRVon analyses ha\"e been shown to possess high

sensiti\;ty in detecting hippocampal sclerosis ~i;IIJ;2C)7;1'JH, the most common underlying

pathology seen in surgieal specimens removed from operated-TLE patients,I);2l)<).

Proton ~lR spectroscopie imaging (lH-~IRSI) is anorner technique that is increasingly

being used in the clinical srudy of epilepsy. 1H-~[RSI allows for the non-in\·asive, il1 l'lm

quantification of certain merabolites that are \;sible in the 1H specttum. The most intense

signal whieh is \;siblc in lH-~lRSI ofbrain tissue arises from N-acctyl groups - mostly from

the N-acetyl-aspartate (N:\.:\) 1·n. N.~·\ has been demonstrated ta be found exclusi\"cly in

neurons and neuronal processes of mamre brain 12..;2..7 and. thus. areas of decreased ~ :\:\

signal intensiry ha\"e been interpreted as ret1ccting either neuronalloss or dysfunetion 2..7.

Creatine and phosphocrearine (Cr) are also readily ,~ible in t H-~lR.SI of the brain. Cerebral

Cr is stable or undcrgoes only minor changes in patients \Vith epilepsy an~ thus~ tissue Cr

intensity has been used as an internal standard against which to compare the relari,"e changes

in NAA intensity15ï.16U77. lH-~IRSI smdies in our labo as weil as in those of other researchcrs,

have found reduced N~~\/Cr in the temporal lobes of parients with rettaetory TLE.

Importandy, the maximum reduction in N.\.A/Cr is often lateralized to the side of seizure

orÏgÏn as defined by prolonged \;deo-EEG monitoringI15;lU.;l57-15lJ;lï..;lï();lïH.

An appropriate eombination ofthese ~fRVol and lH-~IRSI techniques should allo\\"

109



•

•

us to non-invasively acquire structural and metabolic measurements of temporal lobe

structures in a quic~ safe, and repeatable manner. Indeed, the results of such ~lR\'"ol and IH

~lRSI smdies have already been shown to be highly concordant with the rcsults of prolonged

rideo-EEG recordings in patients \Vith 11.E 115:116. In the present srudy, we examined whether

or not pattern analysis of ~1RVoland 1H-~lRSI data would allow us to: (i) pro\;de accurate

lateralizations in patients with cither le~ right, or bilateral1LE; and/or (ii) pro\;de aecurate

discrimination between patients \\-ith cither TIE, extra-TLE, or multilobar epilepsy.

PATIENTS AND METHOnS

5ubjects

Patients \Vith medically refraetory epilepsy \Vere recruited from the Epilepsy Sen;ice of

the ~[ontIeal Neurological InsriNte and Hospital during their pre.surgieal investigation. In

order ta define the epileptogenie area in each patient, prolonged \;deo-EEG monitoring was

perfonned using an International 10-20 System electIode placement, with additional elcetrodes

if required. Classification of patients' epileptic syndromes was based on the system proposed

by the International League .\gainsr Epilepsy in 1989 !il. Seizure lateralization \Vas defined as

follows: predominately left or predominandy right when > iOO/o of recorded seizures were

from that side; or bilateral when < 70°'0 of recorded scizures were from any one side. \~re

chose dùs lateralization eut-off of> 70°/0 ta refleet the faet mat patients who have> 70°'0 of

seizures arising from one sicle often have good surgical results follo\\';ng resection of tissue

from that sicle 3t.1O.

Data from 150 non-foreign tissue lesional11.E patients were included in the

lateralization analysis: 86 females and 64 males ranging between 12 and 64 years of age (mean

age =35 years). These 150 patients were divided iota three groups: (i) 88 with predominandy
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left-sided seizure onset (L-TLE); (ii) 46 with predominantly right-sided seizure onset (R-liE);

and (iii) 16 with bilateral seizure onset (Bi-liE). None of these patients showed e\;dence of

foreign tissue lesions.

Data froID 17-1- lesional and non-Iesional patients \Vith localization-related epilepsy were

included in the discrimination ofliE from extra-TLE (E-RE) analysis: 97 females and 77

males ranging berween 12 and 64 years of age (mean age = 35 years). lbese 174 patients were

divided into three groups: (i) 145 \\-;th unilateral TLE (ILE); (ii) 1-1- \\i;th unilateral extra-TI~E

(E-TI..E); and (ii;) 15 \\i;th \Videspread multilobar epilepsy inval\mg either only extra-tcmparal

lobe regions or bath temporal-lobe and extra-temporal-Iobe regions ~Iulti-L). Of the 1-1-5

TI;E patients, Il (700) had foreign tissue lesions in their temporal lobes that \Vere \;sible on

~[RI: 6 with cortical dcvelopmenral malformations, 3 \Vith \·ascular malformation, and 2 with

tumors. Of the 14 E-1LE patients, 8 (57°0) had lesions outside their temporal lobe that were

\;sible on ~IRI: 6 had cortical developmental malfomutions and 2 had a focal atraphy. Of the

15 ~Iulti-L patients, .3 (2000) had lesions outside their remporallobe which \Vere \;sible on

~IRI: 1 had cortical dcvelopmental malformation and 2 had bilateral posterior quadrant

atrophy.

MRVol acquisition and data analysis

~IRVol studies were perfoaned using a Philips :\CS II or III combined imaging and

spccttoscopy system (1.5 T, Philips ~Iedical Systems, Bes4 The Netherlands). Because of

changes in clinical practice at our institute, two ~IRYol prorocols \Vere used o,-er the course of

this study. lnitially, we used 3-mm thick, contiguous süces which \Vere perpendicula.r to the

plane of the Sylvian fissure and which \Vere acquired \\;th a three-dimensional fast-field echo

or in,-ersion reco\"ery sequence. Subsequendy, we used global ~IR images obtained with an
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interpulse delay (IR) of 18 ms, a spin-eeho refocusing rime (fE) of 10 ms. a 30' angle. and 1

mm isotropie voxels. The ~rRI data were exported to a SunSparc worksration and the

\~olumes of the left and right amygdaloid and hippoeampal fonnations \Vere caleulated using

loeally-developed software and the anatomical protoeol developed by \~'atson and collcagues

27(1. For each individualleft-right asymmetry indices \Vere computed separately for the

amygdaloid and the hippoeampal foonations (asy = left-right/[Oeft+right)/2J).

Eaeh indi\;dual patient's six ~lR\'ol values \Vere compared ta chose obmined similarly

in a group [mean (standard de\;arion)) ofhealthy normal control subjects [n =30 for the first

protoco~ amygdaloid \~olume: left =2812..33 mm; (255.23). right =2843.95 mm\ (265.54).

left-right asymmcrry =-0.01 (0.04); hippocampal volume: left =4563.6 mm' (257.9). right =

4670.76 mm) (275.26).left-righr asymmetry = -0.02 (0.02); n = 22 for che second protoeo~

amygdaloid volume: left = 2452.87 mm·) (150.76). right =2483.92 mm·; (146.59). left-right

asymmetry =-0.01 (0.04); hippocampal volume: left =4014.4-8 mm·' (163.03). right =4040.62

mm' (182.35). left-right asymmetty = -0.01 (0.02)).

JH-MRSI acquisition anddata analysis

IH-~lRSI srudies \Vere performed using the same Philips :\CS II or III combined

irnaging and spectroscopy system (1.5 T, Philips ~[edical Systems. Bes~ The Netherlands) as

for the ~lRV01. Scout images \Vere obtained in the a..xial and sagittal planes. These \vere

followed by the acquisition of a multi-sliee transverse spin~echo ~1RI using a TR of 2000 ms

and a TE of 30 ms. The remporallobe IH-~lRSI volume of interest (VOl) inc1uded part of

the hea~ body, and rail of the left and right hippocamp~ as well as portions ofgray and white

matter in the mid and posterior portions of the temporal lobes. The size of chis val was

approximately 85-100 mm in the left-right axis, 75-95 mm in the antero-posterior a.'cis, and 20
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mm in thiekness. After post-processing, individual voxels within the val were approximately

12 mm x 12 mm x 20 mm in sÏ2e.

A water-suppressed IH-~IRSI \Vas acquired from the val [IR = 2000 ms, TE = 272

ms, 250 x 250 mm field ofview (FOV), and 32 x 32 phase-encoding stepsj, followed by a IH

~(RSI without water suppression (fR = 850 ms, TE = 272 ms, 250 x 250 mm FO\', and 16 x

16 phase-encoding steps). Post-processing included zero-filling the non-warer-suppressed IH

~(RSI to obtain 32 x 32 profiles, followed by application of a mild Gaussian k-spacc filrer and

an inverse ID Fourier transformation to both \Vater-suppressed and non-suppressed 1H-~[RSI

scans. The resulting rime domain signal \Vas left-shifted and subtracted from itself to impro\·c

water suppression 2m.

IH-~lRSI specrra were excluded from the analyses if chey were arrifacrually broadened

(,:~, full \\-;dth at half maximum> 10 Hz). For each subjec~ locally-developed software was

used to calculate the average N:\..-\/Cr vaIues for the mid and posterior regions of interest

(ROl) in both the left and right media! temporallobcs. The mid remporal ROI includcd tissue

from the head and body of the hippocampus. whcreas the posterior temporal RO1 included

tissue from the tail of the hippocampus. Both ROIs aIso included surroundïng portions of

gray and white matter. :\11 1H-~lRSI analyses were done "blind" as to the side of the seizure

foeus. For each individuaL left-right asymmetty indices were computed separarely for the mid

and the post ROIs (asy =lcft-right/Weft+right)/2J).

Two raters (L\fi.. and Fq analyzed the IH-~lRSI. and ~ch individual patient's si.", IH

~IRSI-NAA/Cr values \Vere compared to those obtained similarly in a group ofhealthy

normal control subjeets [L\IL control group values, n =40, mid temporal: left =~.13 (0.17),

right =4.16 (0.16), left-right asymmetry =-0.01 (0.03); posterior temporal: left =~.33 (0.11),
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right =4.38 (0.21), left-right asymmetry =-0.01 (0.04); Fe control group values, n = 21 for

other group contro~ mid temporal: left = 4.17 (0.25), right = 4.26 (O. ')")), left-right asymmetry

= -0.02 (0.03), posterior temporal: left = 4.54 (0.23), right = 4.57 (0.21), left-right asymmetry =

-0.01 (0.03)).

Sfatisticalanalyses

:\11 statistical analyses \Vere performed using SYST.-\T 7.01 for \~'indows.

STANDARDIZED SCORES

In arder to directly compare the findings across the t\Vo types of ~lR imaging

[echniques (1fRVol and tH-~[RSI) and bc[\veen the t\~'O ~lRVol protocols (3 mm and 1 mm).

each of the patients' si..x IH-~[RSI and si.., ~[RVol measures \Vcre converted into z-scorcs

relative to the appropriatc normal control group. Thus. for any ~[R measurc. a parient's score

represents the difference of mat parient's ~fR \'a1ue from the mean value of the appropriate

normal contrais on that measure; this difference in means was expressed in units of the

appropriate nonnaI control group's standard de\;arion on that measure.

GROUP DIFFERENCES

One-way mulrivarÏate analysis of variance ~L\NOV.-\) was used to determine if the

groups differed in their pattern across the twel\-e ~fR values. Subsequent one-way unÏ\-ariate

analyses of variance (:\NOV.\) followed by Tukey's HSO pOJt hoc"paim-ise comparisons were

used in order to detennine which groups differed from which on the various individual ~lR

based measures. For these analyses. differences \Vere asswned to be significant \Vith p < 0.05.

CtAssmCATION Of INDMOUAl PATIENTS

A series of cross-validated linear discriminant analyses were performed in order to
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c1assify: (i) patients with L- vs. R-TI..E; (ii) patients with L-, vs. R-, vs. Bi-TI..E; (iii) patients with

liE vs. E-1LE; and (iv) patienrs with TLE vs. E-TLE vs. ~[ulti-L. A series of '1eave-one-out'

linear discriminant analyses based on the patients' profiles across the 12 ~m values \Vas used in

the t\Vo-group classifications [i.e. (i) L- \·s. R-TI.E and (iii) TLE v·s. E-TI.El..-\ slighdy different

two-step process was used for the three-group classifications [i.t'. (ii) L- vs. R- vs. Bi-TLE and

(iv) liE vs. E-TI..E vs. ~[ulti-LI. For example, for the L- \·s. R- \·5. Bi-liE classifications, the

set of linear discriminant functions based on the 12 ;\lR fearures chat best separated the L- and

R-TLE patients \vere also applied to the Bi-TI.E patients. Each L- , R-, and Bi-TLE patients'

resulting pair of ~[ahalanobisdistances were then used in a 'leave-one-out' lincar discriminant

analysis approach in order co classify the patients as havmg L-. R-. or Bi-liE..\0 analogous

procedure \Vas used to discriminate berween patients \Vith TLE, E-rlLE. and ~[ulti-L.

For the [\Vo sets oflateralization analyses [ù·. (i) L- \·s. R-TLE and (rï) L- \·s. R- \·s. Bi

TLE), each incm;dual's data were catcgorized as arising from cimer their left or meir right

hemisphere. On che other hand, for the [\Vo sets of differential diagnosis analyses [i.t'. (iii) 11E

vs. E-TI..E and (Ît') TLE vs. E-TLE vs. ~[ulti-L]. each indÎ\;dual's data \Vere expressed in tenns

of arising from cither the hemisphere ipsilateral or contralateral to the side of thcir

epileptogenic disturbance.

The posterior probability associated with each classification indicated ifS degree of

prediction strengili and Cohen's Kappa statistic was used to evaluate the degree of agreement

between each set of predicted classifications and the acrual results from the patients' prolonged

\;deo-EEG recordings (Kappa < DA = poor agreemen~0.4 < Kappa < 0.6 = fair, 0.6 <

Kappa <0.75 = goocL 0.75 < Kappa < 0.90 = strong, Kappa> 0.90 = \"'ery strong).
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Graphical Representation

GROUP DIFFERENCES

Box-and-whiskers plots superimposed \vith dot plots were used to show the range and

central tendencies of the patient groups' standardized ~IR dara. [n 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 quartiles: the central 50°'0 of the group data falls within the

range of the box. The whiskers are the lines which extend ,·ertically from the boxes and show

the range of the values that fall within 1.5 spreads of the hinges. Outliers are plotted with

asterisks and far outliers are marked ~ith open circles. The dot plots show the indi,;dual dara

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

ClASSIFICATION Of INDMOUAL PATIENTS

Line plots \vcre used [0 show the results of the lea,"e-one-out linear discriminant

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

RESULTS

Lateralization

~L\NOV:\ found a significant difference among the L-, R-, and Bi-liE groups'

profiles across the 12 ~lR-based features (\~Tilles À. = 0.292, F:~·t 27~ = 79.655, P< 0.001).

Subsequent :\NOV:\s found significant differences on Il of the 12 ~lR measures. These

findings are summarized in Figure 1.
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Figure la: Box-and-whiskers plots of lH-MRSI for Bi- (n=16), L- (n=88)
and R-(n=46) TLE. Results ofone-way ANOVA (2, 147), and Tukey's HSD
post hoc pairwise comparisons are displayed assuming significance when p<
.05.
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Figure lb: Box-and-whiskers plots ofMRVol for Bi- (n=16), L- (n=88) and
R-(n=46) TLE. Results ofone-way ANOVA (2, 147), 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, 120 of the 134 patients (9000) \\tere

classified in agreement with the results of their \-ideo-EEG recording with a posterior
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• probability > 0.50: 78 of the 88 L-TIE (89%) and 42 of the oU> R-TIE patients (91°0). This

agreement increased as higher posterior probability eut-offs were imposed (see Figure 2a and

Table 1), imposing a posterior probability of 0.95 we were able to accurately classify 98°'0 of

the patients, with only two patients with discordant classification. Imponandy, these [\Vo

patients underwent surgery on the sicle of EEG lateralization and had bad outcome. [n the

three-group tinear discriminant analyses, 117 of the 150 patients (78%) were classifÏcd in

agreement \\-ith the results of their \;deo-EEG recording \\-ith a posterior probability > 0.33:

72 of the 88 L-TLE (82%), 39 of the 46 R-TI.E patients (84°0), and 6 of the 16 Bi-11.E

patients (37%). :\gain, agreement increased as higher posrerior probability eut-offs were

imposed; chis rime however, fewer patients were capable ofbeing 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
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Table 1: 'Leave-one-out' discriminant analyses of IH-MRSI and MRVol profiles in L- and R-TLE patients provide very strong
predictions ofTLE lateralization based on prolonged video-EEG monitoring

PO!iterior l.rTI..E Predicted R-l'LE Predicted Classified Coben's

Probabilit" L-1.1..E K-TI.E lr11.1o: R-~ (lassified Correct ü~a ~reement

>0.50 78 4 10 ·U 134 (IOU%) 12U (90%) 0.69 goud

>0.55 78 4 K 4' 131(98%) 119(91%) 0.77 \cry good

;..U.60 78 4 6 40 128 (96%) IIK (92%) n.KO slrong

>0.65 78 3 4 40 125 (93%) Il H(l)4%) n.81 slrong

>O.7U 78 3 4 40 125 {93%) 118(94%) n.H7 safong

>0.75 78 3 4 010 125 (9J~'o) 118 (l)-l%) U.9U \'Cf)' slmng

>O.KU 78 2 " J9 123 (92~/O) 117 (95%) 0.92 \Cf)' slmng

>U.85 76 () 3 J7 116(87%) 113 (97%) n.92 \Cf)' slrung

>0.90 74 n 3 JJ 110 (82%) IU7 (97%) n.91 \cry sarong

>U.')5 70 U 2 28 IUt) (75%) 98 (98%) U.K7 sarong
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Table 2: IoLeave-one-out' discriminant analyses on IH-MRSI and MRVol profiles provide strong predictions of the TLE
lateralization based on prolonged video-EEG monitoring, even with addition of patients with bilateral TLE

Po.'eriftr Di-n,.: Predided 1.-11,.: Predic.ed R-11.•: Prt'di l"t'd (l.nified ('oMn's

Probabilit" ill-lI.•: 1.-JLt: R-1LE .D..i-'Il...: 1.-11.•: B.-n,.: Di-n,·~ 1·-11.10: R-JL.": ('Illuified ,·/.t (:orred ,·/.t YI!I!I l\lrreemrnl

>0.30 6 13 7 () 72 0 4 3 39 150 (100%) 117 (78%) 0.62 good

::-0.35 6 13 7 6 72 0 4 3 39 150 (IOO%~ 117 (78%) 0.62 good

>0.40 6 13 7 6 72 0 4 3 J9 ISU (IOU%) 117(78%) 0.62 good

>0.45 6 12 6 ft 72 () 4 3 J9 loiS (99%) 117 (79%) U.64 gond

>U.5U .. 10 3 5 70 0 4 J 37 136 (91%) III (82%) U.67 good

>0.55 J 4 1 5 6-1 0 .. 3 36 IlU (80%) 103 (86%) 0.74 \cry gond

>U.60 2 2 n .. ~J 0 1 1 J~ IOU (67%) 'JO ('}U%) 0.81 samng

.;00.65 0 1 () .. -I~ U 2 2 3-1 88 (5')%) 7'1('J()%) O.KI samng

>U.70 .. U 0 2 2!i U 1 2 JI ()I (41%) i(, ('}2%~ n.o() --
>U.75 .. 0 0 1 lJ 0 1 2 28 45 (JO%) 41 (91%) U.()() --
::-O.KO .. () () 0 6 0 1 2 26 35 (13%) 32 (91%) 0.00 --

>O.K5 .. 0 U () 2 () 1 2 26 JI (21%) 28 (90%) 0.00 --

>0.90 .. 0 () 0 1 U 1 1 22 2() (17%~ 23 (88%) n.oo --
>U.'JS 0 () U () ft n 1 2 .-1 17 (11%) 14(82%) (LUO --
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• Discrimination ofnEfrom E-nEandMulti-L

~L\NÜY.\ found a significant difference among the 11.E, E-TLE, and ~Iulti-L

groups' profiles across the 12 ~lR-b~sed features (\'Çilk's À. =(J.6~9, f1~,'12 =3.212,p < 0.001).

