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Epileptologie veroffentlicht sowohl angeforderte als
auch unaufgefordert eingereichte Manuskripte Uber
alle Themen der Epileptologie. Es werden in der Regel
nur bislang unveroffentlichte Arbeiten angenommen.
Die Manuskripte oder wesentliche Teile daraus diirfen
auch nicht gleichzeitig anderen Zeitschriften angebo-
ten werden oder anderweitig bereits zur Publikation
angenommen worden sein. Alle Manuskripte werden
zweifach begutachtet. Von den Beitragen werden keine
Sonderdrucke erstellt, sie werden jedoch als pdf-Datei
zusatzlich auf der Liga-Homepage (www.epi.ch) verof-
fentlicht und kénnen von dort heruntergeladen wer-
den.

Unaufgefordert eingereichte Manuskripte (inkl.
Briefe an die Herausgeber) sind zu richten an: Frau M.
Becker, Redaktion Epileptologie, Schweizerische Liga
gegen Epilepsie, Seefeldstr. 84, Postfach 1084, 8034
Ziirich. Tel. 043 488 67 79, Fax 043 488 67 78, e-mail:
becker@epi.ch.

Manuskripte werden nur akzeptiert, wenn sie den
folgenden Kriterien entsprechen. Nicht entsprechend
abgefasste Manuskripte werden vor der Begutachtung
zuriickgesandt.

1. Sprache: Neben deutsch auch englisch und franzo-
sisch moglich.

2. Schreibweise (deutsch): Als Schreibweise gilt die
deutsche Form mit ,,z“ und ,,k“ (also z.B. Karzinom),
lateinische Fachtermini behalten aber ihre Schreib-
weise (also z. B. Arteria carotis).

3. Form: Der gesamte Text, einschliesslich Literaturver-
zeichnis, Tabellen und Abbildungslegenden, ist fol-
gendermassen zu formatieren:

- DIN-A4-Papier, einseitig (1 1/2- oder 2-zeilig mit
max. 30 Zeilen je Seite).

- Literaturverweise werden gemass der Reihenfolge,
in der sie im Text vorkommen, arabisch nummeriert;
im Text erscheinen die Verweiszahlen in eckigen
Klammern.

- Tabellen und Abbildungen haben eine jeweils fort-
laufende arabische Nummerierung.

4. Reihenfolge: 1.Titelblatt (ggf. inkl. Danksagung, For-
derung durch Hilfe anderer oder Drittmittelfinanzie-
rung), 2. Zusammenfassung in Deutsch, Résumé in
Franzésisch und Summary in Englisch sowie je drei
bis funf Schllisselworter, 3. Text, 4. Literatur, 5. Ta-
bellen, 6. Abbildungslegenden und 7. Abbildungen:

- Das Titelblatt enthdlt den vollen Titel der Arbeit
(deutsch und englisch), Namen und Titel der Auto-
ren, die Kliniken bzw. Institutionen, an denen alle
Autoren arbeiten, sowie die vollstandige Adresse
des federfiihrenden Autors mit Telefon- und Fax-
nummer sowie e-mail.

- Zusammenfassung, Résumé und englischer Ab-
stract (mit Titel der Arbeit): Ohne Literaturzitate
und Akronyme sowie uniibliche Abkiirzungen (je
maximal 250 Worter).

- Text: Dabei bei Originalarbeiten Gliederung in Ein-
leitung, Methode (inkl. Untersuchungsmaterial, Pa-
tienten, Versuchstiere etc., ggf. auch Angabe iiber
Einwilligung bzw. Einhaltung der Deklaration von
Helsinki inkl. Votum einer Ethikkommission), Ergeb-
nisse und Diskussion. Abkiirzungen sind bei ihrem
ersten Erscheinen im Text voll auszuschreiben.

- Literaturverzeichnis: Am Ende der Arbeit werden die
Literaturstellen in der im Text zitierten Reihenfolge
aufgefiihrt und nach untenstehendem Muster zi-
tiert. Personliche Mitteilungen, unveroffentlichte
Befunde oder zur Publikation eingereichte Manu-
skripte werden nicht aufgenommen, sondern ent-
sprechend im Text vermerkt. Zitierungen ,,im Druck“
bzw. ,,in press“ beziehen sich nur auf von einer Zeit-
schrift bereits angenommene Arbeiten (mit Angabe
von Zeitschrift und — soweit bekannt — Band und
Erscheinungsjahr. Das Zitieren von Arbeiten als ,in
Vorbereitung* oder ,,in preparation ist nicht zulas-
sig. Kongressmitteilungen kénnen nur als zitierbare
Abstracts oder Beitrag in Proceedings-Banden be-
riicksichtigt werden.

- Tabellen: Jede Tabelle steht auf einer neuen Seite
und hat eine kurze erklarende Uberschrift. Abkiir-
zungen oder Zeichen sind in einer Fussnote zu erkla-
ren.

- Abbildungslegenden: Die Legende fiir jede Abbil-
dung steht auf einer neuen Seite; alle Abkiirzungen
oder Zeichen sind darin zu erklaren.

- Abbildungen: Strichzeichnungen, schattierte Zeich-
nungen oder Fotografien (SW oder Farbe).

- Zitierweise: Zeitschriftenartikel: Daoud AS, Batie-
ha A, Abu-Ekteish F et al. Iron status: a possible risk
factor for the first febrile seizure. Epilepsia 2002;
43: 740-743 (bei bis zu vier Autoren werden alle ge-
nannt; Abklrzungen der Zeitschriften nach der ,List
of Journals indexed in Index Medicus®); Blicher:
Shorvon S. Status Epilepticus. Its Clinical Features
and Treatment in Children and Adults. Cambridge:
Cambridge University Press, 1994; Buchkapitel:
Holthausen H, Tuxhorn |, Pieper T et al. Hemis-
pherectomy in the treatment of neuronal migrati-
onal disorders. In: Kotagal P, Liilders HO (eds): The
Epilepsies. Etiologies and Prevention. San Diego,
London, Boston et al.: Academic Press, 1999: 93-102

Alle Manuskripte sind inklusive Abbildungen und
Tabellen in dreifacher Ausfiihrung einzureichen. Bevor-
zugt wird eine elektronische Manuskripteinreichung
per e-mail (Textverarbeitung: MS Word), alternativ die
Zusendung von drei Ausdrucken und einer Diskette (fiir
Abb. und Tab. ist das verwendete Programm anzuge-
ben).



Des avancées dans le domaine de I'imagerie en épileptologie

Cette édition d’ « Epileptologie » traite des avancées
dans le domaine de I'imagerie en épileptologie.

Les techniques d’enregistrement et d’analyse de
I'imagerie cérébrale connaissent des progrés fulgurants
et I'épileptologie est certainement une des disciplines
cliniques qui profite le plus de ces développements
d’'imagerie. Les bénéfices sont certainement réci-
proques.

Le meilleur exemple est celui de I'évaluation pré-
chirurgicale de I'épilepsie ou I'imagerie est particulié-
rement cruciale pour détecter une lésion structurelle
et localiser I'activité épileptique ainsi que les fonctions
corticales éloquentes. Ceci permet de planifier le geste
chirurgical ou une investigation invasive et de préciser
le pronostic post-opératoire. Réciproquement cette
nécessité clinique a largement attiré les applications
cliniques de nouveaux outils d’'imagerie et leur combi-
naison multimodale. De plus, la chirurgie de Iépilepsie
offre également des possibilités uniques de valida-
tion des nouvelles techniques non-invasives grace aux
enregistrements EEG invasifs et a la chirurgie. Comme
en témoigne ce numéro, les progres en analyse quan-
titative de I'IRM structurelle, les nouveaux traceurs
en médecine nucléaire, la validation de I'imagerie de
source électro-magnétique EEG/MEG et les possibilités
offertes par 'EEG-IRMf simultané illustrent parfaite-
ment ce phénoméne. Etant donné la multiplicité des
techniques d’'imagerie en développement, une valida-
tion rigoureuse reste particulierement importante pour
permettre leur application dans d’autres domaines
cliniques ou fondamentaux qui ne bénéficient pas de
telles possibilités.

Mais I'impact des progrés en imagerie sur I'’épilep-
tologie est bien plus profond encore: les différentes

Dr méd. Serge Vulliémoz

techniques montrent également que I'épilepsie focale
ne concerne pas qu’une région isolée du cortex mais
implique le dysfonctionnement complexe de réseaux
corticaux et sous-corticaux étendus. De plus, les tech-
niques de médecine nucléaires permettent une carto-
graphie cérébrale moléculaire des dysfonctions méta-
boliques et méme génétiques liées a I'épilepsie. Létude
de la « connectivité » de ces réseaux grace a I'imagerie
fonctionnelle, structurelle et moléculaire, ainsi que leur
influence sur les réseaux d’activité physiologique (mo-
tricité, langage, mémoire, etc) est un domaine scien-
tifique en plein essor. Ceci débouchera certainement
sur une meilleure compréhension et classification des
différentes formes d’épilepsie tout en proposant éven-
tuellement des applications cliniques nouvelles pour
influencer I'activité anormale des réseaux épileptiques,
par « déconnexion » ou « neuromodulation ».

Je souhaite remercier de tout cceur les collegues
et ami(e)s qui ont permis la réalisation de ce numéro
grace a leur contribution enthousiaste. Je suis parti-
culierement heureux d’avoir pu réunir des experts de
différents horizons géographiques et de différentes
spécialités médicales (neurologie, radiologie, médecine
nucléaire), ce qui reflete I'aspect multidisciplinaire et
international du « réseau des réseaux » ! Tous les ar-
ticles ont été rédigé en anglais afin d’étre accessibles au
plus large public possible.

Bonne lecture !

Serge Vulliémoz

Epileptologie 2013; 30
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Advanced Imaging in Epilepsy

88

This issue of “Epileptologie” focuses on advances in
the field of epilepsy imaging. Strategies for recording
and analysis in brain imaging are progressing at a tre-
mendous pace and epileptology is certainly one of the
clinical disciplines that benefits the most from these
developments. The advantages clearly go both ways.

The best example is the presurgical evaluation of
epilepsy, where imaging is particularly crucial for de-
tecting a structural lesion and localising epileptic ac-
tivity as well as eloquent cortical areas. This allows for
better tailoring of surgical resections or invasive stud-
ies and for improved prediction of post-operative out-
come. Reciprocally, this clinical need has been instru-
mental in attracting clinical applications of new imag-
ing tools and their multimodal combination. Moreover,
epilepsy surgery also offers unique possiblilities for
validating new non-invasive techniques using invasive
EEG and surgery. As described in this issue, the advanc-
es in quantitative post-processing of structural MRI, the
new nuclear tracers, the validity of electro-magnetic
source imaging (EEG/MEG) and the possibilities of-
fered by simultaneous EEG-fMRI perfectly illustrate this
trend. It is important that the multiplicity of imaging
techniques currently being developed undergo rigorous
validation so that they can be applied in other clinical
or basic neuroscience disciplines that are unable to vali-
date them.

Epileptologie 2013; 30

Dr. med. Serge Vulliémoz

But the effect of advances in imaging on epileptol-
ogy goes far beyond that: the different techniques have
also shown that focal epilepsy not only corresponds to
an isolated dysfunctional cortical region, but implies a
complex dysfunction of widespread cortical and sub-
cortical networks. Moreover, nuclear medicine tech-
niques allow mapping of these networks at the molec-
ular level of neurotransmitter dysfunction and genetic
abnomalities related to epilepsy. The use of functional,
structural and molecular imaging for studying the
“connectivity” of these networks and their influence
on physiological networks (memory, language, etc) is
a fast-growing scientific field. It will certainly foster a
better understanding and classification of epilepsy syn-
dromes, which may lead to new clinical applications for
influencing the abnormal activity of epileptic networks,
using “disconnection” or “neuromodulation”.