Subsequent :\NüV.\s found significant differences on 10 of the 12 ~lR measures. Thesc

findings are summarized in Figure 3.

Figure 3a: Box-and-whiskers plots of IH-MRSI E-TLE (=14), Multi-L (n=15)
and TLE (n=145).Results ofone-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 ofMRVol for E-TLE (=14), Multi-L
(n=15) and TLE (n=145). Results ofone-way ANOVA (2, 171), and Tukey's
HSD post hoc pairwise comparisons are displayed assuming significance
when p< .05.
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the boxes represent :-scores of 2 and -2.

In the t\\-o-group linear discriminant analyses, 14-2 of the 159 patients (8900) were

classified in agreement \vith the results of their \;deo-EEG recording \\--ith a posterior

probability > 0.50: 131 of the 14-5 TI..E patients (900'0) and Il of the 14 E-TI..E patients r9° 0).

:\greement increased slighdy as higher postenor probability cut-offs were împosed but, again,

fewer patients were classified overall (see Figure 4-a and Table 3). In the three-group linear

discriminant analyses, only 105 of the 174- patients (60°/0) were classified in agreement \vith the

IJJ



• results of their video-EEG recording with a posterior probability > 0.33: 90 of the 145 TI..E

patients (62%), 12 of the 14 E-TLE patients (85°'0), and only 3 of the 15 ~[ulti-L patients

(20°/0). ~loreo\~er, in this set of analyses, imposing a higher posterior probability cut-off did

oat increase the accuracy of classification (sec 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 IH-MRSI and MRVol profiles of patients with TLE and E-TLE provide fair
predictions ofepileptic anatomical localization based on prolonged video-EEG monitoring

Postcrior 1:-'11.1: &' & 'n.E .... ~.. .. Çl_siOrd fobsp's

- :11 ... .E=lLE lU K-ILt.: n~ Classifird {~ornrl .IWuwI ..

>0.5U Il 14 3 131 159 (IO()%t 142 (H9%t (J.51 fair

>0.55 7 Il 3 127 14H (9.1%t 134 (91%t 0.45 fuir

>().t.o 6 K 3 122 139 (K7%t 12H (92%) OAH fuir

;oU.65 6 7 3 119 135 (K5%J 125 (lJ3%t 0.51 fuir

>0.7U 6 5 3 116 IJU (H2%) 122 (94%) 0.57 fuir

;.oU,75 3 3 3 III 120 (75%) 114(95%J 0.47 fuir

;oU.KU 3 2 3 IU3 III (70%) 106 (95%) 0.52 tuir

>O.K5 3 2 2 9. 98 (fl2%) 94 (96%) O.5H fuir

>0.90 2 2 2 77 lU (52%) 79(95%) OAK fwr

>0.95 1 1 2 62 6h (42%) 63 (95%t 0.38 pour
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Table 4: 'Leave..one..out' discriminant analyses of IH..MRSI and MRVol profiles, with addition of patients with multilobar epilepsy,
provide poor predictions ofepileptic anatomical localization based on prolonged video..EEG monitoring

PO"'rior "~-'11.•:.. .. . "" ulti.I·· •. . 11.'': .. .. .
flU·jfisd !JlIIuU- ..... li-1L..E Mulli-I. lU .I:dLE "'1.... i.1 lU .t.dL.t Mulli-I lU ( '( ....tiifi.... (~(.rr... t JWmDa.. . .

>0.30 12 3 2U 1 J 35 1 ') 90 174 (100%) 105 (6U%) 0.18 pom

>(U5 12 3 20 1 J 35 1 ') 90 174 (IOU%) 105 (60%) 0,18 pour

>().40 12 3 15 1 j 3U 1 7 HO 152 (87%) lJ5 (63%) 0,23 pour

>0.45 .. 2 Il 1 1 2lJ 1 7 6~ 12K (74~o) 77 (60%) O.llJ pour

>0.50 Il 2 8 0 .. 17 1 5 .... 88(51%) 55 (63%, U,26 fKlur

>U,55 II 2 5 () .. lU () 4 12 44 (25%) 23 (52%) 0.16 pom

>0.6U 10 2 5 () .. J u 3 .. 23 ( 13~u) IOH3%) O.n7 pom

'>0.65 7 2 5 () .. 2 u 2 .. 18(10%) 7 (39%) o.U] pom

>U.70 7 2 5 () .. 1 0 0 .. 15 (t}%) 7(47%) n.nu --
>0,75 7 2 •• () .. 1 (1 U .. 14(8%) 7(50%) o.on --

>U,KO 6 2 2 () .. () 0 () .. lU (b%) 6 (i,O%) n.nt) --
;aU.8S ~ 1 1 () .. n () 0 .. 7 (4%) 5(71%) O.OU --
;:.O,9() .. 1 1 0 .. Cl 0 (1 .. 6 (3~u) 4(67%) O,O() --
.;.0,95 0 0 1 () .. 0 0 0 .. 1 (l1~u) 0(0%) 0.00 --
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DISCUSSION

In the present srudy we examined whether or not pattern analysis of~fRYol and IH

~[RSI data would allow us ta accurately latera1Ïze 1LE and discriminate TLE from E-l1.E.

\Ve found that a leave-one-out linear discriminant analysis approach ailowed us ro accurately

laterali2e 11..E, but not to discriminate TI..E from other non-TLEs. ~(oreover,wc bclicvc our

appro2.ch added infonnatian to the conventional approach of using a cutoff of t\vo srand'U'd

de\;ations from the means of nonnaI contrais for characterizing findings as normal or

abnonnal. Br imposing higher postcrior-probability eut-off we increase accuracy of our

lateralization from 90°'0 to 98° ° (fable 1). Our discriminant funetion mkes inta consideration

the differences across the 12 features at once and each individual's predicted group

membership is associated \vith posterior-probability~ mat pro\;dcs physicians~oot only the

lareralization/localizarion of smures, but also with a degree of ccrtainty assaciated with :\lR

based diagnosis which should aid in defining the subsequent steps of clinical in\"esrigation

strategy.

Lateralization. \Oery fe\v disagreements were found bct\veen indi\;duals' ,;dco-EEG

diagnoses and our ~IR-basedpredictions in the t\vo-group analyses (i.t. L- 'os. R-TLE). Ir

should be noted mat surgical results in patients with discordant :\lR results and EEG findings

have, thus far, been unsatisfactory 115. In our pre\;ous srudy 115, such discordance between

:\00 and EEG was seen in three patients (3°'0), ail three were operated on the side of maximal

EEG abnonnality \Vith no major improvement 115. On the other hand, a higher number of

disagreements were found in the three-group analysis (i.t. L- ,·s. R- ,·s. Bi-TLE). :\lost of these

involved indh,;duals with unilateral TIE. heing diagnosed as ha\;ng Bi-TLE and \;ce-versa.

Discrimination ofTLE from E-TLE and multi-L. :\ fair-sized agreement was found
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between our predictions and the acrual video-EEG findings in the t\vo-group analysis (i.~. TLE

vs. E-lLE). There was poor agreemen4 however, in the three-group analysis (i.~. TI..E vs. E

TI..E vs. ~[ulti-L): with most disagreements invoh~g the TI..E and ~Iulti-L patients. 1b.is

might be expected since both of these patient types had sorne degree of temporal lobe

in,~olv·ement. Interesringly, the medial tempor.u-lobe 1H-~[RSI results in patients with E-ll.E

tended to be more abnonnaI than their hippocampal ~lRVol results (compare figures 3a:~lid

Ipsi and 3b:Hc-IpsQ. For instance, four (28°<0) E-TLE patients \vith nonnaI hippocampal

volumes had significant N:\.:\ reducrion. Thus, it appears that the neuronal metabolic

disrurbances we found using IH-~fRSI may he less specific than the structural abnormaliries

we found using ~[RVoL and that these lH-~lRSI abnormalities may be present in the temporal

lobes of sorne patients \\-ith E-TLE. Several different mechanisms might be responsible for

chis distant and/or widespread underlying neuronal dysfunction. Thesc might inc1udc: (i) me

effect of prolonged seizures; rH) the presence of 'hidden dual pathology'; and riii) the presence

of an unseen, widespread epileptogenic area. The fust h~"pothesis is supported by finding in

animal kindling model io1 ;J01. The t\Vo last asswnptions have implications in surgical smtegy.

in which the extent of surgical removal is important. It has been demonstrated that in sorne

patients, NAA reduction in nonnaI hippocampal \'olumcs might reprcsent subtle hippocampal

sclerosis 115. In our previous srudy on patients with dual pathology, the best results \Vere secn

when bath the exrra-hippocampallesion and atrophic hippocampus were removed :75.

Furthennore, the degree of hippocampal atrophy did not influence the result, suggesring mat

e\·en small degree of hippocampal atrophy accounted for poor surgical outcome 2i5.

Our limited ability ta discriminate TI.E from E-TIE and ~[ulti-L can~ in PaI4 be

explained hy: ri) the limited sample sizes of our E-TIE and ~Iulti-L groups; (a) our lack of IH_

i\lRSI coverage ofextra-TL regions; and (iii) the mathematica1limitations of our linear
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discriminant technique. These last two limitations can be overcome hy: (i) the use of multi

slice lH-~lRSI covering extra-TI.. regions combined with other ~lR quantification techniques

of extta-11.. regions such as gray/white matter ratio analysis of the whole brainJm; and (iz) the

use of non-lînear neural-network or machine-intelligence anal~Lical approaches to increase our

computational power and, thus, possihly improve our diagnostic accuracy.

The survey on worldwide epilcpsy surgery programs conducted by the Commission of

the Intematicnal League a\gainst Epilepsy showed chat only appraximately 30°'0 of parients

who undergo extensive pre-surgical \;deo-EEG investigations will eventually go on to hm'e

surgery 70. TIùs is particularly the case in patients with no identifiable ~[R abnormality. in

whom the chance of proceeding to surgery, e\"en after invasive intracrania.l rccording, is \'cry

10w;l14. Therefore. a cost-effective epilepsy surgery program would therefore benefit from a

means to select mose patients \vho are most suitablc for such neurophysiological in\"cstigation

and, evcntually. for such a surgical intervention. In chis srudy, pattern analysis of ~[R\'ol and

1H-~lRSI data was shaun to be a sttang predictor of me epileptogenic arca in patients with

TLE. ~[oreover thesc ~IR techniques are safe, easy, and nan-in\'asivc and they ha\"c been

shown ta be sttong predictors of surgical outcomc71~.2Ill;2m-:tl5..-\cquisition and interpretation of

prolonged \;deo-EEG monitoring compared to ~lRVol and lH-~lRSI, is more Iaborious, rime

consuming, and presents sorne risks for the patients. For thcse reasons, we propose that the

pre-surgical investigation of seizure patients should stan \vith routine outpatients EEGs and

~lR-based techniques that, if necessary, could be complernented with prolonged \;deo-EEG

monitoring.
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Paper 6: Prognostie value of proton MI spectroscopie imaglng ln surgleal
outcome of patients wHh intractable temporal lobe epllepsy and bllaleral

hlppocampal atrophy.

Ii L~l, Cendes F, ~\ntel S, _\ndennann F,
Dubeau F, Series \V, Olivier ~\, _\rnold DL.

AnnaIs of Neurology 2000;47:195-200.

Lippincott \Villiams & \Vilkins
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SUMMARY

Background: Patients with intractable temporal lobe epilepsy (IlE) and bilateral

hippocampal attophy ha,re less satisfactory surgical results than patients with unilateral

hippocampal attophy,

Objective: T0 assess which fcatures of temporal lobe proton ~lR spectroscopic

imaging ClH-~[RSI) are associated \Vith sarisfactory surgical outcome in patients \Vith

inttactable temporal lobe epilepsy (Il.E) and bilatcral hippocampal atrophy,

Patients/Methods: \Y/e srudied 21 patients \\;th intracrable 11..E and bilateral

hippocampal arrophy defined by ~lRl volumetrie measurements \vho undel'went surgical

rrearrnent. tH-~[RSI was used to determine the relative resonance intensit\" ratio of the

neuronal marker ~-acetyl-aspartateto crearinc+phosphocreatine (N:\.:\ICr) for Mid and

posterior remporallobe regions of the left and right hemispherc. as well as an asymmcrry

index, VaIues lower than 2 standard devlations be10w the nonnaI Mean \Vere considered

abnonnal. \Y/e used Engel's classification to assess surgical outcome \vith respect to seÎZUrc

control.

Results: Eleven patients (520 0) were in class 1-11 and ten (48°'0) were in dass 111-[\'.

.-\Il21 were operated on the side of maximal EEG lateralization. Concordant lateralization of

decreases in N.-\...",-/Cr to the side of surgery and normal N.-\..."'-ICr \~alues in the contralateral

posterior-temporal region were significandy associatcd with good surgical outcome: 11/16

(69°'0) patients \vith lH-~lRSI abnormalities concordant \Vith EEG lateralization and none of

the 5 patients with non-concordant lH-~lRSI had good outcome (class 1-11); 10/13 (lio·o)

patients with normal NAA/Cr conttalateral to the EEG latera1izarion versus 1/8 (12.5°,0) of
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those with NAA/Cr reduction conttalateral to EEG lateralization were in dass 1-11 (Fisher's

exact test, 2-tailed p < 0.05). Regression-correlation analysis showed significant tinear

correlation between the mid-temporal NAA/Cr relative symmetty ratio and surgical outcome;

the greater the asymmetry the better the outcome (p=O.OO7).

Conclusion: Discriminant IH-;\lRSI features associated \vith fa\·orable surgical

outcome in patients with TLE and bilateral hippocampal atrophy were: 1) concordant IH

~lRSI lateralization., 2) greater sicle to side asymmetry ofN:\:\/Cr., and 3) absence of

contralateral posterior N.\.:\/Cr reduction.
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INTRODUCTION

;\lR volumetrie srudies (}tIRV01) of mesial temporal structures ha,·e pro\·cn useful in

the pre-surgical evaluation of patients with non-Iesional intraetable temporal lobe epilepsy

(fLE)'u~K5:'n. In addition to the ability to lateralizc seizures, ;\[RVol pro\;de prognosrie

informatton,)I1-,)I4;JOSJO(,. \~'c and omers have shown that different patterns ofhippoeampal

arrophy in patients with intraetable 11.E ~;eld distinet surgieal rcsults~ll\;2II4;.~I5Jllï. The bcst

outcome is seen in patients with unilateral hippoeampal atrophy2t11;.)12. On the other hand.

patients with normal hippoeampal \·olume or mose with bilateral hippoeampal arrophy ha\'c

lcss satisfaetory outcome with approximately 50°0 aehie\~g good seizure control (Engd's class

[-In ,)11;2113.

Proton ~IR spectroscopie imaging (lH-~[RSn :illows mL'asurcment of the neuronal

marker N·aectyl-aspartate (N:\..-\), the main eonttibutor to thc ~-aceryl group signal secn at

2.02 ppm of the brain specttum~·n. The side of maximal ~:\:\ reduction shows ,·ery good

concordance to the side of seizure origin in parients \\;th TLE115;II(d57;17(,-liX. The mcrabolic

abnormality seen IH-~lRSI is at rimes more extensivc than the cpileptogenic area defined by

EEG and/or structural imagingllS:lïH;26X. For instance. bililteral relative N:\..\ to

creatine+phosphocreatine (N:\..\/Cr) reduction is seen in 18°017
(1 to 50o'ol7H of patients \vith

unilateral11.E, and the N:\A/Cr decreases are found beyond EEG foeus in extra-temporal

lobe epilepsy patienrs2f,H • \'\'hemer a widespread mernbolic abnormality might also indicate a

\\;despread undcrlying epileptogenic process, \Vith a disrincdy worse prognosis in surgical

result remains uncertain.

The objective of this study was to assess which fearures of temporal lobe IH-;\lRSI are

associated \\;th good surgical outcome in patients \\;th bilateral hippocampal attophy and
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intractable TIE.

PATIENTS AND METHOnS

We studied twen~'-one patients with bilateral hippocampal atrophy (11 women) \\;th a

mean age of 37 rears (range 16 - 62 years) who undel'went surgical treattncnt for inrractable

11..E. The Mean post-opcrative fo11ow-up was 34 months (range 12 - 60 months).

AU patients had elcctro-dinical manifestations of TLE. Si..'ttcen had tcmporal-limbic

auras. The Mean age of habituaI seizure onset was 1.J years (range trom few weeks of lifc to 31

years). Five patients had febrile convulsions in early childhood~ four had meningitis or

encephaliris, (WO had a history of head trauma, and the remaining lO had no identificd risk

factors. Si..x patients had a family history of cpilepsy.

.-\1111 patients had diagnostic ~[R imaging using a Philips 1.5 T combined imaging and

spcetroscopy system (philips ~(edical Systems, Bes4 Thc ~etherlands).The protocol consisted

of sagittal and corona! Tl weighted (IR 550, TE 19 ms) imagcs. fo11owcd by a.xial proton

dcnsity (IR 1000, TE 20 ms), and T2 wcighted (IR 2100, TE i8 ms) images. Tl weighted

1mm thick conriguous slices gradient-ccho \Polume acquisition of the whole brain (m 18, TE

10 ms, 30° angle, isotropie voxeQ was acquired for subsequent multiplanar reconstruction and

volumetrie study of mes~'Ù temporal structUres. Details of volumetrie protocol and pre\;ous

results have been published elsewhereH5;2ïO. Hippoeampa! volumes were correeted for

variation of total brain volume [0 allow for detection ofbilateral atrophy. Asymmetry index

~eft-right)/~eft+right)/2was obtained and compared to \~a!ues from normal controls..\1121

patients had corrected hippocampa! volumes 2 standard dC\-1anons (SD) below the normal

mean on bath sides.