I would like to whole-heartedly thank the col-
leagues and friends who made this issue possible with
their enthusiastic contribution. | am particularly happy
to have been able to bring together experts from dif-
ferent geographic horizons and from different medical
specialties (neurology, radiology, nuclear medicine) re-
flecting the multidisciplinary and international aspect
of the “network of the networks”! All articles have been
written in English, with the goal of reaching the widest
possible readership.

Bonne lecture !

Serge Vulliémoz



Fortschritte auf dem Gebiet der Bildgebung bei Epilepsie

Diese Ausgabe der Zeitschrift “Epileptologie” ist
den Fortschritten auf dem Gebiet der Bildgebung bei
Epilepsie gewidmet. Die Techniken der Aufnahme und
Analyse der Hirnbildgebungsdaten verbessern sich in
rasantem Tempo, und Epileptologie ist eine der Diszi-
plinen, die von dieser Entwicklung am meisten profitie-
ren. Die Vorteile gehen sicher in beide Richtungen.

Das beste Beispiel ist die prachirurgische Abklarung
bei Epilepsie, wo die Bildgebung besonders entschei-
dend ist beim Erfassen einer strukturellen Lasion, beim
Lokalisieren von epileptischer Aktivitat und von funk-
tionnell wichtigen kortikalen Regionen. Sie ermoglicht
massgeschneiderte Chirurgie oder prazise invasive Un-
tersuchungen und verbessert die postoperative Prog-
nose. Diese klinischen Interessen haben dazu gefiihrt,
dass neue Anwendungen getestet und verschiedene
Verfahren kombiniert wurden. Ausserdem bietet Epi-
lepsiechirurgie einmalige Gelegenheiten, neue, nicht-
invasive Techniken dank invasivem EEG und Chirurgie
zu validieren. Wie in dieser Ausgabe der Zeitschrift be-
schrieben, wird dieses Phanomen durch die Fortschrit-
te in der Nachverarbeitung der strukturellen MRT, die
neuen Tracer in der Nuklearmedizin, die Auswertung
der elektro-magnetischen Quellenlokalisation mit EEG/
MEG und die Moglichkeiten von simultanen EEG-IRMf
eindriicklich illustriert. Angesichts der Vielzahl bildge-
bender Techniken, die heute zur Verfiigung stehen, ist
eine kritische Uberpriifung sehr wichtig, bevor sie fiir
andere klinische Disziplinen oder die Grundlagenfor-
schung bewilligt werden.

Dr. med. Serge Vulliémoz

Aber die Bedeutung des Fortschritts in der Bildge-
bung geht noch weiter: die verschiedenen Techniken
haben aufgezeigt, dass fokale Epilepsien nicht nur auf
eine dysfunktionale kortikale Region zuriickzufiihren
sind, sondern dass vermutlich eine komplexe Dysfunk-
tion von weiter verbreiteten kortikalen und subkorti-
kalen Netzwerken daran beteiligt ist. Ausserdem bilden
Verfahren aus der Nuklearmedizin ebenfalls diese Netz-
werke ab und zwar auf der molekularen Ebene der Neu-
rotransmitterdysfunktionen und der genetischen A-
nomalien, welche mit Epilepsie in Verbindung gebracht
werden. Die Verwendung von funktionaler, strukturel-
ler und molekularer Bildgebung zur Untersuchung der
Verbindung dieser Netzwerke und deren Einfluss auf
physiologische Netzwerke wie Gedachtnis und Sprache
ist ein rasch wachsendes Forschungsfeld, das gewiss zu
einem besseren Verstandnis und zur genaueren Klassi-
fikation von Epilepsiesyndromen fiihren wird. Dies wie-
derum inspiriert neue klinische Anwendungen in Rich-
tung Beeinflussung der abnormalen Aktivitat epilep-
tischer Netzwerke im Sinne von Bahnenunterbrechung
oder Neuromodulation.

Ich mochte hier von ganzem Herzen den Kollegen
und Freunden danken, welche mit ihren enthusias-
tischen Beitragen zur Realisation dieses Hefts beige-
tragen haben. Besonders freut mich, dass die Autoren
aus unterschiedlichen geografischen Regionen und
verschiedenen medizinischen Fachgebieten wie Neu-
rologie, Radiologie, Nuklearmedizin stammen, was die
Multidisziplinaritdt und den internationalen Aspekt
des ,,Network of the networks“ widerspiegelt. Alle Arti-
kel wurden bewusst auf Englisch verfasst mit dem Ziel,
moglichst vielen Leserinnen und Lesern zuganglich zu
sein.

Bonne lecture!

Serge Vulliémoz

Epileptologie 2013; 30
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Postprocessing of Structural MRI in the Presurgical Evaluation of Epilepsy Patients

Summary

Using the example case of a former patient as a
guiding line, the article gives an overview of several
novel methods of computer-assisted MRI postprocess-
ing and their clinical application in non-invasive and in-
vasive presurgical evaluations of epilepsy patients. Mor-
phometric MRI analysis facilitates the detection and
delineation of subtle focal cortical dysplasias and other
cortical malformations by highlighting typical structur-
al alterations like thickening of the cortical ribbon, blur-
ring of the grey-white matter junction, and abnormal
gyration. Automatic curvilinear reformatting of 3D MRI
data calculates serial convex planes across the brain in
different depths from the cortical surface. This method
improves the display of the gyral structure, permits
a precise localization of lesions, and helps to identify
subtle abnormalities difficult to detect in planar slices.
Pre-operative planning of subdural electrode implanta-
tion for invasive EEG recordings by means of realistic 3D
representation of electrode contacts is a novel method
that allows calculating electrode positions directly on
the convexity of the individual cortical surface and in
correct spatial proportions with respect to brain size.
Thereby it permits rapid and exact determination of
optimal electrode positions and supports planning and
execution of electrode implantation. After implanta-
tion, the positions of subdural electrodes can be deter-
mined by help of an automated fast method for volume
rendering of 3D MRI at the level of the implanted elec-
trodes. The results of all presented methods can be in-
tegrated into intra-operative neuronavigation systems
to support final lesion resection. After surgery, coregis-
tration of pre- and postoperative images makes it pos-
sible to confirm the completeness of lesion resection.
In conclusion, a variety of MRI postprocessing methods
aids in the presurgical evaluation and surgical manage-
ment of medically refractory epilepsy patients.