134



• IH-~IRSI of temporal lobes \Vas perfooned in a separate examinarion using the same

scanner. After scout images in a.."<Ïal and sagittal planes, a mulrislice transverse spin-echo ~IRI

(IR 2000, TE 30) \Vas obtained. The \Oolurne of interest (Val) included part of the head,

body and tail of the hippocampus and portions of gray and white matter from mid and

posterior temporal lobe (Figure 1). The size of the VOl was 85-10Omm in the Icft-right axis,

75-95m.m in the antero-posterior axis, and 20mm in thickness..-\ water suppressed IH-~IRSI

was acqtÙred from the VOl (IR 2000 ms, TE 272 ms, 2S0x15ü mm FOV, 32x32 phase-

encoding srcps), followed by a IH-~IRSI \vithout water suppression (IR 850 ms, TE 272 ms,

25üx250 mm field of \;ew, 16x16 phase-encoding steps). Post-proccssing included zero-filling

the water unsuppressed 1H-~IRSI ta obtain 32.,32 profiles, followed by application of rnild

Gaussian k-space filter and an inverse 2D Fourier transformation to both water suppresscd

and unsuppressed 1H-~[RSI. The resulting rime domain signal \Vas Ieft shifted and subtracted

from itself to impro\·e water suppression2m• The sarnc proccss was performed for specifie

group control data (30 subjects). Resonance intensities in individual spcctra were dctennined

by integration of peak arcas using Iocally de,oeloped software.

Figure 1: The four sub.regions of temporal lobe IH-tvlRSI:

•
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The number of speetra averaged for each sub-region (mid and posterior temporal

regions) within the VOl \Vas 10 ± 2. The size of the indiyidual voxel after post-proccssing \Vas

approximately tcc. Voxels on the edge of the VOl that \Vere affected by chemical shift artifact

and v'oxe1s chat were artifactually broadened \Vere excluded from the analyses. The resonance

intensity ofNA.A was normalized to intravoxel Cr. Ir is assumed that in epilepsy Cr is stable or

undergoes minor changes that do not significantly influence the N:\.A/Cr ratio157;15~;IW;I(II;I77.

Changes in N.:\.:\/Cr retlect neuronalloss or dysfunction~and N:\.:\/Cr ratios below 2 SD

from the nonnaI mean \Vere considered abnormal. :\symmerry index Oeft-right) / Oeft+ righr) /2

\Vas also obtained and compared to "aIues from normal controls

.\11 patients undel"went prolonged video-EEG monitoring. Four patients had

addirional invasive neurophysiological srudies with dcpth elecrroJes for lateralization. The

EEG was classified as unilate~ when >90°'0 of ictal EEG onsets \Vere on one side. and

bilateral when < 90° '0 of scÏ7.ures started from one side.

\YIe used Engel's classification to assess surgical outcome with respect ro seizure

control1tii. Class 1(excludes early postoperati\~c seizures in the tirst 1 weeks): a) completely

seizure free since surgery. b) auras only since surgery. c) less than 3 complex partial seizures

aftel" surgery, but free of complex partial seizures for at least two years. cl) generalized

convulsion with antiepileptic drug withdrawal only. Class II: a) initially free of complex partial

seizures and less chan 3 seizures per year, b) less than three scizures per year, c) more cllan

three seizures per year after surgery, but now less than three seizures for at least two years, cl)

nocrumal seizures only. Class III: a) seizure reducnon of more than 90°'0, b) prolonged

seizure-free intenrals amounting ro greater than half the follow-up perio<L but not less than

[\vo years. Class IV: a) seizure reduetion ofless than 90°'0, b) no appreciable change~ c)

136



•

•

se1Zures worse

Fourteen patients had a selective-amygdalo-hippocampectomy (SAH) and seven had

anterior temporal resecrion (:\11..). There were no significant differences between S..\H and

An.. for lH-~IRSI~ ~lRVoL EEG, age, sex, follow-up, and surgical outcome (p>O.05~

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

Fisher's exact test was used to assess probability of association bet\veen cemporallobe

lH-~IRSI fearures and surgical outcome. Regression and correlation analyses were uscd to

assess significance of correlation between surgical outcome and either the asymmerry of

~:\.A/Cror the asymmetry ofhippocampal volume. For chis analysis, we used a simple ratio

obtained by cm;d.ing the value ipsilateral to operation by the value contralateral to operation. as

this allowed a simple correlation for patients regardless of the side of operation.

RESULTS

Eleven patients (520fo) \Vere in class 1-11 and ten (~8°0) in class nI-IV.

Results of 1H-~lRSI, ~lRVol studies, EEG, type of surgery and outcome are displaycd

in the Table.

AlI 21 patients were operated on the side of EEG lateralizarion~including duee who

had discordant hippocampal asymmetry index and EEG lateralization (fable: pts. 1, 2. and

12). One patient \,,;th discordant ~lRVol and EEG findings had seizures only on medication

reduction. and the other two \Vere in class IV.

Temporal lobe lH-~lRSI N..-\..-\/Cr measures showed that:

Concordant lateralization of temporal region NA.A./Cr reduction to the side of major
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EEG abnonnality and surgery was significandy assoaated with good surgical outcome: 11/16

(69%) patients with concordant ~IRSI and none of the 5 patients with non-concordant ~IRSI

\Vere in class I-II (Fisher's exact test, 2-tailed p = 0.012). Odds ratio was zero (0 < 95° °

confidence limits <0.75).

Lateralization ofN.\.:\/Cr recluction from the mid-temporal sub-region to the sicle of

major EEG abnol'lTh'ÙÎty and of surgery was significancly associated with good surgical

outcome: 9/12 (75°0) patients with concordant ~(RSI and 2/9 (:Z2°/o) patients with non

concordant ~lRSI were in dass (-II (Fisher's exact reS4 2-tailed p = 0.03). üdds ratio was 0.10

(0.01 < 95% confidence limits < 0.99) and relatiyc risk was 0.30 (0.08 < 95° '0 confidence limits

< 1.05).

:\bsence ofN:\.:\/Cr reduction in the contralateral posterior-temporal sub-region 1H

~lRSI was significandy associated \Vith good surgicai outcome: 10/13 (77°:0) patients \\-ithout

and 118 (12.5%) \\-ith contralateral N:\.:\ reduction \vere in class 1-11 (Fisher's exact test, 2

tailed p =0.008). Odds ratio \Vas 23.33 (1.56 < 950
0 confidence limits OR < 1152.71). and

relative risk was 6.15 (0.96 < 95°'0 confidence limits RR < 39.4.3). Regression-correlation

analysis showed significant linear correlation between contralateral posterior NA,:\/Cr z

scores(CtrPostZ) and surgical outcome~ \Vith the correlation coefficient (~ =0.103. f (l, 19)

= 4.850, P =0.040, with slope e:-'llressed as 'surgical outcorne = û.387xCtrPostZ+ 1.153'.

Hippocampal asymmetry lateralized 16 patients to the same side as the EEG, three

patients to the side opposite the EEG. Two patients had an asyrnmetry index \\-ithin 2

standard deviations of nonnal mean and were not lateralized. There was no difference in

surgical outcome of patients in whom ~lRI \Polumetry lateralizarion was concordant \\;-ith EEG

lateralization and patients in whom ~1RI volumetry was non-concordant \vith EEG
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lateralization, 10/16 (62~IO) vs. 1/5 (20~/o) of patients in Engel's class I-II, Fisher's exact tes~ p

= 0.12, 1 tailed.

Regression-correlation analysis bctween mid-temporallH-~lRSIratio ~[idR =

ipsi/contralateral N:\..:\/Cr to the sicle of operation) showed significant linear correlation to

surgical outcome, with the correlation coefficient (r-) = 0.321, F (1, 19) = 8.995, P = O.OOï,

with slope expressed as 'surgical outcome =O.0918~\lidR-6.374'.

Regression-correlation analysis betwcen hippocampal asymmetry ratio (HcR =

ipsi/contralateral hippocampus to the sicle of operation) showed significant tinear correlation

to surgica1 outcome, with the correlation coefficient (r-) =0.219, 17(1,19) =5.342, P =0.032,

\\"Îth slope expressed as 'surgical outcome =O.0516xHcR-2.385'.

Cnilateral EEG foci were not significandy associated wIth good surgical outcomc in

rhis series of patients with bilateral hippocampal atrophy: 4/7 (57°0) patients \\"Îth unilateral

and 7/14 (50°'0) \\"Îth bilateral EEG seizure ansets \vere in class [-II (Fisher's exact, 2-tailcd p

= 1).

DISCUSSION

In this series, the surgical outcome is similar to what has becn reported in orner series

of patients with bilateral hippocampal atrophy and intractable TLEllJt;2lJ2, \\-"Îth about 50°0

achieving good surgica1 outcome (Engel's class [-II).

~lR-based techniques have demonstrated distinct features associated with good

surgical results. In tenns of hippocampal ,,·olumetric studies, these results are in keeping \\"Îth

previous reports, with better surgical resuIts in those \Vith greater hippocampal

asymmetry3J1~):!;.3"S;.3i)(i. Temporal lobe N.:\.:\/Cr values measured by IH-~'IRSI showed many
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interesting outcome features. Concordant lateralization according ta cither one region (mid)

or twa (mid and pasterior) provided a significant difference in surgical outcamc, with better

results seen in those who had NA...\/Cr reduction lateralized ta the same sicle as the EEG.

lbis finding would suggest chat single voxel 1H-~[RS could also provide prognostic guidance.

In addition, our lH-~lRSI results sho\ved that the presence of conttalateral posterior N.-\..-\/Cr

reduction, reflecting a widespread metaholic abnonnality, was a powerful predictor of less

satisfactary surgical ourcome. In our study, patients with contralateral poscerior quadrant

NAA/Cr reducrion had a relative risk six rimes higher ofhaving poor surgical outcame

comparecl ta those who did not have contralarera! metabolic abnormality. The degrec of

N:\A/Cr asymmetry \Vas also important, and better resulrs correlated with greater sicle Ca sicle

asymmetry.

In our series, ail patients \Vere aperared on the side of EEG laceralizarion.

Classification of ictaI electrographic oosets inta unilateral or bilateral did oot discrirninate

further between patients \\ith good and those \Vith poor surgicaI outcorne. In the three

patients (fable: pts. 1,2, and 12) \\-ith discordant ~IRYol and EEG, only one patient had good

outcome. TIùs patient had concordance between lH-~lRSI and EEG, while in the other two,

one had no lH-~IRSI lateralization and the other had discordance between lH-~lRSI and

EEG lateralizarion.

[n conclusion, both ~lRVoland IH-~[RSI oftemparallobes provided discriminant

fearures associated with fa"orable surgical autcame in patients \\-ith intracrable nE and

hilateral hippocarnpal atrophy. In pre-surgical evaluation of patients with nE, oeuroimaging

findings can help oot anly to lateralize and to localize the seizure foeus, but may also help to

define prognosis on an individual basis. Our lH-~lRSI results show chat indicators for good
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surgical outcome are: grearer asymmetry of N.AA/Cr from the mid-temporal region ~lidR <

0.80), and absence ofcontra1areral posterior temporal NAA/Cr reduction.
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Table: Intractable TLE and bilateral hippocampal atrophy: summary of MRSI, MRVol, EEG, type of surgery and outcome

.Mld "Mid " POlI MRSI ..te "He FotlowoUp
pU••,.... Mld.u Mkf" ...,~ IIId.u.z ...~.z Awrn.z f1'0II.u.z f1'0II....z AMn.z DI.lInOIta He.u He'" 'pâlconn ttc:.u.z Hc...z AIlIm~ EEG 18ulQery 'rnonltllM 0I*0rn.

lNoM 333 336 101 ·342 -407 031 ·260 ·278 001 Bllat 3048 3658 120 ·594 ·210 -953 OP-RighI R·SAH 15 lVa

2JfI3t6 376 316 0604 -217 -636 553 162 ·356 721 R>L 3243 3562 1 ta -473 ·26J -472 Righi R·SAH 14 Id

31m/39 338 366 108 ·320 ·273 ·175 ·3 Ml -663 525 R>L 3496 3476 099 ·316 -309 u6J RIghi R·Alt 38 lVa

4N38 363 330 091 ·218 -433 352 ·1 13 ·371 399 R>L 2001 2577 081 -646 -803 783 R'ghI R·SAH 49 la

51m/36 322 321 100 -386 -476 011 -1 Ml -221 082 R>L 3465 3011 067 ·331 ·565 791 Op·R>l R-Alt 29 ilia

61m/34 4JO 407 095 051 ~604 227 .{I73 -168 166 Righi 3680 3133 085 ·205 -498 902 R>l R-SAH 42 le

711134 353 355 101 -260 -321 045 ·160 ·126 .{I65 B,lat 2tl22 2466 085 -6 la -853 905 R>l R-Alt 26 lVa

llItI62 355 296 003 ·339 ·767 582 ·199 ·141 .{I03 R>L 3233 2714 0604 -479 ·727 977 R>L R-Alt 19 lb

9/1/19 335 286 085 .., 53 -833 515 .{I49 012 .(182 R·L 3046 2542 083 ·594 -822 \ooa R>L R-SAH 12 la

lON42 316 331 105 -410 -430 .{IBO ·267 ·292 012 B,lal 2294 1901 083 ·t055 ·11 73 1046 R>L R·SAH 3J IVa

ll/mJ44 370 294 079 ·26' -781 733 .(176 ·177 143 R>L 3605 2594 072 -251 ·793 1796 R>L R·SAH 26 la

121U21 360 345 105 ·2 JO -368 199 -176 ·275 138 R>L 38t5 3254 , t7 ·290 ·515 871 DP·l>R l·SAH 13 Nb

131mJ27 405 456 089 .(149 136 295 -161 020 ·2 e, letl J6J6 3662 099 ·2 J2 -208 .(104 LefI l-SAH 36 Na

141m/42 2Ml 368 070 ·901 ·308 ·1014 ·297 138 -239 l>R 2924 31604 069 -66!1 -4 '5 -592 l:.R L-SAH 20 la

1511I47 361 349 103 ·227 ·348 165 -462 ·532 073 B,lat 2956 3560 083 -623 404 779 L:.R l-SAH 61 Nb

16Jm/24 338 371 091 ·319 ·250 -2 Hi -377 ·2 !la ·24' L>R 2788 3601 077 -669 389 ·1109 Op·l>R l-Alt 51 1118

17N34 306 415 074 ..,50 .(150 -856 014 .(183 140 lell 2466 3237 016 -950 -441 ·1428 letl L·SAH 49 le

1811146 216 277 078 -813 -672 -694 -826 -600 ·192 L>R 2543 3376 075 ·903 ·364 ·1487 l>R l·ATl 31 Na

191mJ44 357 363 098 ·245 ·2 fI6 011 ·307 .{IBO -365 l>R 2401 3522 068 ·900 ·284 ·20 12 l:.R l·SAH J6 la

2011149 365 372 098 -2 la -243 006 ·3 07 162 ·263 l:.R 2214 3Ml9 062 ·911 ·393 ·2100 lell l·AR 50 lb

211m116 306 348 068 -450 ·353 ·328 -40!i -452 038 t:.R 2196 3671 000 ·11 1!l ·203 2682 l:.R l-SAH 50 18

Il = ipsi and contralateral to the side of the operation. This ratio was uscd only for correlation and regrcssion analysis, and was not used for the latcralization. • =

(L~R)/(L+R)/2, this asymmetry index was used for interpretation of laterali:t.ation of MRSI and hippocampal volume. DI) ~ dcpth elcctrode results. Mid = mid
temporal region of VOl. Post = posterior temporal region of VOL Rt = right; Lt :....; len. Z -= z-scores (numbcr of standard deviations l'rom the mean of nonnal
control subjccts); values 2SD bclow the nonnal mcan wcre considered abnomlal. Uc ~. hippocampal volume. SAU ;:.; selective amygdalo-hippocampectomy; ATL
= anterior temporal resection. Outcome '-'- Engel's modificd classification; see text for explanation. MRSI diagnosis -"'- this was based on the results dcrived from
the 4 subregions (Ieft and right mid and postcrior temporal rcgions); and asymmctry index.
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CHAPTERIV

Dynamic changes in lesions underlying epilepsy

There has been considerable debare over the occurrence of progressive neuronal

damage and irs relarionship ro seizurt:s. The ideal way to assess this issue is ro perfonn a

longirudinal study in a cohon of patients ~;th epilepsy with seriaI measuremenrs of neuronal

integrity. However, the rime necessary to detect neuronal damage is unknown, and could be

years. An alternative way is ro perform a cross sectional study in a large group of patients \\;th

the same epileptic syndrome. 1bis approach can pro\;de e\;dcnce for progressive neuronal

damage, and if 50, indicate the magnitude of neuronal damage in relation to rime and to seizure

burden.

N:\.:\ reco\·cry has been reported after successful remo\·al of the temporal lobe

epileptogenic area. There has been report of ~:\:\ reco\·ery as early as rwo months post

operati,·ely. However, the exact rime course of~L\..·\ reco,·ery is unknown. 11ùs piece of

information is important for understanding of the dynamics of ~.-\A reco'·~· in other types

of anti-epileptic treatrnents.

Patienrs with chrome refract0t"!· TLE often ba,·e temporal lobe neuronal damage, but

\ve do not know if patienrs ~;th newly diagnosed epilepsy aIso ha,·e neuronal damage in the

ea.rly stages of their condition, and if chis can he impro,·ed \\;th .\ED treatment.
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Paper 7: Neuroimaglng evldence of progressive neuronalloss and
dysfunction ln temporal lobe epilepsy.

Tasch E, Cendes F, Li L~I, Dubeau F, _\ndennann F, .\mold DL.
_\nnals of Neurology 1999;45:568-576.

Lippincott \Villiams & \~rilkins
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SUMMARY

Background: There is debate whemer temporal lobe epilepsy (fLE) is the result of an

isolated, early injury or if there is ongoing neuronal dysfunction or 10ss due to seizures.

Objective: \Ve attempted to address this issue using magnerie resonance techniques.

Proton magneric resonance spectroscopic imaging ~lRSI) can detect and quanri~· focal

neuronal dysfunction or 105S based on reduced signals from the neuronal marker~

acetylaspattate (N.\...\), and magnetic resonance imaging (}.IRl)-based measurements of

hippocampal volumes ~fRI\r01) can quanti~ the amount of atrophy in rhis srrucrure.

Padents/Methods:\Ve perfonned ~fRS[ and ~fRIYol in 82 consecutive patients

\\ith medically inttactable TLE to determine whether there was a correlation ber\veen seizure

frequency, type or duration of epilepsy with NA.-\ to creatine ~.-\.:\/Cr) \·alues or

hippocampal \-olumes. Volumes and spectroscopie resonance intensities from the temporal

lobe were categorized as ipsilateral or contralatcral to the predominant EEG foeus.

Resu/ts: Ipsilateral and contralateral NA..\/Cr \lias negativcly correlated \\ith duration

of epilepsy. Hippocarnpal \·olumes were negariyely correlated \\ith duration ipsilaterally but

not contralaterally. Frequency of complex partial seizures \lias not correlated \\-ith any of the

~lR techniques. Ho\'''evcr~ patients with frcquent generalized tonie-donie seizures had lower

~.\...\/Cr bilaterally and smaller hippoeampal \"olumes ipsilaterally than patients \\ith none or

rare generalized tonie..c1onic sCÎZUIes.

Conclusion: The results suggest that although an early, fixed injury may cause

asymmetric temporal lobe damage, generalized seizures may cause progressive neuronal

dvsfuncrion or loss.
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INTRODUCTION

~[esial temporal sclerosis ~ITS) is a common pathological finding associated with

temporal lobe epilepsy (ILE) as demonstrated at autopsy17lJ;2I3:JOH and in tissue resected during

surgeryYJ;.'Œ-.H:!. Thc ctiology and pathogcnesis of ~ITS remain poorly understood, and ha,·c

been a source of controversy. Sorne authors have suggestcd that hippocampal sclerosis arises

from injuries carly in life resulting in a brain lesion, which is thcrefore static and noo

progressive-;1.;J14. Suggested etiologies include birth trauma, cerebral infections, and prolongcd

con,~ions,'UJI4.1bis is consistent \vith the commonly observed clinical pattern of prolonged

fehrile seizures of childhood followed hy habirual temporal lobe epilepsy after an inter'\"ening

latent period4l I;·C:21'h3U- ;16.

Scizures themselves arc also capable of causing neuronal damage. Status epilepricus is

oftcn followed by extensive neuronal damage in\'oh-ing the hippocampus, as weil as other

limbic, neacortical and subcortical strllcrures;17-WJ. Ir is still unck.-ar to what extent .\lTS

associated with TLE May arise from progressive injury due to the intractable seÎZUIcs. :\nimal

models have shown progressive neuronallass associared \\;th repetirive kindled scÎZUIes211·J~;t12.

On the other hand, studies of the pilocarpine MadeL failed to show such a relationship

between recurrent spontaneous seizures and hippocampal neuronalloss.!11. Human autopsy

studies33) have shown a correlation of neuronalloss \\;th duration of epilepsy, but the

population studied included a group of patients who had had severe generalized epilepsies and

the distribution of neuronalloss was not characteristie of classical :\ITS. Pathologieal study of

surgical specimens from patients with temporal lobe epilepsy has revea1ed a correlation

between hippocunpal eellioss and duration, but chis was also not in the same distribution as

dassical ~ITS and accounted for a relarively small amount of the total hippocampal ceil

1~6
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Conv'entional magnetic resonance imaging ~lRI) can detect abnormalities in TLE

which include attophy or abnoonal T2-weighted signals in the hippocampus, amygdala, or

bothX5;115;2l11~11J:!1~'~. Volumetrie analysis ~[RIVoQ can detect reduced volume of mesial

temporal lobe strucrures in most patients with ~lTS, correlated \Vith subsequent

histopathology311;J23. Case reports have suggested that mesial tcrnporallobe atrophy can

follow acute, prolonged seizure acti\;ty;1~;32.5. Trenerry et. al., found and association of

hippocampal atrophy \Vith duration of epilepsy, but this relationship appeared to be accounted

for in large part by the age of onset]2(,. Recent studies by Saukkonen ct. al.,;15 and Salmenpera

et. al. '17 have found an association berween seizure frequency and decreased hippocampal

,"olumes in patients \\ith TLE. On the other hand, a pre,;ous study by our group failcd [0

show e,;dence for a causal relationship betwcen duration or seizure frequency and rnesial

temporal atrophy in a heterogeneous group of patients 151
}. Furtherrnore, there remains a

significant proportion of patients with nE in whorn ~lRI changes cannot be dctected\.!.'.

l"nlike conventional ~[RI, which peovides structural information based on signais

from warer, proton magnetic resonance spectroscopie imaging ~lRSI) pro\;des chemical

infonnation, allowing for noninvasive assessment of regional chemical composition. ~

acerylaspartate (NA...-\) is a compound localized cxclusi,"ely in neurons, detecrable by proton

magnetic resonance spectroscopyl:!4;115. Several studies have sho\\-"O reduced signals from

~~\..-\ in temporal lobes of patients \\tith TI..E. This presurnably reflects focal neuronal

dysfunetion or 10ss1l5;15ï:li5;17ti~I1J11. ~lRSI can also detect acute chernical changes in the

temporal lobes ofTIE patients and is a more sensitive indicator of neuronal dysfunetion man

~[RIVoll15. ~lRSI and ~[RIVolare often concordant and are an effective combination in the

l-1-i
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presurgical evaluation of patients with TLE115;1 J(,. \Vhether the temporal-lobe membolic

abnormalities detected by ~lRSI are progressive is unknown. One study has shown a

correlation between reduced temporal-lobe N:\.:\ and seizure frequency, but not \vith duration

of epilepsy18S.

We studied a series of patients with non-foreign-tissue lesional1LE evaluated for

seizure surgery using ~[RSI and ~[RIVo~ in an attempt to determine whether repeated

seizures, longer duration of epilepsy, or the presence of secondat:· generalization of seizures

correlate with: 1) the amount of hippocampal formation attophy or 2) rcduced intcnsity of the

temporal-lobe N:\:\ signal measured by ~[RSI.

PATIENTS AND METHOOS

\Ve srudied 82 consecutive patients (mean age: 35, SO: Il) \Vith medically rcfractory

TLE who had no mass lesion on high qualiry conventional ~[RI. Identification of the type and

localization of the seizures \Vas detennined by comprehensive evaluation including a derailcd

bistory and neurological examination, seriaI EEGs with sphenoidal electrodes. and intensive

video-EEG relemetry for recording of seizures. Patients with mass lesions or non-nE were

excluded frorn the studv.

Infonned consent was obtained from all subjects. lbis study is part of a research

project approved by the Ethics Review Committee of the ~[ontreal Neurological Institute and

Hospital.

Estimation of the duration and frequency of seizures was based on a review of medicaI

records and seizure calendars, and specific questioning of the patient and farnily members.

:\ge ofanset of epilepsy was defined as the age at which the patient developed habituai and
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reeutrent seÎ2ures. The durarion. or number of years of epilepsy, was defined as the inrerval

between the age of onset and the rime of the examinarion. Prolonged febrile con\wsions

(PfC) were defined as seizures lasting 30 minutes or more. The history of PFC \Vas based on

detailed accounts from parents and other relatives at the rime of hospital admission as well as

on a re\;ew of the patients' medical records of carly childhood hospitalizarion.

EEG Investigation

Prolonged EEG recordings, using the International 10-20 system including sphenoidal

electrodes, and long tcon video-EEG monitoring were performed to record at leasr three

habituai seizures in all patients. If discrepancies arose between the localization of ictal and

interictal abnonnalities, if EEG seizure discharges could nor be localized due to mo\-emenr or

muscle artifacts, or if icml beha\;oral manifestations suggesred a possible seizure gcnerator in

extraremporal strUctures, patients underwent incracranial EEG recordings with srercoraxically

implanted depth electrodes (SEEG). Eighteen patients required SEEG investigation in arder

to confirm seizure onsets in the eemporallobe.

Patients \Vere classified according to the 10calization of the majority of EEG seizure

onsets preceding the fuse dinical manifestations as either Left (1.) or Right (R). For the

purposes of mis srudy, "majority" was defined as o\"er 50° 0 of seizure onsets. The

electroencephalographers \vere unaware of the :\IRSI and :\[RIYol results.

Proton Magnetic Resonance Spectroscopie Imaging

Conventional ~1RI as well as two-dimensional proton ~lRSI scans were acquired by

using either a 1.5-T ..\CS II or III imaging/spectroscopy system (phillips ~Iedical Systems,

Best, The Netherlands).
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After scout images in axial and sagittal planes, multislice spin echo ~lRIs (repetition

rime [TR] 2,000 msec, echo rime [rE] 30 msec) were obtained in the transverse plane aIong

the axis of the temporal lobes and in the coronaI plane perpendicular to the axis of the Syh;w

fissure. ..:\ large region of interest (ROI) behind the clivus, including both temporal lobes and

excluding bone, was defincd for selective excitation before phase encoding tor the proton

.\lRSI. The ROI was oriented in a similar position for ail examinations to cover the encire

extent ofboth hippocampi (85-100 mm left-right x ï5-95 mm anteroposterior x 20 mm

thickness), as shawn 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 c1assified as either ipsilateral or contralateral to
the predominant EEG focus and analyzed separately.

.-\ water-suppressed proton ~lRSI was obrained from that ROI by using a 90-180-90

pulse sequence with a 2-second interpulse delay (fR 2,000 msec, TE 272, 250 x 250-mm field

of \'lc",- (FOV), 32 x 32 phase-encoding steps), followed by a proton ~lRSI withoue water

suppression (fR 850, TE 272, 250 x 250-mm FüV, 16 x 16 phase-encoding steps)..-\fter

zero-filling the latter ta 32 x 32 profiles, the watet suppressed ~lRSI was dMded by the noo-
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water suppressed rvmsI to correct for artifacts resulting from magnetic field inhomogeneity.

The resulting rime domain signal was left shifted and subtracted from itself to impro\·e the

water suppression26IJ
• This reduces the amplitude of the creatine (Cr) as weil as water and

results in relatively high ratios of NA.A/Cr; however~ chis is consistent for all control and

patient data. To enhance the resolution of the spectral peaks a Lorenzian-to-~ussian

ttansfonnation was applied before Fourier transformation in three dimensions. The nominal

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

Resonance intensities on ~fRS[s were detennined from peak areas by integration~

using locally developed software. The ,"aIues for ~:\:\, choline (Cha), Cr, and N:\.\/Cr were

detennined for each temporal lobe by averaging 2~ + / - 3 specrra in each rcgion (Fig 1).

Spectra were exc1uded from the analyses if they \vere artifacrually broadened (i.e., full \\-idth at

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

The intensity ratio :'\L~\/Cr for each temporal temporal lobe was calculatcd and

classified as either ipsilateral ~A..\/Cr-ipJ7) or contralatcral ~:\.\/Cr-(on'ra) ta the EEG

lateralization. Cr is homogeneously distributed throughout the brain, and it is reasonable to

assume that Cr is subie or not significmdy deranged in brain regions assocL'lted with cpileptic

damage lS7;lSH; l(lO;Ii7. Therefore the decreases in the ratio ofN:\..-\/Cr can be interpreted in

tenns of neuronal dysfunction or 105s, which is useful for undersranding the pathogencsis of

11..EISR; 160; li3; 175-117;J:!M:319.

Patient average N:\.\/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 veats; SD =4.5). VaIues less than two standard de,,;ations below the normal control

group were considered abnormal. In the normal control group, N.\.A/Cr values were oot
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staristically significandy different between left and right temporal lobes. Parient values \Vere

categorized as to whether mey were ipsilateral or contralateral to me EEG foeus \,,-ïthout

further reference to side.

MRI Volumetrie Studies

The t\lRI volumetrie studies were perfonned using t\Vo acquisition protocols. For the

first 34 patients, we acquired 3-mm conriguous slices perpendicular to the plane of the Syh-ian

fissure, with a three-dimensional (3D) fast-field echo (FFE) or an inversion reco\"ery (1R)

sequence. For the subsequent ~8 patients, we acquired I-mm thick slices by using a 3D FFE

sequence with isotropie \"oxels. The images were transferred to a computer workstation and

the ROIs were outlined, using a locally developed interactive software prograrnHj;2711. \Xratson

and colleagues ha\"e described the anatomical guidelines used for identification of the HF~-:'ll.

VoLumes were compared \,,-ïth age matched healthy voLunteers who had the same ~[RI

acquisition protocol (n =30 for 3-mm-thick [1 ï men and 13 women; mean age, 32.... years,

SO =11.3] and n =22 for I-mm thick sLices [12 men and 10 wornen; rncan age, 29.5 years,

SO = lO.21). In arder to standardize the t\vo different protocols, absolute HF voLumes were

converted into a Z-score (HF \"olume-mean/SD) using the appropriate control group for each

remporallobe Oeft or right) for eaeh protocol Comparison of me Z-score results deri'\-ed

from the [\vo protocols show no starisrical difference between them (t = -0.004, P = 0.99ï).

\Ve analyzed the hippocampal foonation Z-scores (HFZ) an~ as ",-ïth the ~lRSI, classified

them as ipsilateral (HFZ-~w)or contralateral (HFZ-t"onlra) to the EEG lateralization.

5tatisticalAnalysis

We performed simple biserial Pearson correlation analyses between N ...\.A./Cr-ipJ7,

1 -.,
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NA....\/Cr-t"tJntra, HF-~si, and HF-contra, and the duration, age of onser, and frequency of

complex partial and secondarily generalized seizures. In addition, partial correlation

coeffiàents were computed between the spectroscopie/volumetrie measurements and age of

onser.. controlling for the duration of epilepsy; and duration of epilepsy while controlling for

age of onser, in order to detennine the association ofeach with the neuroimaging

measurement while controlling for the effect of the omer.

üoear regression analysis \Vas used to further illustrate the relationship berween the

neuroimaging measurements and the clinical parametcrs. Studenr's t-test \Vas used to test for

differences between group means. The sratisrical software package SPSS \'las used [0 pcrform

these calculations.

RESULTS

Patient characreristics are summarized in Table 1.

Magnetic Resonance Spectroscopie Imaging

Simple correlations \Vere performed berween the ~:\.\/Cr intensities and the

independent prcdictor \*ariables. :\lthough the absolute magnitude was modes4 there was a

sratistically significant negarive correlation between me duration of epilepsy and both

N:\A./Cr-~JlCr =-.286, P =0.010) and N:\..\/Cr-t"ontrtl (r =-.312, P =0.005). There was no

significant correlation between durarion and the left-right asymmetry ratio ofN:\:\/Cr or the

left-right difference. Like\vise, there was no significane correlation of cither NA...\/Cr-ipJl or

"::-J..;.\..\/Cr-,·onlra with the age of onset. Figure 2 shows the lease-squares regression analysis for

the relarionship between duration and NAA/Cr.

Partial correlations revealed chae after controlling for the patient's age ae onser of
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• epilepsy, there was still a significant correlation between durarion and N/\A/Cr-ipJi Cr = 

0.302, P =0.(06) and N,,\..\/Cr-con/ra Cr =-0.316, P =0.004). The partial correlation of the

age of onset with cither N.\..\1Cr-ipJior N_\..-\1Cr-fon/ra after controlling for the duration

remained non-significant.

Because of the nature of the duration \·a.riable wc cannat statisticallv rule out that the

relationship bern-+een N.\A/Cr is, in fact, due to the effect of the age of the parient alone.

Because age and duration are highly correlated \vith each omer, we could not perfonn a partial

correlation of one of them, controlling for the effect of me omer. The nonnaI control group

did not show any significant correlation between age and N.\.\/Cr in eimer temporal lobe.

Table 1: Patients demographic data

Patient characteristics. n=82 (36 male. 46 female) Mean (Standard Deviation)

Age at examination (years) 35 (11 )

Age at onset (years) 14 (12)

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

•

Frequency of generalized tonie-cionie seizures

(peryear)

Duration of epiletJsy

NAA/Cr-ipsi

NAA/Cr-contra

HFZ-ipsi

HFZ-contra

fS+

12 (47)

20 (9)

3.65 (0.35)

4.05(0.37)

-4.70 (3.3)

-1.19 (2.6)
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Temporal-lobe NAAlCr vs. Ouration of Epilepsy
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Figure 2: NAACr is ploned against duration ofepilt:psy for each temporal lobe tor
each patient. Temporal lobes are ipsilateral (triangles) or contralateral (circles) ta the
predominant EEG focus. Least-squared regression lines are shown (z-scare NANCr
ipsi = -O.03*duration -2.275. z-scare NANCr-contra == -0.03*duration -0.982). 80th
ipsilateral and contralateral temporal-lobe NAAJCr ratios are negatively correlated
with duration (see text).

Compared to the normal eontrols, 33 (40°'0) patients had bilaterally redueed ~.\.\/Cr.

IfNA..\/Cr reduetion \Vere progressive, one might expeet patients with bilaterally reduced

N:\.\/Cr ta have longer duration than chose with only unilaterally redueed N:\.\/Cr. Student's

r-tests revealed mar these patients did not signifieandy differ in their age, age of onse~

durarion, or frequency of eomplex partial or generalized tonie-clonie seizures. Howe'·er.

•
patients with bilaterally redueed NA_A/Cr did have signifieandy lower N..\A/Cr-ipJi than

patients with unilaterally redueed NAA/Cr (fable 2).
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• 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 relationship we found between N:\.:\ / Cr and duration~ there was no

significant correlation berween NAA/Cr on cither side and frequency of complex partial

seizures. Patients with generalized tonic~clonic seizures (n = 27) had Ir·wcr N.-\'-\/Cr-ipsi (t =

2.505, P = 0.015) and Iower N.-\A/Cr-contra (t = 2"+98, P =O.Ot ..) chan patients who had no

or onIy rare generalized toruc-clarnc seizures (n = 5-l) crable 3).

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

With Gre None or rare Gre p-vo/ue

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 -4.0 0.010

HFZ-contra -1.7 -0.9 0.232

•
There was no significant difference in N:\...-\/Cr of cither side between patients \vith

and patients without a history of prolonged febrile convulsions. crable 4)
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• Table 4: Neuroimaging measurements in patients with and without a history
of prolonged fehrile convulsions

+PFC No PFC

N 51 31

NAA/Cr-ipsi 3.673 3.617

NAA/Cr-contra 4.014 4.088

HFZ-ipsi -5.773 -3.975

HFZ-contra -1.121 -1.277

P value

0.500

0.398

0.022

0.810

•

Magnetic Resonance lmaging Volumetry

:\s \Vith the spectroscopie data. simplc biserial correlations \Vere pcrformed bC[\'leen

the srandardized ,"olumes and the independenr prcdicror \"ariables. :\ statistically significanr

ncgati,·e correlation was found betwcen the duration of cpilepsy and HFZ-ipsi (r =-U..399. P <

0.001), but not HFZ-conrra (r =-0.047. P =0.678). Figure.3 shows the rcgression analysis

between the duration and HFZ. o-\S discusscd abo\Oe. the effects of the age of the parient

cannat be adequarely contIolled for because of its high correlation \\--ith durarion.

In contrast to the spectroscopic data. the age of anser was also found [0 be

significandy correlared \Vith HFZ-IjJJi Cr =0.119. P =0.050), but not HFZ-(011lra Cr =.005, P =

0.969). The partial correlation of duration with HFZ-ipJi controlling for the age of anset

rernained significant Cr =-0..360, P = 0.001). However, the partial correlation of age of onset

with HFZ-ipsi, controlling for duration. did not remain statisrically significant (r =0.047, P =

0.678). As discussed above, the effccts of the age of the patient cannot be examined

independendy of the duration, and rhere \Vas no significant correlation of age and HF volume

in either remporallabe in the contrais.
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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 ofeach patient. Hippocampi were ipsilateral (triangles) or
contralateral (circles) to the predominant EEG tocus of each patient. Hippocampal
volume was negatively correlated with duration ipsilaterally but not contralaterally.
Least-squared regression Iines are drawn (HFZipsi ::: -0.1 085*duration - 2.5685.
HFZcontra:: -0.0109*duration - 0.9805).