Epileptologie 2013; 30: 90 — 100
Key words: Epilepsy, magnetic resonance imaging, MRI

postprocessing, morphometric analysis, focal cortical
dysplasia, electrode implantation

Epileptologie 2013; 30

Hans-Jiirgen Huppertz, Judith Kréll, Martin Kurthen and
Thomas Grunwald
Schweizerisches Epilepsie-Zentrum Ziirich

Digitale Nachverarbeitung von strukturellen MRI-
Aufnahmen in der prachirurgischen Diagnostik
von Epilepsiepatienten

Am Beispiel einer friiheren Patientin gibt der Artikel
einen Uberblick iiber verschiedene neuartige Verfahren
der computergestiitzten MRI-Nachverarbeitung und
ihre klinische Anwendung in der nicht-invasiven und
invasiven prachirurgischen Abklarung von Epilepsie-
patienten. Morphometrische MRI-Analyse erleichtert
die Erkennung und Abgrenzung von diskreten fokalen
kortikalen Dysplasien und anderen kortikalen Fehlbil-
dungen durch Hervorhebung typischer struktureller
Veranderungen wie zum Beispiel einer abnormen Dicke
der Hirnrinde, einer verwaschenen Markrindengrenze
oder einer abnormen Gyrierung. Die automatisierte
kurvilineare Reformatierung von 3D MRI-Daten berech-
net serielle konvexe Schnittebenen durch das Gehirn
in unterschiedlichen Tiefen unterhalb der kortikalen
Oberflache. Das Verfahren verbessert die Darstellung
der Gyrierung und Sulkuszeichnung, erméglicht eine
genaue Lokalisation von Lasionen und hilft, diskrete
Fehlbildungen zu entdecken, die in herkémmlichen pla-
naren Schichtaufnahmen schwer zu identifizieren sind.
Die praoperative Planung subduraler Elektrodenim-
plantationen fiir invasive EEG-Aufzeichnungen mittels
realistischer 3D-Darstellung der Elektrodenkontakte ist
ein neuartiges Verfahren, das es erlaubt, Elektrodenpo-
sitionen direkt auf der Konvexitat der individuellen kor-
tikalen Oberflache und in korrekten Groéssenverhaltnis-
sen in Bezug auf das Patientenhirn zu berechnen. Da-
durch erméglicht es eine schnelle und genaue Bestim-
mung der optimalen Elektrodenpositionen und unter-
stutzt die Planung und Durchfiihrung der Elektroden-
implantation. Nach der Implantation werden die Positi-
onen der subduralen Elektroden mit Hilfe eines schnel-
len automatisierten Verfahrens bestimmt, welches ein
Volumen-Rendering von 3D MRI-Aufnahmen auf Ebene
der implantierten Elektroden durchfiihrt. Die Ergeb-
nisse aller vorgestellten Methoden kénnen in intra-
operative Neuronavigationssysteme integriert werden,
um die abschliessende Resektion der Lasion zu unter-
stiitzen. Danach kann mittels Koregistrierung der pra-
und postoperativen MR-Bilder tiberpriift werden, ob die
Lasion vollstandig entfernt wurde. Zusammenfassend
hilft eine Vielzahl von Methoden zur Nachverarbeitung
von MRI-Aufnahmen bei der praoperativen Evaluation

Postprocessing of Structural MRI in the Presurgical... | H.-J. Huppertz, J. Krdll, M. Kurthen, T. Grunwald



und chirurgischen Behandlung von medikamentos the-
rapieresistenten Epilepsie-Patienten.

Schliisselworter: Epilepsie, Magnetresonanztomogra-
fie, MRT-Nachverarbeitung, morphometrische Analyse,
fokale kortikale Dysplasie, Elektrodenimplantation

Traitement numérique et quantitatif des images
IRM structurelles dans le bilan pré-chirurgical des
patients atteints d‘épilepsie

Par 'exemple d‘un ancien patient, I‘article donne un
apercu des nouvelles méthodes d’analyse assistée par
ordinateur de I'IRM cérébrale et leurs applications cli-
niques dans le bilan pré-chirurgical non invasif et inva-
sif des patients atteints d‘épilepsie. Lanalyse morpho-
métrique IRM facilite la détection et la différenciation
des dysplasies corticales focales discrétes et d‘autres
malformations corticales en mettant en évidence les
changements structurels typiques tels que I'épaisseur
anormale du cortex, une limite floue entre substance
grise et substance blanche, ou une gyrification anor-
male. Le reformatage automatique curvilinéaire des
données 3D IRM est calculé par une série convexe de
plans de coupe a travers le cerveau a différentes pro-
fondeurs sous la surface corticale. La procédure amé-
liore I'apparence de des gyri et sulci, permet une loca-
lisation précise des Iésions et permet de détecter des
anomalies discrétes qui sont difficiles a identifier dans
les images planaires conventionnelles. La planification
de I'implantation d‘électrodes sous-durales pour les
enregistrements EEG invasifs a I'aide d’une représen-
tation 3D réaliste des contacts des électrodes est une
nouvelle méthode, qui permet de calculer directement
la position des électrodes sur la convexité de la surface
corticale individuelle dans les rapports de taille cor-
recte par rapport au cerveau du patient. Cela permet
la détermination rapide et précise de la position opti-
male des électrodes et aide la planification et la mise
en ceuvre de l‘implantation. Aprés I‘implantation, les
positions des électrodes sous-durales sont déterminées
en utilisant une méthode automatisée rapide qui est
un rendu de volume 3D de I'IlRM au niveau des élec-
trodes implantées. Les résultats de toutes les méthodes
peuvent étre intégrés dans des systemes de neuro-
navigation peropératoires pour soutenir la résection
finale de la Iésion. Par la suite, une coregistration pré-
et post-opératoire de I’ IRM permet de vérifier si la [é-
sion a été complétement enlevée. En résumé une va-
riété de méthodes de post-traitement des images IRM
offre une aide précieuse dans le bilan préopératoire et
la planification de la chirurgie chez les patients atteints
d‘épilepsie pharmaco-résistante.