Despite the relationship found between HFZ-1iJJ1" and duration~ there was no

signifieant correlation betwecn HFZ on either side and frequeney of complex-partial seaures.

Patients with generalized tonie-clonic scizures (n =27) had lower HFZ-tj)Ji (t =2.602. P =

0.015) but not lower HFZ-,vnlra (t =1.424~ P =0.159) man patients who had no or only rare

gcneralized tonie-clonie seizures (n = 54) (fable 3). Patients \Vith history of prolonged febrile

convulsions had staristically significandy lower HFZ ipsilaterally (t =2.465, P =0.16) but nat

conttalaterally (t =-0.242~ P = 0.810) (fable 4).

Compared to nonnal controIs, 18 (22°/0) of patients had bilaterally redueed

hippocampal volumes. Student's t-tests revealed mat these patients did not signifieantly diffcr
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• in age, age of anset, duration, or frequency of complex partial seizures. However, patients

with bilaterally reduced \90lumes did have significandy lower HFZ-tjJJi than patients with

unilarerally reduced volumes (fable 5).

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

Unilateral Bilateral

N 64 (78%) 18 (22%)

Age 35 34

Age ef Onset 15 14

Ouratien 19 21

HFZ-ipsi -4.3 -6.3

P value

0.911

0.712

0.576

0.009

•

DISCUSSION

Ir has been a matter of dispute whether or not recurrent seizures cao cause neuronal

1055 in human ternporallobe epilepsy, and whether TLE is a progressive diseasc. Sorne srudies

have dernonstrated that neuronalloss can be the result of scizure actÎ\;t\-. Cavazos ct al

showed that hippocampal cellioss could be induced by kindled generalized seizures in

rats 21 )lJJ02. However the relevance of scizures induced bv direct e1ectrical stimulation of the

perforant pathway to the habituaI cornplex partial seizures of human TLE is not clear. Csing

the pilocarpine model of epilepsy in the rat, a model of sponraneous recurrent seizures that

follow a period of status epilepticus, Liu et. al. failed to show any additional neuronalloss \\-;th

repeated seizures, concluding that aU variation in the degree of neuronalloss could be

accounted for by the severit}- of the initial status.:!11 .
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vsing human autopsy mat~ ~Iouritzen-Dam demonstrated mat frequent

generalized tonie-clonie seizures (>2 seizures per month) were positively correlated with

significant reduerions in the number of neurons in fields Hl and HI-2when compared \vith

patients who had suffered ooly a few such seizures «6 per year)11~J211. 1bis neuronalloss

increased throughout life with the duration of the disorder. On the other hancL several

retrospecrive neuropamological reviews have provided c,;dence to the contraryll3;Jl~.H(d10. :\

recent srudy by ~[athem and Babb has taken an intennediare \;ew, suggesting that

hippocampal sclerosis is caused for the most part by an "iniriating precipitaring event" on top

of which furthcr progressive damage over rime is superimposed214:216;2(f).

~lR-based srudies in humans have emphasized mesial temporal atrophy as a cause

rather than consequence of remporallobe epilcpsy. Harvey et al demonstrated hippoeampal

sclerosis in 57°0 of a series of children~ suggesring that its presence ae a young age was

e\-idence against seizures as an eriology ofhippocampal arrophyHl. Trenc~· et al found that

mesial temporal arrophy in patients with left, but not right~ eemporallobe epilepsy is associated

\vith early onset of recurrent seizures and not neeessarily \Vith the duration of epilepsyl2f'. :\

pre,;ous study by our group invesrigated patients with temporal and extratemporallobe

epilepsy and showed that neither seizure frequency nor duration of epilepsy \Vere correlated

with hippocampal or amygdaloid atrophy11tl.

Studies using ~lRSI have produced seemingly conflicring results. Yennathen et al

srudied a group of patients \vith non-temporal neoeortical epilepsy and showed mat

hippocampal N..\..\/Cr was not reduce~ in contrast to patients with unilateral TI..E. They

argued that seizures did not cause secondary hippocampal damageI5
!). Garcia et al found a

negative correlation between NA..:\. and seizure frequency in patients \Vith both frontal and
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temporal epileptics, although no correlation with duration2&!.

The discrepancies among different studies may be explainecL in part, by che different

methods usecL and at lcast also in part, by the fact chat TLE 15 a heterogeneous condition, with

varying degrees ofpathological abnonnaliries. Thus depending on the patient population

srudied, a signiticant correlation between atrophy/ dysfunction and duration of epilepsy may or

may not be present.

Whether the :\1R findings we rcport represent irreycrsible neuronalloss or simply

neuronal dysfunction is unclear, in part because of the cross-secrional and retrospectiyc maturc

of the data. Our data show correlations chat can only suggcst but not prove causal

relationships. Furthennore, the biological basis of the t\Vo ~[R techniques used is different.

.-\lthough hippocampal atrophy measured by ~[RI is known to be correlaced \\-ith hippocampal

cellloss~6J2.';.B:!the cellular basis for the decrt.~se in ~:\.-\/Cr measured by ~[RSI is less clear:

~AA/Cr has been shown to recover ipsilaterally and contralaterally after resecrion of the

ipsilaceral seizure fOCUSI1l1232. Nevertheless. che data presented pro\;de sorne e\;dence chat the

~lR-tindingsobseI"...ed in the ternporallobes ofTI..E patients arc in part, due to progressive

changes. and also reprcsent lesions chat are. in pat4 fi..xed and acquired in the rernote pasto

Spectroscopie data

\Ve found a negative correlation between ~.-\..-\/Crand che duration of cpilepsy in the

cernporallohes ipsilateral and contralaceral co the EEG foeus. This s~ests chat progressive

neuronal dysfonction may OCCUI in both ternporallobes in patients \vith lIE, even when the

seizures originate in only one temporal lobe. Because duration is a composite \-ariable,

consisting of both age of onset and the age of the patient, one might suspect that any change
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in that variable migbt be due to the effect of the age of onset or the increasing age. \Y/e did noe

find any relarionship ofNA.A with the age of onset itself. The relarionship we found with

duration remained robuse even after controlling for age of onset. Given the cross-sectional

and longitudinal design of mis study, we could Dot statisrically control for the effects of aging,

howe\?er there was no such relarionship in our nonnaI controls. Furthennore, hippoc:unpal

cell counts in autopsy studies of nonnal aging individuals, fail co show significant drop-off unril

carly in the 7th decade157;.H'. The difficulties in dissecting out the effects of the different

components of duration are consequences of the cross-secrional and retrospective nature of

this stucly. Furure, long-term prospective srudies, beginning in childhoocL in\"ohing seriai

exarninarions, are required to funher elucidate the possible causal relarioDships suggested by

the correlations we have found.

The rate of change of N:\.:\/Cr (or the slope of me regression lines) was the same for

both sides, implying that whatever me cause of dUs decline, affects both sicles. HabituaI,

complex-partial seizures do Dot appear ro be the cause of the progressive dysfunction gi\'cn

me lack of correlation between seizures and ~.\..\jCr in cimer temporal lobe. Howeyer,

gcneralized tonie-clome seizures were associated \\-ith lower N.-\..-\jCr bilaleralfy, suggesting mac

they are more importandy relatcd me co the metabolie dysfunetion wc are deteeting. \~bether

theyare the cause or effect of this metabolie dysfunction remains unkno\\-n. This association

of generalized tonie-clonie seizures \\--ith temporal lobe neuronal dysfunetion eehoes

~[ouritzen-Dam's autopsy results that showed increased hippocampal eel110ss in patients wlth

frequent generalized tonic-clonie seizures21 2:.H4.

Figure 1 shows that ipsilateral N:\..\/Cr is more redueed man contralateral N.-\..-\jCr,

an observation that confinns prenous work frOID our group and others115;157;15H;lï3;175-1iï;20l~21.
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1bis relationship is maÏntained even when me t\Vo regression lines are extrapolated back to

rime zero, suggesting mat ipsilateral NA.A/Cr is lower than contralater.ù N.A.:\/Cr even at a

\~cry ear1y age. This is consistent with the notion that the neuronal dysfunction or 1055 in the

remporallobes of patients with mesial11..E is acquired carly, in agreement with clinicaL

pathologicaL and;\lR studies in children217;..BI.

Despite the relarionship between duration and N:\.:\/Cr, patients u;th bilaterally

abnonnally low NAA/Cr do not tend to have longer duration man those \Vith unilaterally la\\"

~:\.:\/Cr. Thus, even though longer duration is associated \Vith 10\Ver N.\.:\/Cr on one or

bath sides, the data do Qot suggest mat an indi,;dual \\';th unilateral spectroscopic abnonnality

could progress over rime ta become bilaterally abnormal. The fact that the basic side-to-sicle

asymmetry of the N.\..\/Cr ratios does not progress suggests that chis asymmerry may be the

rcsult of an initial, reroote injury. Therefore, the spectroscopic data are consistent bath \\;th

the concept that neuronal dysfunction or 105s in 11..E is an carly. acquirecl condition and also

\\;th the notion that progressive neuronal dysfunction or 105s may occuc.

MRI volumetry

In contrast to the spectroscopic data, there was a marked differcnce between ipsilateral

and conttalateral hippocampal volumes in our analysis. Progressively smaller \·olumes \Vere

correlated wim longer duration for the ipsilateral but not for the contralateral hippocampus.

The discrepancy between the two neuroimaging modalities may lie in the faet mat they are

measuring quite different things. Due to lirnits in its resolution, the spectroscopic images

include large portions of white matter as well as small amounts of neocortex whereas the

\·olumetric studies include just allocortica1 structures. In addition, ~lRS is more sensiti~..e than

~IRl volumetry in deteeting abnonnalities as shown by the faet chat bilateral abnormalities are
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more common in l\·IRS than l\lRIVoI115. Neuronal dysfunction (measured by ~lRS) may be

more widespread man can he detected with anaromical measures.

Unlike the spectroscopic dara, the age of anser is negatively corre1ared \vith the

ipsilateral hippocampal volume. 1bis mises the possihility thar early injuries may he relatively

more responsible for the anaromie changes seen in ipsilateral mesial temporal lobe structures,

whereas the more subde functional changes over both remporallobes, detected hy ~lRS, are

gradually progressive. Hippoeampal volumes were also independcndy correlated with

duration, since, as for the spectroscopie dara, duration remained corre1ared \vith ipsilateral

hippoeampal volume even after controlling for age of onset, while the correlation of age of

anset with duration failed ra remain sratistically significant after conttolling for the durarion.

Febrile scizures were associated \vith smallcr ipsilarcral hippocampal \·olumes but not

\vith ~lRS abnormalities on cithet sicle. This may be an indication mat, although ~lRS is more

sensitive than :\IRIYo~ ir may be less specifie.

Similar to the spectroscopie data there \Vas no correlation \\iith the frequency of

complex partial seizures. Thus, hippoeampal atrophy does not appear ta be due to the

recurrent complex partial seizures themselves. although the failure ta find sueh a correlation

may be related ta the unreliability of a patient's esrimate of the frequeney of complex-partial

selZUtes.

Generalized tonic-clome seizures seem to he correlated \\iith the progressive deeline in

volume, and \Vere associated with lower ipsilateral volumes. Thus, both the spectroscopie and

volumetrie data show that generalized tonie clonic seizures are associated with increased:\OO

ahnonnality only on the sicle where there is also a negative correlation with duration. This
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suggests that generalized tonie clomc seizures may he a causal factor of progressive neuronal

dysfunction or IOS5 in liE. Again, our ability to detect stronger correlations of N.-\..-\ / Cr and

hippoeampal 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

esrimate the frequency ofgeneralized, rather thanp~ seizures.

The correlation of durarion \Vith hippocampal volume contradicts pre\;ously published

work by our groUp2::'ll. Several differences between that and the present analysis may e~l'lain

this discrepancy. First, our pre\;ous study included parients with temporal and extratemporal

lobe epilepsy, a more heterogeneous group of patients. Seeond1y, 58°0 the patients reporred

here \Vere studied using a ne\Ver, more precise, ~[RIYol acquisition protocol using 1 mm slices,

as apposed to the 3 mm slices of the pre\;ous promeol. The current protocal may have a

lawer threshold far detecting subtle cellloss. Thirdly, for the present study wc used Z-scores

for correlation analyses, and in the prc\;ous paper~111 wc have used absolute hippocampal

volumes corrected for variation of intracranial volume. The faee that Z-scares represent the

,"wrion in 50, thus reducing the skewness of the ,"alues across patients, may expla.in the

significant correlation found in the present study. Finally, the patients in the current srudy

tended to he older, and had longer duration of epilepsy and 10wer ipsilateral ,"olumes than in

the previous study.

CONCLUSION

This study suggests that tempornllobe epilepsy, which begins \vith an carly injury,

occurs asymmetrically, and is followed by a graduai and progressive course of further neuronal

loss and dysfunction. The etiology of the progression rernains uncertaÏn. Generalized tonic

clonic seÎZUres are assoàated with signs of progressive neuronalloss and/or dysfunction as
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measured by magnetic resooance spectroscopy and volumetry. Despite the sratistically

significant outcomes in this study, the majority of the variabiliry in the data remains

unexplained 1bis may be due ro, in part, the unreliabiliry of estimates of seizure frequency

and onset of epilepsy. Longitudinal studies are likely to be more robust in fully exploring the

effects of age, age of onse~ repeated seizures, and duration of epilepsy. ~\ prospective,

multimodal neuroimaging study based on ~lR technology has the potential ofgaining further

insights into the natural history of temporal lobe epilepsy.
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Paper 8: nme course of postoperatlve recovery of N-acetyl-asparfate in
temporal lobe epllepsy.

Series \X', Li L~[, _-\ntel S, Cendes F, Gotman J,
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SUMMARY

Background: NA.:\/Cr, which can be measured noninvasively using proton ~lR

spectroscopie imaging (lH-~lRSI), pro\;dcs a surrogate marker of neuronal integriry. :\fter

successful surgical treattnent of "ILE, initially low NA.:\ can return to nonnal values in regions

outside the resected foeus.

Objective: To assess thc rime course of increases in N-acetyl-aspanate/Creatine

(1'i~\..-\/Cr) after surgery in patients \\;th intractable non-Iesional remporallobe epilepsy

(fIE).

Patients/Methods: \'\/e performed prc- and postopcrative 1H-~IRSI in 16 scizurc

frec (SF) patients and 16 not seïzure-free (.\'SF) TLE parients. \Vc calculated a mi.xed design

:\NüVA between SF and .'SFgroups, ipsi- and contralatcral ta the side of operanon and prc

and postoperarive N:\.:\jCr measurements. \'\"e applied non-tincar regression berween prc

and postoperative N:\.\jCr differences and the rime inrerval bet\veen 1H-~IRSI scans to fit a

ncgative exponenrial model to N.\..\ recovery.

Resu/ts: :\li.'œd design .\NOV.\ rc,-ea1cd that (i) postoperative N.-L\jCr was

significandy higher in SF chan in .\·SF patients CP =0.02) and chat (ii) the SF group had

significandy higher postoperative NA...\jCr ,-aiues compared to their preoperative '-alues CP <

O.OS) which were \\;thin the normal range in most patients. .\ccording to our nonlinear

regression-modeL in SFpatients, chere was a 50°0 increase relative to preoperative ~~·\.\jCr

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

Conclusion: Our results e.xrend preliminary observations of posroperative N.-\.;\

recovery of SF patients by characrerizing the cime course of recovery as an e.'-ponential
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function with a half rime of approximately 6 months. The reversal of neuronal metabolic

dysfunction remote from the epileptic focus may underlie the clinical obsen~ation of

improvement of cognitive function after successful epilepsy surgery.
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INTRODUCTION

Brain proton magnetic resonance spectroscopie imaging (1 H-~IRSI) allows in \'1\·0

quantification ofN-acetyl-aspartate (NA.:\), which is the major contributor for the ~-acetyl

group ~[R signal seen at 2.02 ppm. In mature brain~ N4-\.\ is found exclusively in neurons and

neuronal processes, thus, a decrease in the N:\.:\ signal reflects neuronalloss or dysfunction IlS.

Neuronal damage in the temporal lobes as measured by 1H-~lRSI is present \-irtually in all

patients with inttacrable temporal lobe epilepsy (IlE). N.:L\ signalloss is often seen

bilaterally, with maximal reduction on the side of seizure origin defined by prolongcd \-ideo

EEG monitoringIISJSï:176-liX. \Y/e and others ha\·e shown that neuronal damage and

dysfunction of the temporal lobes in patients \\ith inttacrable TLE can improve after

successful surgical removal of the epileptogenic area trI 12.'iI-lH. The improvement is secn both

in the remaining ipsilateral temporal tissue I<l1. bchind the rcsection, and contra.lateral to the side

of surgetyl'I.1.-n. Neuronal recovery has been reported to occur as carly as two months after

operation conttalaterallyl'i'i and five months ipsilaterallyuJ!. Howcver. the dynamic changes of

postsurgical recovery are not entirely c1ear. Better characterization of postopcrative N:\.-\

increase in these patients can shed light on the factors important for reco\·ery. such as presence

or absence of seizures or adequate surgical removal of the epileptic area. ~[oreo\·er.

knowledge of the temporal profile of reco\·ery might prove useful in guiding clinical

management of surgically treated patients. Therefore~ we evaluated the rime course of

neuronal recovery in the temporal lobe ipsi- and contralateral to the side of resection by means

of 1H-~lRSI in a series of patients with inttactable liE who underwent surgical treannent.

PATIENTS AND METHODS

Patients
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We perfooned pre- and postoperative IH-~lRSI in 32 patients \Vith intracrable lLE

(19 women.. mean age = 36.4 years.. range = 16 - 62 years) who had no foreign tissue lesions

on 1\00. Ail patients underwent a comprehensiye evaluation for localization of the

epileptogenic area. 1H-~lRSI was performed within [\VO weeks hefore operation. Thirteen

patients had right and 19 had left-sided operations. Fourteen patients had been part of a

previously published study161. Five of the remaining 18 patients were selected based on the

fact that they were returning for routine postopcrative follow-up. Thirtccn patients \Vere

se1ected based on the fact that mer had preoperative 1H-~fRSI in\-cstigation.. were able and

\Villing to return for a postoperarive follow-up exam and the requirement chat thc final groups

ha\-e equal numbers of seizure-free (SF) and oot seÎ2urc-frce (NSF) patients. \Ve uscd Engel's

outcome classification with respect ta seizure control2CI'• Class 1 (excludes carly postopcrati\-c

seizures in the first [\1..0 \vccks): a) complctcly scizure frce smce surgery. b) auras only sincc

surgery, c) less than three complex partial scizurcs aftcr surgcry, but free of complex partial

seizures for at Icast [\"·0 years, ci) genera1izcd convulsion with antiepilcptic drug withdrawal

only. Class II: a) initially Erce of complex partial seizures and has less than three seizurcs per

ycar, b) less than three seizures per year, c) more chan thrce seizures per year after surgery, but

no\\" less than three seizures for at least two years, cl) nocrumal smures only. Class III: a)

seizure reduction of more than 90% .. b) prolonged seizurc-free intervals amounting ta greater

than half the follow-up perioo.. but not less than (\Va years. Class IV: a) seÏ2ure reducrion of

less than 90~/O, b) no appreciable change, c) seizures worse.