Mots clés : Epilepsie, imagerie par résonance magné-
tique, analyse complémentaire de I'IRM, dysplasie cor-
ticale focale, implantation d’électrodes

Postprocessing of Structural MRI in the Presurgical... | H.-J. Huppertz, J. Kroll, M. Kurthen, T. Grunwald

Abbreviations

MRI = magnetic resonance imaging

SPM = statistical parametric mapping
VBM  =voxel-based morphometry

FLAIR = fluid attenuated inversion recovery
FCD = focal cortical dysplasia

SBH = subcortical band heterotopia

PNH = periventricular nodular heterotopia
HS = hippocampal sclerosis

Introduction

During the past years computer-assisted digital
postprocessing of structural MRI data has increas-
ingly found entrance into routine clinical diagnostics.
In epileptology, a variety of methods are available, not
only to improve detection and visualization of subtle
epileptogenic lesions but also to plan invasive EEG re-
cordings, to localize implanted electrodes and to assist
intra-operative neuronavigation. This article gives an
overview of these methods and their clinical applica-
tion in the presurgical evaluation of epilepsy patients.
The methods presented here are in daily use at the
Swiss Epilepsy Centre and mostly based on algorithms
and standard procedures of the SPM5 software package
(SPM = statistical parametric mapping, Wellcome Trust
Centre for Neuroimaging, London, UK; http://www.fil.
ion.ucl.ac.uk/spm). In principle, however, they can also
be implemented in other freeware image-processing
environments such as, for example, the FMRIB Soft-
ware Library (FSL; http://www.fmrib.ox.ac.uk/fsl) or
the AFNI software (http://afni.nimh.nih.gov/afni). The
subsequent presentation follows the typical sequence
of diagnostic procedures in a former patient with drug-
resistant epilepsy who underwent non-invasive and
invasive presurgical evaluations. The overview roughly
sketches the methods and describes what results can
be expected from MRI postprocessing and how they
contribute during the diagnostic workup. The available
space does not allow explaining technical details of the
postprocessing techniques; however, the interested
reader is referred to the primary literature on this topic
(cf. references).

Description of the Example Case

The example case is a former patient, a 30year-old
female, who suffered from left-sided tonic and second-
arily generalized tonic-clonic seizures since the age of
two years. EEG and semiology pointed to an epilep-
togenic focus in the right frontal or right precentral
region. Results from nuclear medicine (i.e. SPECT) sup-
ported this hypothesis. However, at referral the pa-
tient’s epilepsy was considered to be cryptogenic since
two MRI investigations in the past had been regarded
as normal.
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Morphometric MRI Analysis

Although MRI techniques have markedly improved
over the last years, conventional MRI frequently does
not reveal the underlying pathology in focal epilepsy.
The detection of an epileptogenic lesion on MRI, how-
ever, is crucial since the selection of candidates for pos-
sible epilepsy surgery is easier and postoperative out-
come is significantly better in MRI-positive patients [1,
2]. Therefore, attempts have been made to facilitate le-
sion detection by modern image post-processing strat-
egies like curvilinear reformatting of 3D MRI [3], quan-
tifying the regional distribution of gray and white mat-
ter by voxel-based morphometry or autoblock analysis
[4 - 9], measuring the thickness of the cerebral cortex
[10], texture analysis [11 - 13], or quantitative intensity
analysis [14 - 16]. In addition, there have been prom-
ising approaches for automated lesion detection, for
example by searching for maximum deviations with
respect to a normal database [17, 18], by using a Baye-
sian classifier [12], by thresholding z score maps [19],
by applying classifiers based on neural networks [20],
or by statistical parametric mapping either applied to
structural data in the framework of voxel-based mor-
phometry or combined with signal intensity analysis.
An overview of the different approaches can be found
in the review by Bernasconi and co-workers in 2011
[21].

One of these approaches is a method for morpho-
metric MRI analysis based on algorithms of SPM5 and
comparing voxel-wisely individual brain anatomy with
a normal database. The whole processing is performed
by a fully automated MATLAB® script. The starting
point is a high-resolution 3D MRI dataset covering the
whole head and brain. Usually, a T1-weighted volume
data set is used which is part of the recommended
routine MRI protocol for epilepsy patients [22, 23], but
the technique has also been successfully applied to T2-
weighted images [24]. Following the principles of VBM
[25], the MRI data is normalized to the standard brain
of the Montreal Neurological Institute (MNI) included
in the SPM5 distribution, segmented into different
brain compartments, i.e. grey matter (GM), white mat-
ter (WM), and cerebrospinal fluid, and simultaneously
corrected for small intensity inhomogeneities. Normali-
zation means that the individual brain is brought into a
common anatomical space to make it comparable with
a dedicated normal database, i.e. MRI data of healthy
controls processed in the same way and preferably also
acquired at the same MR scanner and with the same se-
quence as the patient’s data. The segmentation results
are compared with the distribution of GM and WM in
the normal database, and three new morphometric
maps (called “extension”, “junction”, and “thickness
image”) are derived, which characterize three different
potential features of focal cortical dysplasia (FCD) and
also other cortical malformations: abnormal extension
of grey matter into white matter (i.e. abnormal deep
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sulci, abnormal gyration), blurring of the grey-white
matter junction, and abnormal thickness of the cortical
ribbon. By highlighting suspicious brain regions, these
maps can guide a second look at the MRI and thereby
increase the sensitivity for detecting subtle epilepto-
genic lesions [17, 18, 26 - 31]. The results can be inte-
grated into intra-operative neuronavigational systems
[32, 33] to guide the placement of subdural or depth
electrodes or the final lesion resection.