1H-MRSIacquisition anddata analysis

IH-~IRSI studies were perfonned on a Philips 1.5 T _\CS III combined imaging and

speettoscopy system (philips ~Iedical Systems, Best, The Netherlands). After scout images in
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a.xÏa1 and sagittal planes were acquirecL a multislice transverse spin-echo ~fRI (IR 2000 ms, TE

30 ms) parallel to the a..as of the hippocampus was obtained 111e volume of interest (VOl) of

the temporal lobe IH-~IRSI included pan 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

VOl for temporal lobe protocol spectroscopy was approximately 85-100mm in the lcft-right

a.xÏs, 75-95mm in the antero-posterior a.xÏs, and 20mm in thickness. .\ water suppressed 1H-

~IRSI was acquired from the VOl (fR 2000 ms, TE 272 ms, 250x250 mm field of\;ew, 32x32

phase-encoding steps), followed by a IH-:\lRSI \\;thout water suppression (IR 850 ms, TE

272 ms, 250x250 mm FOV, 16x16 phase-encoding steps). Post-processing included zcro-

filling the water unsuppressed 1H-~lRSI to obtain 32x32 profiles, followed by application of a

mild Gaussian k-space filter and an in\"erse two-dimensional Fourier transformation to both

water suppressed and unsuppressed 1H-~lRSI. The resulting rime domain signal was

cortected for artifacts resulting from magnetic field inhomogeneity, and left shifted and

suhrracted from itself to improve water suppression16I). This procedure \Vas also applicd to 61

control subjects. 1'0 enhance the resolution of the spectral pcaks, a LorentzÏan-to-Gaussian

transformation was applied prior ta Fourier transformation in the spectral domain. The

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

For data analysis, locally de,..eloped software was used for baseline and peak fitring of

the spectra. :\nalysis of the 1ast 18 patients employed a more sophisticated baseline correction

and peak fitting routine to detennine Metabolite resonance intensities of NA\...\, creatine +

phosphocreatine (Cr), choline-containing compounds (Cho), and the ratio ofN:\..-\ o\·er Cr

(N~\...\/Cr). Spectra were excluded from the analyses if they \Vere arrifactually broadened (i.e.

full width at half maximum> 10 Hz). The position of the postoperarive VOl was rnatched to

the preoperarive one within individual patients. The region ofanalyzed voxels was outside the

,-,
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tissue resecte~ usually starting behind the middle of he brainstem on an axial image, thus

allowing comparison of pre- and postoperative data on both the operated and non-operated

sicle (Figure lA).

It is assumed that, in epilepsy. cerebral Cr is stable or undergoes minor changes that do

not influence the N.:\....-\/Cr ratio significandy15K;I()(r,lïï. ~foreo'"er, in our pre,;ous srudyJ('l. we

had performed a normalization procedure based on brainstem values of Cr as \Vell, which

should be unaffected in nE. \Ve showed a significant postoperarive increase in brainsrem

corrected NA:\ resonance intensities in seizure-free patients, but no significant changes in the

brainstem-corrected Cr signal intensities.

Statistica/ analysis

Differences in baseline and peak fitting mcmods bet\vecn the initial 14 patients and 21

controIs and the 18 subsequendy analyzed patients and .w controIs necessitated the use of

NA.:\/Cr Z-scores (N:\:\/Crz), which allowed us to compare N:~\/Cr ,·alues across groups.

For each analyzed region, sundardized ,"aIues were calculated for each patient by: (i)

subtraeting their ~.\...-\/Crvalue from the mean ~.\...-\/Cr value obtained from the same

region in normal control subjects, and (u) di,;ding the result by the normal control subjects'

~.\...\/Cr standard deviation (50) for that region. ~L-\.:\/Crz below -2S0 (i.e. belo\v 950
0 of

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

We used unpairecl t-tests to compare follow-up periods between the seizure-free and

the not seïzure-free patients. \Ve performed a three factor, mL'tecl design analysis of \"ariance

(ANOVA) between the seizure state (i.e. SF \·s. NSF =between subject factor), the sicle \\;th

respect to operation (i.e. ipsi- vs. contralateral =between subjeet factor), and the rime with
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respect to operation (i.e. pre- vs. postoperative = \vithin subject factor) .

Recovery model. For each side, the postoperative NAA/Crz was subtracted from the

preoperarive one, nonnalized to the preoperative value and denoted as Z-score-difference

(ZPre-ZPost/ZPre = ZSD). 1bis corrects for the different ZPre ,,.aIues in each patient and

represents a percenrage change relative to the ZPre. Furthermore, we applied non-tinear

regression between the ZSD and rime inten'al ta follow-up 1H-~lRSI scans to fit a negarivc

exponenrial mode! of me rime course ofNA...\ recovery as follows: ZSD = l-e (-k " inten·al).

lbis was done separately for the data of the SF group (contra- and ipsilateral) and the NSF

group (contra- and ipsilatera1), k being the calculated rime-constant for each data set. This

model assumes mat, as the intcrval approaches infinie;.' (and thereforc ZSD approaches 1, i.e.

100°0 recovery), ZPost approaches zero, which by definition is the a\-erage ~:\..-\/Crz for

nonnal connols (suggesring a retum to normal N.-\..-\/Cr \·aIues). The amount of rime for

ZPost ro reach a certain percenrage of normaI~'can be calcuIated by the fonnula: t = ln

{100/(lOO-x) }/~ where x is the desired percentage. RationaIes for our mode! and furthcr

details are pro\;ded in the :\ppendi.x. ClinicaI data, N:\.:\/Crz and Z-score-differences of 16

NSF and 16 SF patients are pro\;ded in the Table.

[n arder to test whether the ipsi- and contralateral modcls for the SF patients \Vere

significandy differenr, we performed chi-square tests for goodness-of-fit for each of the

models on bath the contralateral data and the ipsilateral data. For each set of data

(conttalateral and ipsilarera1), wc then used the ratio of the chi-square staristic from the t\'"0

models to perform an F tcsrB5•

We used the statisrical software packages of D.\T:\SL\l for ~Iacintosh, version 1.1

(Bradley DR, Depamneot of Psychology, Bates College, Le",,-iston, ~Œ, 1998) for calculating

lï./.



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

the non-linear regression.

RESULTS

There was no staristical significant difference bet\\·een the mean rime inter\"al to the

follow-up IH-rvmsI 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 postoperarive follow-up period \Vas 31.5

months (range 10 - 59) and 29.9 monms (range 12 - 46), respectivcly (p = 0.70).

A
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\ ""A 1"""

l R

"""

l

(lilIt,I'
'''t..:r CIIO.\ , (t

'J~ .• ~ .-_•• -""" l... ".' ~- .. _--__

Pre-operalin Control

•

Figure 1: A: Postoperative lH-MRSI volume ofinterest (white box) and regions of
analyzed voxels ipsilateral and contralateral to the side ofreseetion. The NANCr
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: Spectrurn ofa
patient with left sided TLE preoperatively (i) and postoperatively after 40 months fii)
(patient 15 SF). For comparison, a spectrurn of the left temporal lobe of a nonnal
control is depicted (iii) .
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Mixed design ANüVA. NAA/Crz were lower on the ipsilateral side than contralateral

CF (1,60) = 10.21; P < 0.01). Because of a significant interaction between the factors, seizure

state and rime with respect to operation, a simple main effects test was calculated. This

analysis revea1ed no significant difference for preoperative NA.A/Crz between SF and NSF

patients (F (1,120) =0.15, P =0.69). However, postoperative NAA/Crz were significandy

higher in SF patients than in the NSF group CF (1,120) =6.55, P =0.02). Furthermore, in the

SF group, postoperative N:\.-\/Crz were significantly higher than preoperative values CF (1,60)

=5.03, P < 0.05) and returned to the normal range in most patients (mean postopcrative

NAA/Crz-contra: -1..,1.7; mean postoperative N:\.\/Crz-ipsi -1.95) (Figures lB and 2). In

eonrrast, in the NSF group, N.\A/Crz did nat change significantly between pre- and

postoperative measurements (p =0.35) (Figure 3). In the SF group, there were four patients

who did not show irnprovcment after surgery. lbree of them started with ipsilateral

NA.A/Crz less than -25D below the normal control group mean and showed a furthcr

decrease postoperarively (patients Il, 12 and 14 SF, sec Table). One patient howcver, had ipsi

and contralateral normal NAA/Crz preoperative1y and showcd bilateral abnormal N:\..\/Crz

values after surgery (patient 10 SF). Although they were considcred seizure-free at the clinical

follow-up inten;ewat 10 and 26 months, patient Il (rwa complex partial seizures after four

and eight months) and parient 12 (one generalized tonie clonie seizure because of medication

withdrawal after Il months) retrospecrively did not have class L\ outcome. Furthennorc,

patient 14 had severa! nonnaI postoperative EEG's during suspeeted recurrent seizures. His

postoperative anacks were considered psychogenic in the context of his preexisting

sehizophrenifoml disorder and bis neuroleptie medication was maintained. The onc patient

\\;th bilateral decrease of NA.A/Cr postoperatively (patient 10) had outcome class L\ after

more than 3 years of follo\\?-up on reduced Medication.
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• Figure 2: Box-and-whiskers plots of pre- and postoperative NAA/Crz 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 NANCrz 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 L6 seizure-free patients.
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Figure 4: Fitted negative exponential function with r-value of0.47.

Recovery model. Fitting our modcl to the data~ nonlinear regression in SF patients

~iclded k =0.08 for the ipsilateral and k =0.15 for the contralateral side \Vith raw r2-values of

0.6 and 0.42~ respectively. Since the F-test on the chi-square staristics of the contralateral and

ipsilateral models failed to reveal a signifiant difference between the wo models~ \'le

combined the data and repeated the nonlinear regression~ which ~ielded k =0.12 and r2-\-alue

=0.4-7. :\ccording to our mod~ following surgery, there \Vas a 50°'0 increase relative to the

preoperative N.\..\/Crz after 5.8 months, while an improvement of95°'o was reached after.25

mooths (Figure 4).

Our model is designed ta crack NA:\. recovery from pathologically low values and

therefore may oot be applicable to patients for \Vhom ZPre is abo\-e O. The tÏve instances in

which a patients' ZPre was greater than zero for one or both hemispheres (patients 8, 9

(coOtra), 10 (conrra & ipsi) and 16 SF (contra)) ,,-ere all outliers with respect to our model.
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• Patients Il, 12, 13, and 14 SF also appeared to deviate somewhat &om our model.

Examination of the ZPre and ZPost values for these patients re\rea!ed that their N_\.:\ did not

recover, but in faet decreased following surgery (ipsilateral in patients li, 12 and 14 and

contralateral in parient 13, see table). Excluding the data points which did not fulfill the

criteria of our mode! Oeaving 23 data points for analysis), we tound an excellent fit for our

mode! with a r2-value of 0.86, yielding the same half rime as for the overall dara (k =0.12;

Figure 5).
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Figure 5: Combined data of the ipsi- and contralateral Z-score-differences (ZSD) over
lime (months) aller removing ZSD's with ZPre greater than zero or not improved Zpost

(r-value of0.86).

In contrast, when the model was applied ta the NSF group, the raw r2-\·alue for the

ipsilatera1 sicle was 0.01 (p = 0.15). Non-linear regression on the contralateral data as weIl as

the cambined cantralateral and ipsilateral data did not converge.

•
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DISCUSSION

The present study demonsttates postoperative N.:\.:\/Cr increase and evenrual

oonnalization in successful surgically treated patients that was oot seen in patients who were

oot seizure-free. Our dara confinn postoperarive N:\.A recovery in a larger sample of operated

"ILE-patients than prcviously reportedl(,l;1.~l-!:H. ~[ost importandy, however, we pronde for

the fust rime estimates of the postoperative rime course ofN.\.\ reco\'cry in SFpatients.

:\ccording to our ncgativ'e e::-"l'0nential modeL we determined a half rime for N:L\

normaIization of approximately 6 months after surgery. In addition, we found tha4 according

to our modeL dynamic postoperative NA..:\ changes are not significandy different between the

ipsilateral and contralateral side to operation. The finding of carly N:\.A recovery in SF

patients may sen"c as an early index of successful surgical trcannen4 which often can be fully

asccrtained only aftcr t\vo years of follow-up2('7. Pocentially, chis nùght pro"c uscful for

guiding drug \\-ithdrawal postoperatÏ\'ely.

In the Sf group. there \Vere four patients who did not show an increase in their

postoperative NA_-\ ipsilateral ta the operation~ although there was sornc increase on the

contralateral side. This may be relaced co smure recurrence in two (patients Il and 12 Sf~ and

concomitant psychiatric disease.336 in another (patient 14 SF). In the remaining patient (patient

10 Sf) the cause of NA..-\. decrease in both temporal lobes after surgery is unc1ear.

The ehoice of our mathematical model for postoperarive recovery was based on the

faet that NAA normalization should oCCUI asymptotically, starting from variably 10\V N..\.-\

values at t = 0 (see :\.ppendi.x). The negative exponenrial function provided a reasonable fit ta

the SF data. .A linear mode! would have assumed a eonrinuous increase co infinity-, which is

inappropriate.
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The aim ofour study was Qot to predict seizure-free outcome by means of 1H-~[RSI in

an individual patient. Therefore, applicability of our data for predicting successful

postoperative drug withdrawal in individual patients must be \;ewed cautiously, and future

studies should address this issue. However, restricting the data to the criteria of our mode~we

were able to provide a more accurate esrimate of NA.A recovery in the SF group for the

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

The cause ofN.\.\/Cr recovery is not entirely clear. The possible factors include: (i)

N AA inerease within indÏ\;dual neurons, e.g. secondary to reversal of neuronal metabolic

damage; (ii) increase in relative neuronal \·olurne within me VOl due to a) increasc in cell sizc,

dendritic arborization or both; b) increase in cell numbers through replacement of lcthally

damaged neurons by neurogenesis or c) resolurion of cerebr.ù cdcma induced by epilcpric

acti\;cy; and (in) changes in the relaxation cime of N:\:\.

It is unlikely mat changes in rela.urion rime would occur in SF but not in .\"sF parients

and that these changes would affect NA.A differently from Cr. It is also unlikely mat changes

in the water content occur after surgery, since no alterarions ofT2-signals are obse[\-ed.

We believe that the fust and, in part, the second factors above are the most likelY

explanations for me increase in NAA. N:\A recovery as a reswt of reversible metabolic

impainnent, l:e. after removal of metabolic stress, has been demonstrated in vilro 155;15(1 and in

vivo after treatment of amyotrophic lateraI sclerosis with anti-glutamatergic drugs 151 or after the

acute phase in demyelinating lesions151 . It is also conceivable mat neuronal plasticity during

the postoperative period could generate an increase in relative N:\A secoQ~' to

synaptogenesis and dendritic sprouting. Finally, recent studies have demonstrated that

neurogenesis cao be seen Qot ooly in the adult brain of rodents337;33H and primates339 but aIso in
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the adult human hippocampus340• Therefore, in seizure free patients after surgery, reco'+ery of

neuronal integrity could involve both neuronal plasticity a/Jd neurogenesis, bath of which could

contribute to the increase in the NA.A signal.

The mechanisms by which epilepsy could cause metabolic stress, or changes in

neuronal volume are unclear. Clinical seizure frequeng+ correlates \\'-ith decrcases in

N.-\..:\.1S8~9. It is also possible that ongoing abnonnal neuronal firing (Serles ~t dL, unpublished

data) or other mechanisms such as the expression of immediate-carly genes and subsequent

neuromodulators2:!4 could be responsiblc for decreases in N .\.:\.

It has been sho\\J"tl in animaIs mat acute neuronal injuries can cause transient ~.-\:\

reducrion tIans-synapricallyIHI. Similarly, acute plaques in multiple sclerosis patients can inducc

transient N A:\ decreases in contralateral homotopie regions·l4I . The phenomenon of

reversible decreases ofN.-\.-\ remote from lesion may retlect important changes in the brain

secondary to, but not co-Iocalized to the epileptic arca. Thesc reversible changes in S ..\.-\ may

be indicaring re,·ersible neuronal dysfunction underlying impro\Oement in cerebral function as

measured by neuropsychological testini""\4;2.1621H. For instance, Jokeit and Ebner rccendy

showed an improvement of psychometric intelligence based on full scale intelligence quotients

si.x months postsurgically only in temporal lobe epilepsy patients who became seÏ2ure-free2J4.

In conclusion, our results confum postoperative N.-\.:\/Cr recovery in 5F patients.

N~-\...\/Cr recovery can be modeled as an exponential function with a half rime of

approximately 6 monms. N.-\...\/Cr recov'ery is seen in areas close and remote from the

resected epileptic area, which may refleet improvement of cerebral funcrion in addition to

seizure control.
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• APPENDIX A: RECOVERY MODEL

RATIONALE FOR MODEl

Recall that we measured NAAlCr recovery in terms of l-score ditTerence (ZSD).

where ZPre and lpost represent NAA/Crz pre- and post-surgically. respectively:

lSD = lPre - ZPOSf
ZPrc

(1)

•

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

1. al 1=O. Zpost =ZPrc:. No time has elapsed :. no lime for recovery to occur.

lPre - lPrt:
:. at t = O. ZSD = = o.

ZPre

"') As t~oo. ZPOSl ~ O. NAAJCr should not recover above normalleveis (recall

that NAA/Crz =0 represents the average for nonnaI contraIs. by definition).

lPre - 0
:. as t ~ 00. lSD ~ = 1.

ZPre

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

fonn ZSD =a _e- 1er
• Setting a=1 fulfills our requirements. as outlined below. and sets

our model as lSD = I-e-kt
• Non-linear regression was used to detennine the value of k.

At t=O:
lSD = l_e-kt

ZSD = l_eo

ZSD = 1-1
lSD=O

AS/~:
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ZSD -4 l_l/el
't

ZSD-41-I/e~

ZSD -+ 1-0
ZSD -+ 1

CalculaIion o'lime needed for recovery

T0 mathematically fonnulate an expression to calculate the time necessary to

recover X percent towards normalcy~ we tirst need to rewrite our model to express ZPOSl

in terms of ZPre:

lSD = lPre - lPost = 1_ e -/ct

ZPre

1 ZP051 - 1 -/cr---- -e
ZPn:

ZPost -kt
--=e
ZPre

ZPOSI = lPre • e -Ict

Recall that for our application~ improvement means going from a negative lprc to a

less-negative lpOSh i.e.• towards O. Thus. an X percent improvement implies

Z_ =( 1O~~X) * br.. We set Zpost to represent an X percent improvement relative to

lpre and solve for 1.

(
100 - X). -tt

ZPre = ZPre • t!