Although this method has proven to facilitate the
recognition of various malformations of cortical de-
velopment, such as subcortical band heterotopia,
polymicrogyria, and periventricular nodular hetero-
topia [34, 35], it is primarily meant to support the de-
tection and visualization of FCD, which are the most
frequent histopathologic substrate in children and the
second most common etiology in adult epilepsy sur-
gery patients [36]. The diagnostic yield has recently
been investigated in a large study on 91 patients with
histologically proven FCD operated on between 2000
and 2010 at the epilepsy centre of Bonn. Compared to
visual MRI analysis alone, the additional application
of morphometric analysis could increase lesion detec-
tion by about 12% [31]. However, since the study also
included MRI data acquired 10 years ago, i.e. at a time
when quality of MRI acquisition as well as radiological
knowledge and awareness of dysplastic lesions prob-
ably were not as high as today, the study may overes-
timate the diagnostic yield. In addition, the detection
rate is smaller in an unselected population, comprising
for example also patients with non-epileptic seizures or
with idiopathic epilepsies. At the Swiss Epilepsy Centre,
morphometric analysis is applied to all MRI containing
a T1-weighted 3D data set, and the additional diag-
nostic yield currently (after almost 3000 patients since
2006) ranges between 5 and 6% (unpublished data).
This may appear small but for the involved patients it
is most relevant. Resective surgery is considered the
most effective therapy [37], and with the detection of a
dysplastic lesion in a patient with formerly cryptogenic
and medically refractory epilepsy it often comes with-
in reach for the first time thus radically changing the
prognosis of possible seizure freedom.

With regard to possible false-positive results it is
important to take into account that morphometric
analysis as well as the other postprocessing methods
presented here are meant to be informative on a single
patient level. In contrast to group studies with scientific
goals, in which the risk of type I error (i.e. false-positive
results) has to be minimized, it is more important to
reduce the risk of type Il errors, i.e. the possibility of
false-negative results, in the clinical setting of an epi-
lepsy surgery program. This is due to the fact that the
detection of an epileptogenic lesion is often the only
chance for the patient to enter such a program, and it
determines the probability of being admitted to sur-
gical therapy. The trade-off of a higher sensitivity, i.e.
the increased risk of false-positive findings, is accept-
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able because before surgery, the epileptogenicity of a
probable lesion has to be proven not by MRI findings
or postprocessing results but from compatible results
of EEG and seizure semiology. Moreover, lesion detec-
tion is not the only goal. An improved visualization and
delineation of lesion extent is also important because
post-operative seizure freedom particularly depends on
the completeness of lesion resection [38].

In our example patient, morphometric analysis
highlighted a small structural alteration and possi-
ble lesion at the lower end of the right central region
(Figure 1), with features typical for an FCD, such as ab-
normal gyration, blurring of the GM-WM junction and
abnormal cortical thickness.

described a new method for quantitative analysis of
FLAIR scans [16, 39]. Their method essentially performs a
rescaling and intensity normalization of the FLAIR image
to a common mean level so that the patient FLAIR image
can be compared with a normal database of FLAIR scans
which have been intensity normalized in the same way.
The approach avoids difficulties due to partial volume
effects with CSF which are to consider for alternative
quantitative methods like T2 relaxometry [40 - 42]. Com-
pared to T2 mapping with FLAIR CSF suppression [14,
15], it does not require a special FLAIR T2 map, which
has a long acquisition time and is often not available,
but takes a standard clinical 2D or 3D FLAIR spin echo se-
quence as input. The further processing includes both a

Extension Image

Junction Image  Thickness Image

Figure 1: Morphometric MRI analysis: From the original T1 volume data set (left column), three new feature maps were calcu-
lated, which in our example patient who suffered from so far cryptogenic focal epilepsy highlighted abnormal gyration/an ab-
normally deep sulcus (cf. Extension Image), blurring of the GM-WM junction (Junction Image) and abnormal cortical thickness
(Thickness Image) in the lower central region of the right hemisphere, suggestive of a focal cortical dysplasia (FCD).

Quantitative FLAIR Analysis

Apart from structural changes, cortical malforma-
tions like FCDs may also be accompanied by hyperinten-
sities in T2 images or FLAIR (= fluid attenuated inversion
recovery) scans, i.e. images with T2-weighted contrast
but complete suppression of the high signal intensity
of cerebrospinal fluid (CSF). Since morphometric analy-
sis only refers to structure, an additional postprocess-
ing method for exploiting also signal alterations would
be advantageous. Focke and coworkers have recently
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spatial and intensity normalization of the FLAIR images
by using internal reference regions and spatial normali-
zation parameters derived from combined normaliza-
tion and segmentation of a coregistered T1-weighted
image. The normalized and rescaled FLAIR images are
then the starting point for a whole brain FLAIR analysis,
which has been shown to be successful in the detection
of focal cortical dysplasia [16].

In our example patient, quantitative FLAIR analysis
highlighted a subtle hyperintensity at the location of the
suspected dysplasia which had been overlooked in the
original FLAIR images (Figure 2).
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FLAIR 2z score Image

Figure 2: Quantitative FLAIR analysis: The original FLAIR scan
(left side), which had been regarded as normal, was rescaled,
intensity normalized, and compared with a normal database.
In the resulting FLAIR z score image (right side) the suspicion
of a dysplastic lesion was further corroborated by the finding
of subtle signal hyperintensity.

to be sensitive for secondary epileptogenesis. For that
purpose, the normalized and rescaled FLAIR images are
thresholded and weighted by a probabilistic hippocam-
pal mask to determine the average FLAIR intensities of
the left and the right hippocampus. In a recent study,
this method was applied to MRI data of 103 patients
with hippocampal sclerosis (HS) and 131 controls. A
95% confidence region calculated from the FLAIR inten-
sities of controls was used as threshold to discriminate
both groups. One hundred patients, and among those
all 23 patients with histologically confirmed HS, fell
outside the 95% confidence region, thus amounting
to 97.1% sensitivity. All but 6 controls (= 95.4%) were
found within the confidence region, corresponding to
the expected specificity. Right and left HS were sepa-
rated without overlap. This approach could also distin-
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Figure 3: Quantitative hippocampal FLAIR analysis: The results of the example patient falling in the middle of the 95% confi-
dence region of healthy controls confirm the visual impression that there is no dual pathology in terms of an additional hippo-

campal sclerosis.