100

(
100 - X) = t! -tt

100

IOg(100 - X) =-kt
100
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10 (lOO-X)
g 100

t=-.....;.....--...;....
-k

For example, the time necessary to achieve a 50% recovery towards normalcy is:

k
t=-~--~

'o.f 100 )
~ 100-50

k
t=--

log(2)
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Table Clinical data, NAAlCr-Z-scores (NAAlCrz) and Z-score-differences of 16 not seizure-free (NSF) and 16 seizure-free (SF)
patients

Duralion of Interval Prcopcralive Postoperative Z-scorc-ditTerence
PostOJl. epilepsy to bctwecn DPI NAA/Cr.. NAA/Cr, (ZSD)

Patient Qutcome Side of Type of follow- Isi MRSI poslopcrativc

no. Sex Age (y) class Surgery up (mo) (y) MRSI (mo) contra ipsi contra ipsi contra ipsi
Surgery

1 NSF F 49 liB L ATL 33 49 13 -2.376 -3.283 -1.159 -3.859 0.512 -0.175
2NSF F 40 liB R ATL 40 18 21 -3.063 -5.534 -2.746 -4.487 0.104 0.189
3NSF F 46 liB L SAli 34 30 19 -1.053 -2.864 -0.630 -3.335 0.402 -0.165
4NSF M 48 iliA 1. ATL 46 35 31 -2.746 -3.283 -3.011 -4.016 -0.096 -0.223
5NSF M 25 IliA R SAU 34 22 21 -1.847 -4.592 -2.640 -4.120 -0.430 0.103
6NSF F 47 iliA L SAli 28 25 13 -3.857 -5.848 -4.968 -5.429 -0.288 0.072
7NSF f 30 iliA L SAil 30 27 30 -2.852 -0.927 -3.804 -4.016 -0.334 -3.333
8NSF M 25 IliA R Ail. 21 6 21 1.439 -0.433 -3.261 -10.018 3.266 -22.116
9NSF M 52 Ive L SAil 33 37 27.5 -2.787 -5.112 -0.644 0.682 0.769 1.133
10NSF F 62 lB R ATL 19 53 17 0.892 -4.631 1.005 -4.908 -0.127 -0.060
Il NSF M 39 IVA R ATL 38 33 37 -1.312 -5.808 -0.984 -1.611 0.249 0.723
12NSF M 32 IVA 1. ATI. 20 4 12 -0.157 -2.480 -2.513 1.835 -15.049 1.740
13NSF M 35 iliA R ATL 29 15 28 -1.312 -3.078 -4.056 -4.169 -2.092 -0.354
14 NSF F 18 IVB R ATL 33 8 19 -0.551 -4.261 -4.503 -7.121 -7.179 -0.671
15NSF M 34 IVA L SAil 12 15 6 -8.943 -2.344 -2.660 -1.937 0.703 0.174
16NSF Jo' 40 iliA L ATL 29 37 24 -1.592 0.516 -3.955 -5.142 -1.485 10.969
1SF F 31 lA L SAil 29 17 9 -1.899 -3.387 0.058 -1.974 1.031 0.417
2SF F 32 lA R ATL 55 12 35 -0.894 -4.592 0.111 -0.560 1.124 0.878
3SF F 16 lA L ATI. 43 3 14 -1.159 -2.864 -0.312 -0.560 0.731 0.804
4SF F 27 lA L SAli 43 21 23 -1.741 -3.021 -0.577 -1.188 0.669 0.607
5SF M 31 lA L SAli 59 4 59 -2.376 -3.702 -1.345 -0.994 0.434 0.731
6SF F 22 lA L ATL 24 5 5 -1.265 -3.702 -1.159 -0.979 0.084 0.736
7SF F 33 lA L SAli 30 20 13 -0.788 -3.597 -0.101 0.330 0.872 1.092
8SF 1",' 47 lA R ATL 36 37 30 0.858 -5.290 0.391 -2.011 0.545 0.620
9SF 1",' 19 lA R SAil 16 II 9 0.791 -6.049 -0.711 -0.754 1.898 0.875
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10SF F 19 lA L SAli 39 13 39 2.133 1.576 -4.843 -2.609 3.270 2.656
Il SF M 50 liA L SAil 10 37 3 -6.813 -7.164 -5.791 -S.779 0.150 -0.225
12SF M 48 ID R SAt-i 26 21 19.5 -3.60S -2.338 -0.S24 -3.084 0.772 -0.319
13SF F 35 lA R SAH 19 7 13 -0.617 -3.152 -1.145 1.151 -0.854 1.365
14SF M 56 lA R SAI-I 13 37 8 -4.837 -5.500 -3.728 -8.625 0.229 -0.568
15SF F 33 lA L ATL 40 10 40 -5.671 -9.069 -1.772 -1.740 0.687 O.SOS
16SF M 44 lA L SAt-i 23 42 23 0.498 -4.107 -1.826 1.108 4.668 1.270

NSF::: not seizure-free group, SF;:. seizure-frce group; y ,-'- years. 010 :..;;; months; oulcome c1ass - sec method seclion; OP "'- operation; contra = contralateral, ipsi =

ipsilateral to operation; fi = female, M ::: male; L ::: left. R ::: right; ATL ~ antcrior tcmporallobectomy, SAt-i = selective amygdalo-hippocampcctomy; bold figures
indicate calculatcd ZSD's with Z!'re > lCro or not improved ZI'II~1 (sec text)
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Paper 9: Proton MR spectroscopie Imaglng studies in patients with newly
dfagnosed partial epilepsy.

Li L~I, Dubeau F, _\ndennann F, _\rnold DL
Epilepsia 2000 (in press).

Lippincott \Villiams & \~ïlkins
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SUMMARY

Background: Patients with inttacrable temporal lobe epilepsy (ILE) have low values

of NA.A in their temporallohes. Surgical treattnent of patients \Vith intracrable TI..E is

associated widl normalizarion of NA:\ in patients \vho become seizure-free. but nor in those

who continue to ha'~e seizures. If low N:\:\ depcnds on the occurrence of seizures. one

would expecr NA.A recovery also ta accu! in patients who become seizure-free after :\ED

tteatment.

Objective: \~te assessed whether the N.-\..-\ ra creatine rario (N:\.\/Cr) is abnormally

10\\/ at the onser of epiIepsy and if successful tteattnent of seizurcs \\;th anti-epilepric drugs

(.-\ED) is sufficient for normalizarion of~:\:\/Cr.

Patients/Methods: L'sing proton magnctic resonance spectroscopic imaging (l H

~lRSl) we measured N.\_:\/Cr in the temporal lobes ofeighr patients 'W-ith newly di.'lgnoscd

epilepsy before or saon after starting medicarion. SLX of the parients had follow-up 1H-~IRS[

examinations se\~en months later. The clinical pattern of the seizures and the EEG findings

suggested partial seizures in aIL and TIE in live of them. ~one of the parients had lesional

epilcpsy according ta ~[R imaging.

Resu/ts: lnitiallH-~(RSI of the temporal lobes showed significancly low N:\..\/Cr

'°alues in tive out of the eight parients. Fi'ge of the SLX parients who had follow-up IH-~[RSI

\Vere seizure-free after institution of medicarion~ the remaining one decided Qat to cake

medication and continued to experience occasional auras. \Vilcoxon rank sign comparison of

the NAA/Cr on the initiallH-~IRSI examination and the follow-up 1H-~IRSIs sho\ved no

significant difference (Z = 135, P =0.893, 2-tailed) for the five seizure-free parients.
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Conclusion: Neuronal dysfunction is present at an early stage of the epileptic process.

The N.AAjCr recovery in seÏzure-free patients conttolled with :\EDs is less evident compared

to successful surgical tteattnent. Thus, the mechanism for No.\.\jCr nonnalization after

surgical tteatment ofTLE appears to be related to removal or disconnection of the epilcpric

area.
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INTRODUCTION

In brain IH-~ms, the most intense signal is \"'ÏSible at 2.02 ppm and corresponds to N-

acetyl groups, mainly N-aceryl aspartate (NA.:\.) 1HI;119. N:\..:\ is synthesized in brain

mitochondria from acetyl-CoA and aspartate by the enzyme L-aspartate N-acetyltransferaseDl-

I:!J and is confined to neurons and neuronal processes of the mature brain124;125. The N:\..:\

signal in the mature brain deriyes only from the neuronal poo~ areas of decreased N:\..\ signal

intensity are interpreted as (i) neuronalloss and!or rii) dysfunction. The assumption of

neuronalloss is supported by both experimental 1\7.. 144 and clinical observationsI4S-1511. The

assumption of neuronal dysfunction is supported by in titI() 151-154 and in vitro 144;155;156 srudies

which showed the ability of the N:\.:\ signal to recover. De Stefano ct al. 151 reported on a

series of patients with acute brain injury, multiple sclerosis or rnitochondrial cnccphalopathy,

who had significant N:\..\/Cr decrease and lactate increasc during the acutc phase of disease

with NA.:\!Cr normalization paralleling their clirùcal reco\-ery. Balm et al.,15.' performed tH·

~lRSI in 16 patients with syrnptomaric carotid anery stenosis before and after endarterectomy.

They found mat merabolic changes seen pre-operarive1y (,l.N:\'\, tlacrate) normalized four

davs after endarterectomv. ~'1atthews et al. 155 sho\ved that neurons under stress conditions in. .

['Î/ro express less NA.:\. and this reverses with optimization of the culture media, reflecting the

survival of a population of viable neurons. Bates et al. IS6 showed that inhibition of

mitochondrial oxygen consumption and .\TP synthesis also inhibited N:\A production,

suggesting mat impaired neuronal mitochondria function, ifnot re\-ersed may result in

irreversible neuronal death.

Sînce NA.A can be quanrified in vivo by proton ~IR spectroscop~·,it has been a useful

marker of neuronal inregrity in the assessment of neurological disorders. The N.\.A signal is
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often reduced in the brains of patients with intractable partial epilepsy.24ï :\.lmough the NA..:\

decrease can be widespread and usually involves the contralareral side as welL the maximal

reduction coincides wim the side of seizure origin as defined by EEG. 115;11Ci;15ï-151J;lï6 ~:\.-\

recovery was shown in patients with intracrable temporal lobe epilepsy ([LE) who had

undergone a surgical resection and became seizure_free. 1G1;2.11-2.1) \Ve have sho\\-'ll that the rime

course of NA:\. recovery in these patients can be modeled as a simple exponentL'll function~

\Vith a post-operative recovery half-rime of approximately six months.)42 In contrast~ in

patients whose epilepsy persisted despite surgery, N.-\.-\ levels did not change significandy.

'{be mechanism that leads to NA:\. improvement post-operari,·ely is poody understood. Since

N.-\.-\ recovery is only seen in thase patients who become seizure free, it is unlikely that post

operative tissue changes and alterations in water content and meraboüte relaxation rime are the

cause. An alternative explanation is that the ~L\...\ levels normalize following cessation of

seizure acm;t)·, but if this were the case, one would also expect to sec N.-\.-\ recovery in the

brains of patients who become seÏzure-free with anti-epilcptic drug (.-\ED) therapy.

The use of me newly inttoduced :\EDs rarely leads to seizure freedom in patients

refractory to conventional .-\EDs. )4;;..l-W On the other hand most patients with newly

diagnosed epilepsy can become seÎZure-free \vith .-\EDs. However, it is not known whether

patients with newly diagnosed epilepsy might ha,·e neuronal dysfunction mat results in

epileptogenic activity or whether neuronal dysfunction is a consequence of a long-standing

epileptic process. [n our pre\;ous cross sectional study of 82 patients with chromc refracto~·

TLE, linear regression plots suggested that neuronal merabolic dysfunction is present at the

rime of clinical diagnosis of epilepsy.:!89

In this study we aimed: ~ to evaluate whether neuronal dysfunction, as measured by
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NAA/Cr reductio~ is present in patients with newly diagnosed partial epilepsy; and u) to

assess if neuronal dysfunction can improve with .\.ED treannent.

PATIENTS AND METHODS

We studied with IH-~lRSI eight patients with newly diagnosed partial epilepsy before

or soon after starting medication (maximum 1 month). They were referred by neurologists of

the ~Iontreal Neurological Hospital who were also consultants on caIl at the Emergency

Service of the adjoining Royal Victoria Hospital. Inclusion criteria were: 1) patients who had

at least two unprovoked stereoryped seizures, 2) absence of a foreign tissue lesion as detected

by ~IRI, 3) patients \\-illing to undergo seriallH-~[RSI. The srudy was approved by the Erhics

Committee of the ~[ontreal Neurological Institute and Hospital. Informed consent was

obtained from all patients. Six patients had a follow-up 1H-~[RSI seven months later.

IH-~[RSI srudies were perforrncd in a Philips 1.5 T .\.CS III combined imaging and

spectroscopy system (philips ~[edical Systems, Best, The Netherlands). Following scout

images in both axial and sagittal planes. a multislice tranS\-erse spin-echo ~IRI (IR 2000 ms.

TE 30 ms) was obtained. The volume of interest (\'01) within the temporal lobe IH-~IRSI

included part of the head, body and tail of the hippocampus and portions ofgray and white

matter from the mid and posterior temporal regions (Figure lA-~lR.I). The size of the \'01 for

temporal lobe spectroscopy protocol was approximately 8S-tOOmm in the left-righr a..xis, ïS

95mm in the antero-posterîor a..'<Ïs, and 20mm in thickness..\. water suppressed 1H-~IRSI was

acquired from the VOl (IR 2000 ms, TE 272 ms, 250x2S0 mm field ofview, 32'<.32 phase

encoding steps), followed by a IH-i\lRSI without warer suppression (IR 850 ms, TE 272 ms,

250x2S0 mm FOV, 16x16 phase-encoding steps). Post-processing included zero-filling rhe

water unsuppressed IH-~IRSI to obtain 32.x32 profiles, followed by application ofa mild
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Gaussian k-space filter and an inverse ID Fourier transformation to both water suppressed

and unsuppressed IH-~lRSI. The resulting rime domain signal was left shifted and subtracted

from itself to improve water suppression.269

Resonance intensities in individual specrra were determined by integration of peak

areas using locally developed software. Voxels on the edge of the VOl which were affected by

chemical shift anifact and voxels that were arrifactuallv broadened were excluded from the

analyses. The resonance intensity of N:\.:\ was normalized to intravoxel Cr. [n epilepsy, Cr is

relative1y stable I5i;(5H;((lil;161;17ï 50 that changes in che N:\..\/Cr ratio retleet changes in ~:\.:\ and

neuronalloss or dysfunction. N,,-\..\/Cr for each temporal regions were expressed as z-scores

«value - noanaJ mcan) / nonnal standard deviation) compared to \9a1ues from 40 healthy

control subjects of similar agc. VaIues 2 SOs be10w the normal mt.'a11 were considercd

abnonnal. Three controls had follow-up scans 2 years after thcir baseline scan. Thc

rcpeatability coefficient l45 of the N:\"-\/Cr measurement between scans was calculated for

these three contrais and found to be 0.22 (SOiO) for a 99°0 confidence interval. N:\.:\/Cr

differences between follow-up and baseline measuremenrs that fcll outside the range of the

repeatability coefficient were considered significant.

Diagnostic i\1RI scans were acquired using the same scanner in a separate cxamination.

\Ve acquired sagittal and coronal Tt-weighted (TR 550 ms, TE 19 ms) images, follo\ved by

dual-spin echo (fR 2100 ms, TE 20ms - 78 ms) transverse proton density and T2-wcighted

images. A Tt-weighted gradient-echo volume acquisition of the whole brain (fR 18 ms, TE

1Oms, 30u angle, 1 nun thick contiguous slice) was used for multiplanar reconstruction.

RESULTS

Patients' data are displa~ged in Table. The Mean age of patients at the rime of diagnosis
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of their epilepsy and IH-l\lRSI examination was 30 years (range 21 - 56 years). None of the

eight patients had any identifiable risk factors, such as febrile convulsion, head trauma, or

pre\;ous central nen"ous infection. Diagnostic ~1RI was nonnaI in all eight patients.

The second seizure occurred within one year after the first seizure in all eight patients,

rhree patients (fable: 1, 3, and 7) had the two seizures within a clay. :\.11 eight patients

described an aura. Three patients (fable: patients 1, 4 and 7) had occasional « than 5) isolated

auras for a period of one year before the clinical diagnosis of epilepsy was established and the

remaining tive patients had ooly two seizures before their baseline scan. Theyall had

rccollection of their smures.

Routine and sleep EEGs wcre performed on all patients and showed epilepric acti\;~·

over the temporal lobe in t\vo parients (fable: parients 1 and 3). Five patients had clinical

manifestations with weil described temporo-limbic-type auras (fable: parients 1, 3, 4, 7 and 8)

and in two of them their EEGs showcd temporal lobe spikes (sec Figure 1B), suggesting

temporal lobe epilepsy. \Vc could not establish precisely the anatomicallocarion of the

seizures in the remaining three patients (fable: 2, 5, and 6).
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patient/sex/age Aura

l/m/26 epigastric disconfort

2/t133 unwell feeling

3/rn/56 fear, déjà vu

4/f/20 tear, déjà vu

5/f/31 hard to describe, dizzness

6/m121 dizziness

7/m/34 experiential phenomena
8/f/24 experiential phenomena

Seizure description

SGTC

SGTC

CPS

SGTC
SGTC

SGTC

CPS, SGTC

CPS

EEG Medication Clinical status

R-Temporal CBZ seizure-free

normal CBZ seizure-free

Bi-Temporal cez seizure-free

normal not-treated monthly auras

normal VPA seizure-free

normal caz seizure-free

normal PHT

normal caz

NAAJCr z-score of temporal lobe MRSI

~::a:~~~lhe:t 1----r19tir-'!~!lJi~!:.lëft----1_---ng~flJ!Q~:!!~ëft----
7.34 -8.91 -4.70 -6.27 -4.43
7.80 -2.56 -2.59 1.04 -1.27
8.00 -1.91 -4.44 -4.66 -5.05
9.28 -0.86 -0.28 -2.29 -1.13
7.28 -0.74 0.44 -1.81 -0.80
9.67 -4.92 -4.87 -5.70 -4.63

-0.40 -1.87
-3.27 -0.94

CPS = complcx partial seizurcs, SUIe ~ secondarily generalized lonic-c1onic scil'urc. R - righl, L~ left, Bi ~ bilaleral. l'BZ" carbamazepine, VPA - valproale
acid, PlIT= phenytoin. The mcan nonnal control NAA/Cr ralios (Sil) ttU Ihe right Tl. is 4.28 (0.15) and for the Icll TL is 4.24 (0.16)
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Figure 1: a 26 year-old patient with newly diagnosed temporal lobe ~pilepsy. A) The
tollow-up temporal lobe 'H-MRSI 7 months after complete seizure control by
carbamazepine still shows low NAAJCr values in both temporal regions. B) Intenctal
EEG showing right temporal lobe epileptic activity.

Statistical analyses were camed out ra assess (i) me difference ofN;\'''\/Cr be[\veen

baseline and follow-up scans and (ii) me N;\'-\/Cr changes in an indi,~dual patient. Temporal

lobe IH-~lRSI sho\ved significandy low N:\.-\/Cr ,'alues in fi"e out of eight patients (see

Table). The Mean (0=8) NA..-\/Cr value (z-score) \Vas 3.85 (-2.94) for the right and 3.83 (-

2AO) for the left temporal region. SL'C patients had follow-up cemporallobe IH-;\IRSI. Five

out of the six patients were seizure-free since beginning their Medical treattnent and me

remaining one chose not to cake Medication and continued to experience occasional auras.

\Vilcoxon tank sign comparison beeween the baseline and the foilow-up temporal lobe tH_

;\lRSIs for the five seizure-free patients with alpha corrected for multiple comparison (0.025)

showed no difference in N.A.A/Cr ratios 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-MRSls 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 \0 months). The mean NANCr z-score for the tirst
'H-MRSI (n=8) was -2.94 (right) and -2AO (left). The follow-up mean NAA'Cr z
score (n=6) was -3.28 (right) and -2.89 (lefi). Wilcoxon rank sign comparison
between the first and the follow-up temporal lobe IH-MRSls f(lr the five seizure-free
patients (1.2. 3. 5. and 6) showed no ditTerence in NANCr ratios for either side (right
temporal lobe Z = 135. P =0.893. 2-tailed: lefi temporal lobe Z = 135. P = 0.893. 2
tailed). The baseline and follow-up NANCr =-score mean values of the five seizure
free patients are linked with a line. Horizontal dashed line across represents the limits
of -2 50. B) DitTerence between follow-up and baseline IH-MRSls NAAJCr ratios
are ploned in the graph with horizontal dashed Iines representing the upper and lower
Iimits (99% confidence interval) of the repeatability coefficient ofNAA/Cr
measurement between scans in nonnal contrais. The patients 1and 2 had signiticant
improvement ofNAAJCr in the right temporal lobe. while patient 3 had significant
decrease ofNANCr in his right temporal lobe. The remaining three patients showed
no significant change.

In an indi\;dual analysis, [\vo seizure-free patients crable: patients 1 and 1) with

bilatera1ly low N:\..\/Cr on the initial tH-~IRSI had a follow-up N..-\..-\/Cr increase above the

range of the repeatability coefficien4 and patient 1 reached a N..-\..-\/Cr widùn the normal range

~ -2 SD). Nevertheless, one other seïzure-free patient crable: parient 3) with bilaterally low

NA.A/Cr on the initial tH-~lRSI showed a decrease in N..-\..-\/Cr in the temporal lobe below

the range of the repeatability coefficient in the follow-up scan. The untreated parient crable 1:
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patient 4) had a follow-up scan showing a decrease in N.c\"-\/Cr from the nonnaI range ro <

2SD bdow the DonnaI mean, but the NAA/Cr difference between baseline and follow-up

scans fa1Is within the range of the repearability coefficient.

DISCUSSION

~lR imaging abnormalities have been reported in approximately 24°'0 of patients with

newly diagnosed epilepsy""'13 and 12°/0 of patients who had a single seizure. w, Femandez et

aL, '5 have also demonstrated thar clinica1ly asymptomatic relatives of patients \vith familial

fehrile convulsions have asymmetrical hippocampal volumes as measured hy quantitative :\lRI.

In this series of patients with no srructural abnonnality detecred by ~[RI, we found that

N:\A/Cr was reduced in the temporal lobes early in the course of rneir epilepsy. It is '"cry

unlikely that the few « 5) auras one year before the diagnosis was esrablished were the cause

of the low NAA/Cr seen in these studies. 1bis suggests mat a pre-existing underlying

srructural and/or functional abnonnality likely facilirated the development of epilepsy.

Similarly in animal models, Gennano et al. Wi demonstrated that rats with neuronal migration

brain lesions had a lower afterdischarge threshold and their hippocampi would kindle more

quickly than the control rats.

Nonnalizarion of ~L\A/Crhas been reported in patients who are seizure-free post

operatively.161;131-2J3 The normalization of NA\..-\ cao be seen as early as [wo months after

surgery.!33 Surprisingly, in dûs series the [wo rime point NA\..-\/Cr measurements did not differ

significandy in patients who became sCÎZUIe-free following medical tteatment. In indi,;dual

patient analyses, however, the changes in temporal lobe N.\..-\/Cr were variable: ~,,\..-\/Cr

went up in two patients, clown in one, and did aot change in the remaining two patients,

though they were aIl seizure free. This suggests that the mechanism for N ..\..\/Cr
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normalizarion in the surgical series follows removal and/or disconneetion of che epileptogenic

area~ and that seizures and neuronal metabolic dysfunction coexist but are not necessarily

causally related and may represent independent variables. :\ mechanism by which the lesion

causes local and remote neuronal dysfunction might be similar to the phenomena of

diaschisis~_W4in which acute lesions in an area of che brain leads to transirory functional

impainnent of interconnected areas. Rango et al. HH demonstrated that acure deafferenL'ltion in

the central nen'ous system can cause rransitor;.· N:\.:\/Cr decrease in interconnected areas. ln

the case of epilepsy, however, in order for sustained neuronal dysfuncrion to occur, there must

be ongoing neuronal network disruption~ which apparendy is not intluenced by the first linc

.\EDs prescrihed.

Explanarions for not seeing neuronal impro\'ement in this series would includc 1)

short follow-up, 2) samplc size - group selection, and 3) type of drug. The rime course of

N.-\..-\/Cr normalization in drug treated patients might not folIo\\' a simihr rime frame to that

seen in surgica11y treated indi\;duals. The group of patients represcnted in this study arc

patients referred from emcrgency rooms and tertiary centers who usually ha\'c more severe

epilepsy and do not represent che general epileptic population. Future srudies with a larger

sarnple and a community based selection will pro\-;de more power in che identification of a

sub-group of patients likely ta have N..-\..-\/Cr normalization. Ir has been suggested chat

gabaergic or gluramatergic action drugs can prevent epileptogenesis, while sodium~ or calcium

channel action drugs only alter che threshold of seizure expression.301 There is also evidence

chat sorne of che recendy developed AEDs also have neuro-protective properties,5ï;5H which

might be relevant in hlocking epileprogenesis61J49 or prevenring further neuronal damage.51 If

chis is the case~ we hypothesize mat "anti-seÏzure" and "anti-epileptogenic" drugs have distinct

NA.A/Cr recovery profiles; the former shows no improvement in neuronal dysfunction~ and
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the latter shows improvement and nonnalizarion of the neuronal abnonnality. ~Ioreover, the

presence of a structural brain abnonnality is a major conttibuting factor for relapsing

seizures,53 thus patients with normal ~IR imaging and absence of IH-~IRS demonstrated

neuronal dysfunction would stand a higher chance of successful drug withdrawal. In that case,

tH-~lRS could be used to monitor and provide infonnation about a patient's epileptogenic

process. lbîs, however, does Qot imply that patients with abnormal N ..\.:\/Cr ratios could not

achieve seizure control. ~Iendes-Ribeiro et al. 1~2 reported single voxel temporal lobe IH-~lRS

findings in 10 seizure-free TI.E patients treated with :\EDs. Eight patients had nonnaI

N ..:\.A/Cr values, however, two patients had significant N:\:\./Cr reduction despite a long

period of seizure freedom (3 years) using :\EDs. Interestingly, these two patients had a past

history of poor seizure control. Preliminary rcsults from the National Instirute of Health

CSA2411 in children with newly diagnosed epilepsy showed follow-up FDG-PET normalizarion

one year later in two seizure-free patients, while in those with poor seizure contro~

deterioration or no change was observed on the follow-up FDG-PET examinarion. It is

unknown, however, if glucose metabolism disturbance is a marker of poor scizure control

since it is known that FDG-PET results are influenced by peri-scanning seizures.:!41. l'nlike

l-TIG-PET, NA.A/Cr appears not to be influenced by peri-scanning seizures:!+4 and in addition,

N.A..:\. is a specific marker of neuronal integrity.

In conclusion, neuronal dysfunction is present at an carly stage of the epileptic process,

and its recovery after seizure-control with standard :\EDs is less evident compared to

successful surgical treattnent. Thus, the mechanism for N:\...\/Cr normalizarion after sucgical

treattnent of11..E appears to be related to removal or disconnection of the epileptic area.
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CHAPTERV

Conclusion and summary

Neuronal metaboUe dvsfunetlon in relation ta lesions and spikes

The results of our \H-~IRSI srudy on patients \Vith cortical developrnentai

malformations and epilepsy are similar ro a pre\;ous srudy \. \Ve found thar the degree of

neuronal metabolic dysfunction is differenr depending on the type of cortical developrnental

malformations (CD~[), possibly reflecring the intrinsic nature of the lesion. Focal cortical

dysplasia showed abnonnally low N:\..-\ and in sorne cases a high choline signal at the lesion

sire. In brain tunlors, an increase in the choline signal has been linked ro hypercellulariry 1(.7J50

and malignancy-~51,and in the conrexr of CD~[~ areas of ~N:\..\ and t choline outside the ~lRI

\;sible lesion may represenr microdysgenesis. Careful anatomo-pathological srudy of surgical

FCD specimens and correlation ro co-registration images using anatomical ~lRI, N.\:\ and

choline maps can be used to assess chis issue in the future. In heteroropia, the NA:\ decrease

\Vas variable. .-\lthough the hererotopic neurons behave25x and look like nonnal neurons~7,

they are dysfunctional. 1bis is additional evidence mat N.\.:\ signal is a marker of neuronal eeU

function. A recenr srudr~5:! in 15 patients \\<;th CD~[ confions low NA-A ar the site of the

lesion. In addition rheyl52 found no significant association berween levels of N:\..\/Cr and the

presence of frequent runs of spikes or the seizure burden. In contIaSt to results seen in

CDi\{l;291;3S2, neuronal metabolic dysfunction and synchronized neuronal firing in non-Iesional

cases tend to vary together in intensity (paper 3). 1bis was the first rime we bave e,;dence chat
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interictal spikes are related to neuronal dysfunction. Future srudy using imaging techniques to

quantify neurotransmitters~ such as GABA and glutamate~might yield further clarification

about the relationship between the stnlcturallesion and epileptogenicity.

The results from the second paper~ wruch assessed the anatomical distribution of

neuronal metabolic dysfunction in relation to the epileptogenic area~ showed that these two

variables co-Iocalize very well, and the former often extend heyond the laner. Our results

demonsttated that in addition to commonly seen contralateral homologous N_-\...-\ decrease, the

neuronal metabolic dysfunction also cxtends to non-homologous regions in -40°0 of patients

with partial epilepsy. These findings conttast a previous srudyISf}, which using a single 2D IH

~lRSI of the temporal lobes revealed that non-Iesional E-1LE does not ha\·e decreascd ~.-\...-\

in the hippocampus. Nevertheless~ the same authors reported ewo preliminary srudies using

multislice IH-;\lRSI with contlicting findings, one sho\\'ing that neuronal metabolic

dysfunction exclusively localized to the seizure focus273 and the other showing mat neuronal

metabolic dysfunction extends beyond the seizure focus!ï:!. The reasons for discrepant

findings are not clear, possibilities include different types of patients Oesional vs. non-Iesional),

different brain regions (hippocampus vs. temporal lobe) and lH-~lRSI techniques (2D-PRESS

vs. multislice). Future srudies should explore mese issues and more important is to assess

\vhether presence of~idespread neuronal metabolic dysfunction is associated \vith poor

surgical prognosis.

In sUlJ'1llla[)~, neuronal metabolic dysfunction o\-er1aps the neuronal electtical

paroxysmals detected by EEG and the stnleturallesions displa~·ed by ~IRI. The extent of

neuronal metabolic dysfunctio~ however, tends to he \\-ider man the ~fRI-risihle lesion and

often coincides spatially with the area of synchronized neuronal firing. We conclude that the
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anatomical distribution and degree of the neuronal metabolic dysfuncrion reflects me inttinsic

nature and extent of me original epileptogenic damage and also the se\Terity of the

epileptogenic process.

Cllnical relevance of new types of MR·based techniques

:\lthough magnetization transfer imaging is sensitive to demyclinating lesions l')5, it was

oot useful for lateralizing TI..E, probably reflecting distinct pathophysiological mechanisms of

a.--<onal vs. neuronal damage. Furure studies should be perfonned 100king for altematiyc

imaging techniques in the investigation of ~[R-negativeepileptic patients.

TLE patients display a spectrum of srrucrural and merabolic abnormaliries

demonstrated by :',lR-based techniques. which allO\V a probabilistic prediction ofTLE

lateralization and discrimination between TLE and non-TLE (paper 5). :\n analogy of this

approach towards ~[R dara sets can be made to a weather forecas4 in which case \ve not only

predict the possibility of raiD, but also its probability. The linear discriminant analyses

demonstrated high accuracy for TI.E lateralization using a lùgh posterior probability cutoff.

but the accuracy was not 50 high for discrimination of TLE from extta-TLE, mainly due ta the

presence of temporal lobe neuronal damage in sorne patients \\;th extra-TLE, reflecting a dual

pathology. Furure studies using multi-slice lH-~lRSI which provides a \\;der CO\'erage, and

more powerful data analysis using artificial intelligence, cao o'·ercome the limitations of our

model in the task of discriminating TI..E from omers non-TLEs.

In tenns of surgical prognosis, the results of our paper 6 showed severa! features

associated with good outcome in a seleeted group of11..E patients. This connasts \vith a

previous study353, which failed to demonstrate a prognosric value for IH-~lRSI. In their series,
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only unilateral hippocampal atrophy was a significant factor associated with outcome. .\

recent report354 showed similar results to our paper 6, chey found that the severi~' of

contralateral neuronal metabolic ahnormality was associated to surgical outcome. The

discrepancy observed among these reports, including ours, on surgical prognostic vaIue of IH_

~lRSI may he due to sample size, different types of TLE patients, i.e., NA.:\. decreases in

unilateral and bilateral hippocampal atrophy and nonnal hippocampal volume might have

different hiological meaning and impact on surgical results. It is possible that the se\-eri~' of

the NAA decrease in unilateral hippocampal atrophy has ,-ery little importance on outcome,

while it is relevant in bilateral hippocampal atrophy patients as we have demonstrated. Since

~IRVol bas surgical prognostic vaIue on TLE parients21ll21n-21IS;35\ future studies using

multivariate analysis on the various ~IR markers can pro,,;de us with clues about the ":ùue of

these measurements. Furthennore, application of artificial intelligence on differenr data sets

~IR-markers, EEG, neuropsychology, and clinical data) can add prognostic informarion ta

surgical outcome. In summary, ~lRVol and IH-~IRS[ are reliable markers oflateralizarion of

TI..E and also have surgical prognostic value, thus we conclude chat these techniques should be

used to stream1ine the presurgical evaluation. Patients with a high certainty of ~IR

lateralization and localization plus concordant routine interictal EEG and clinical

manifestations do not require prolonged video-EEG monitoring.

Neuronal damage and recovery in the epileptogenic process

In non-Foreign tissue lesional TI..E syndrome, the epileptogenic process is dynamic and

manifests itself as seizures, cognitive impainnent, and neuronalloss and dysfunction..\ cross

seetional study of full scale intelligence quotient (FSIQ) in a large nE epileptic population

demonstrated that there is a progressive decline of FSIQ over time234. Similarly, results of our
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paper 7 showed progressive neuronal damage in a seleeted group of patients with non-foreign

tissue lesional refraetory 11..E. Seizure burden did not eorrelate with degree of neuronal

damage (paper 2 and 7). There was, however, a significant association between the presence

ofgeneralized tonie clome seizures and neuronal damage, but no definite conclusions can be

made about the causal relationship of these two variables beeause of the type of the srudy. .-\

recent ~[RVol study~ in a smaller group of patients with non-foreign tissue lesiooal liE

showed similar finding to our study, that the hippoeampal volume declines o'·er rime and is

oot related to seizure burden, but history of febrile coo,,-wsioo is associated with a smaller

hippocampal volume. We eoncluded chat there is progressive neuronal damage in non-foreign

tissue Iesional TLE patients that is not due to scizures. The slopes of NA_-\/Cr and

hippocampal v'olume o'"er rime showed that the period of rime needed to detect a drop of one

standard deviation in mese markers is 33 and rune years respectively. Seizures and neuronal

damage should be regarded as distinct domains of patients' 11..E proeess together \\oith

neuropsychological impainnent or psychiatrie disorder. These domains pa.rallel each other in a

given rime, although their pathophysiologieal processes are distinct and not necessarily causally

related but instead are epiphenomena of the underl}IDg epileptogenic process.

esing a larger series of patients, we eonfirmed pre,;ous observationsl(JI;2JI-~Jmat

~L\A recovers after surgery. Neuronal recovery occurs ooly in post-operative seÏzure-free

patients and has a recovery half rime of six mooths (paper 8). Patients who are seÎzure-free on

.-\EDs, however, do oot show neuronal recovery during chis timeframe (paper 9).

Based on the distinct pattern of neuronal recovery between surgically and medically

tteated patients, the mechanism for neuronal recovery is surgical resection or isolation of the

epileptogenic area, which intemJpts the ongoing neuronal network dysfunction and
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consequendy normalizes neuronal function, controis seizures, and impro\'"es cognitive

impairment. .\S for medically treated patients, the available first line :\EDs in mosr cases only

control seizures by altering seizure manifestation threshold but do not irnproye neuronal

metabolic dysfunction. Sato et al. 3411 suggested that certain classes of :\EDs exert a true anti

epileptic effect in kindling models, however, this has been difficult to confirm in humans. The

newly marketed AEDs have sho\\<~ to be neuroprotective 55-51) and may prevent

epileptogenesis and progression of neuronal damage and its consequences. Thus, we

hypothesize mat "anri-seizure" and "anri-epileptogenic" drugs would show different profiles of

neuronal metabolic recovery, the former showing no effect and the latter showing

improvement of the neuronal marker, NA.\ .

.\bsence of smures did not appear to be a key factor for neuronal reco\'ery. This

supports the idea that scizures and neuronal damage co-exÎst but are not causally relatcd.

;\lendes-Ribeiro et al.:!":! dcmonstrated chat patients \vith 11..E who are scizurc-frec for many

years may still have neuronal metaholic dysfunction. Since presence of a brain lesion is a risk

factor for seizure rclapse in drug \vithdrawal process,55. wc hypothesize that patients who are

smure-Erce with no sttUctural or neuronal metabolic dysfunction would stand a higher chance

of successful drug withdrawal. We add to the statement made by \Valker and Sandcr,SlJ mat

the final goal of drug treannent is total control of seizures and aIso resolution of epileptogenic

process,

Epileptlc State

The epileptic state, her~ refeIS ta the patient's epileptogenic process at a given rime

POInt. Seizures, stereotyped behavioral manifestations, are the hallmark ofepilepsy. The
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presence of seizures denotes an active epileptogenic process, but the absence of seizures does

not automarically imply an inactive epileptogenic process. This is supponed by the presence

of cognitive impainnent1.'5 and neuronal metabolic dysfuncrion in seizure-free patients242

(paper 10), and seizure relapse after AED \\--ithdrawapS7;JSH. The NA.A/Cr measure is closely

assoeiated with an active epileptogenic area (paper 2, 3, 5, 7-9) and its severity (paper 3). Thus

we propose that the NAA/Cr measure can serve as a surrogate marker for the patient's

epileptogenic stare.
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