As a further development of the whole brain FLAIR
analysis described above, the quantitative evaluation
can also be focussed on regions of interest, for exam-
ple the hippocampi, to disclose or exclude an accom-
panying sclerosis in these structures which are known
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guish cases of bilateral HS in which a side comparison
is hampered, and it visualized signal changes over time
after status epilepticus. The automated image process-
ing steps render the method objective and time-effi-
cient while the use of conventional T1 and FLAIR im-
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ages already belonging to MRI protocols for epilepsy is
economic [43].

In clinical routine, the main advantage lies in the
fact that quantitative FLAIR analysis can corroborate
the results of visual assessment in HS and — perhaps
even more important — can strengthen confidence that
the hippocampi are not affected. The presence of HS
can be regarded as very unlikely when FLAIR analysis re-
sults in a location in the middle of the 95% confidence
region, as in our example patient (Figure 3). This helps
to rule out the possibility of a dual pathology.

Curvilinear Reformatting

Curvilinear reformatting of three-dimensional MRI
data is a well-established technique to calculate serial
convex image planes across the brain and parallel to
the cortical surface [3]. Several advantages have been
attributed to this method: a better display of gyral con-
tours, precise localisation of lesions, improved visualiza-
tion of lesion extent, and better assessment of spatial
relations between lesions, anatomical landmarks, and
implanted subdural electrodes [44], thus supporting
surgical planning [45, 46]. Since this method also helps
to identify subtle abnormalities, which are difficult to
detect in planar slices due to the brain’s complex con-
volutional pattern, it has been proposed for detecting
small FCDs [3, 47]. Alternative 2D techniques [48] and
the commonly used “pancake” representation of the
cortex, sometimes also called “curved reconstructions”
[49] or “brain surface reformatted imaging” [50 - 52],
lack the 3D visualization of the gyral surface and suf-
fer from relative distortions of distances. However, the
initial implementation of curvilinear reformatting re-
quired an interactive delineation of the brain surface
contour by manual placing of supporting points at the
cortical surface. Then, a program calculated several new
curved cutting planes across these points and below
of them, allowing an overview of the brain in differ-
ent depths. To spare the manual and time-consuming
placement of supporting points, a fully automated al-
ternative approach based again on SPM algorithms
has been developed [53]. When the patient’s brain is
normalized to a standard brain (as has been done for
morphometric analysis described above), predefined
masks of different sizes can be applied in the same ste-
reotactic space to cover and remove the skull and the
outer brain regions in different depths from the brain
surface. The residual inner part of the brain can then
be presented 3-dimensionally by volume rendering
(Figure 4). If necessary (e.g., for intraoperative naviga-
tion), the normalized data can be easily transferred
back to the original stereotactic space.

Today, the results of automated curvilinear refor-
matting of 3D MRI data are primarily used to improve
the visualization of epileptogenic lesions and the as-
sessment of lesion extent and spatial relations to elo-
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quent cortical regions. Lesion detection has receded in
importance due to more successful methods like mor-
phometric analysis. However, confirmation of a sus-
pected lesion is still valuable. In our example patient,
the method revealed that the suspected lesion was lo-
cated at the lateral end of the right central sulcus and
indeed accompanied by blurring of the gray-white mat-
ter junction (Figure 4).

Figure 4: Curvilinear reformatting of 3D MRI data: The figure
shows several new curved cutting planes in different depths
from the cortical surface and at different viewing angles. The
results of morphometric analysis can be projected into these
images (cf. the red patch at the surface level). The location of
the suspected dysplastic lesion at the lateral end of the right
central sulcus is much easier to ascertain than on conventio-
nal planar images.

Planning of Electrode Implantation

Since the suspected lesion was located in the cen-
tral region, presurgical evaluations had to proceed with
invasive EEG recordings and mapping of sensory-motor
functions to differentiate the epileptogenic zone from
possible eloquent cortical areas that are to spare in the
final resective surgery. For invasive EEG recordings op-
timal topographic concordance of implanted subdural
electrodes with suspected epileptogenic and relevant
eloquent cortical areas is essential. The implantation
of subdural strip and grid electrodes is usually planned
by designing schematic drawings where 2-dimensional
electrode images are placed on pseudo-3D images of a
standard brain. The disadvantage is obvious: there is no
correlation between the size of the electrodes and the
size of the individual patient brain. An improvement
would be an image of the individual patient’s brain sur-
face (as derived from simple skull-stripping of 3D MRI
data), brought together with electrode images of corre-
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Figure 5: Planning of electrode implantation using an image
of the individual patient’s brain surface together with 2-di-
mensional electrode images of corresponding size in a com-
mon coordinate system, but still disregarding the convexity
of the brain (figure by courtesy of Dr. Peter Hilfiker, Swiss Epi-
lepsy Centre).

sponding size in a common coordinate system (Figure 5).

However, this approach still does not take into ac-
count the convexity of the brain, and does not indi-
cate whether the electrode grid is large enough for the
cerebral area to be mapped — or perhaps too large. An
alternative method overcomes these drawbacks and
calculates the geometry of the electrode three-dimen-
sionally and in correct spatial relation to the curvature
of the individual brain surface [54]. The position of the
first electrode contact is manually chosen on the brain
surface, and a second point is marked to indicate the
direction of the strip electrode or the first row of a grid
electrode. Then, an in-house-developed program au-
tomatically calculates the positions of the other elec-
trode contacts in between and makes them follow the
curvature of the brain surface. This is also possible for
grid electrodes. In a mathematical sense the electrode
contacts are treated like marbles that are forced to
keep contact to each other and to maintain the grid
structure but are free to rotate around each other and
to bend to the convexity of the brain. After this calcu-
lation, the electrode positions are available as separate
objects. They can be projected into another data set, for
example the original image with the skull still in place.
This helps the surgeon to plan the correct approach for
craniotomy, i.e. the optimal area for trepanation of the
skull. In conclusion, this method allows a rapid and ex-
act determination of optimal electrode positions on the
individual patient’s brain surface and supports plan-
ning and execution of subdural electrode implantation.
In our example patient it helped to position a subdural
grid of 8x8 electrode contacts over the right frontal and
central area (Figure 6).
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Figure 6: Planning of electrode implantation by calculating
the geometry of the electrode grid three-dimensionally and
in correct spatial relation to the curvature of the individual
brain surface. The electrode positions can also be projected
into other MRI data sets, for example with the skull still in
place (cf. lower right subfigure). This is helpful for planning
the correct approach for craniotomy, i.e. the optimal area for
trepanation of the skull.

Localization of Subdural Electrodes

After implantation of subdural electrodes it is im-
portant to localize the real position of electrodes and
to confirm congruence with prior planning. For cor-
rect interpretation of invasive EEG data and mapping
results, it is crucial to be sure about the location of
each electrode contact. Planar MR sections often pose
problems with regard to electrode localization due
the convexity of the cortical surface. The alternative
approach, i.e. 3-dimensional rendering of the cortical
surface, requires computational removal of the skull in
the MRI data. Normally, one would expect that simply
removing the skull by help of a brain extraction pro-
gram (e.g., BET = brain extraction tool from the FMRIB
Software Library) renders the underlying electrodes vis-
ible. Unfortunately, this form of skull-stripping not only
removes the bone but also the signal extinction arte-
facts by help of which the electrodes become visible.
Therefore, a trick is needed: the combined use of a pre-
implantation and a post-implantation image. Both data
sets (usually 3D T1-weighted images) are coregistered.
In the data set acquired before implantation, the skull
is removed using the aforementioned ,brain extraction
tool‘ [55]. The resulting “skull-stripped” image is used
as a mask to also remove the skull (but only the skull) in
the second MRI acquired after implantation. This leaves
the signal extinction of the electrode contacts in place.
By volume rendering, the extracted brain can then be
presented 3-dimensionally with the electrodes direct-
ly visible because of their signal extinction artefacts.
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Compared to planar MRI slices, this offers a markedly
superior visualization of topographic relations between
subdural electrodes and cortical structures. In addition,
the possibility of different view angles facilitates the
planning of operations. We can also visualize the lesion
and its spatial relation to the electrodes, and we can
even show electrodes at the basal surface of the brain,
between cerebrum and cerebellum [56, 57]. Figure 7
displays the results of electrode localization in our ex-
ample patient.

Figure 7: Localization of implanted electrodes: Three-dimen-
sional rendering of the cortical surface gives an overview of
the whole brain with and without the implanted subdural
electrode grid and confirms that the grid position is congru-
ent with prior planning. The central sulcus (yellow line) has
been manually traced in the pre-implantation MRI (left side)
and projected into the post-implantation image (right side).
In addition, the suspected lesion as delineated in the junction
image has been projected into both images. Compared to
conventional planar MR slices, it is now much easier to deter-
mine which electrode contacts are immediately in the vicinity
of the lesion or which are located over the central sulcus or
the motor cortex.

Invasive Diagnostics, Epilepsy Surgery and Histo-
logical Results

Invasive EEG monitoring confirmed the onset of
habitual seizures over and in the surroundings of the
suspected dysplastic lesion. As already expected from
the lesion’s location in the central region, mapping of
motor functions showed a partial overlap of the seizure
onset zone with motor areas. However, this overlap was
limited to regions responsible for tongue movement.
Due to their bilateral representation, these motor func-
tions are usually not at risk in case of unilateral resec-
tion. Finally, therefore, epilepsy surgery in our example
patient aimed at complete removal of the seizure on-
set zone around the lesion. In the resected specimen,
focal cortical dysplasia type Il according to Palmini and
Luders was histologically confirmed [58].

Postprocessing of Structural MRI in the Presurgical... | H.-J. Huppertz, J. Krdll, M. Kurthen, T. Grunwald

Validation of Postoperative Results

After epilepsy surgery it is important to validate
the post-operative results and to examine whether the
epileptogenic lesion has been completely removed.
As stated above, the completeness of lesion resection
has a decisive influence on the post-operative outcome
[38]. Pure visual analysis of MR images may not be suf-
ficient to detect residual lesional tissue. The exami-
nation is greatly enhanced if pre- and post-operative
MRI data are coregistered and inspected together in
the same coordinate space. If the lesion is only hardly
recognizable on conventional MR images, it can be ad-
vantageous to coregister also the results of morpho-
metric analysis presented above. In patients who fail to
become seizure-free after surgery the proof of residual
dysplastic/lesional tissue might offer the chance to
achieve complete lesion resection in a second operation
[59].

In our example patient coregistration of pre- and
post-operative MRI data confirmed that the lesion had
been completely removed. Since then, the patient has
remained seizure-free and meanwhile has also tapered
off the antiepileptic medication (Figure 8).

Conclusion

Postprocessing of structural MRI data has increas-
ingly found entrance into routine clinical diagnostics
and especially into the presurgical evaluation of epi-
lepsy patients. In cases of medically refractory epilepsy
it helps to determine the underlying pathology and
to identify candidates for epilepsy surgery with a cor-
respondingly higher chance of seizure freedom and
improved quality of life for these patients. However,
postprocessing MRI data does not only serve to capture
epileptogenic lesions that are difficult to discern by eye,
but can be useful at various stages during the course
of presurgical evaluations and epilepsy surgery. Overall,
computer-assisted MRI postprocessing complements
conventional visual analysis and helps to manage and
work up the increasing load of MRI data in epileptology
(Figure 9).
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Figure 8: Validation of post-operative results: The coregistration of the pre-operative MRI data (left subfigure) and the results
of morphometric analysis (i.e. junction image in the middle subfigure) with the post-operative MR image (right subfigure) helps
to confirm that no residual dysplastic tissue has been left in situ.
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Figure 9: Progress of the average memory consumption of a single MRI measurement in epilepsy patients (data from the Swiss
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Clinical Application of Language and Memory fMRI in Epilepsy

Summary

Epilepsy syndromes are frequently accompanied
by cognitive deficits. Temporal lobe epilepsy as well as
resective surgery on the temporal lobe may affect cog-
nitive function, in particular verbal and visual memory,
but also working memory and naming ability. Epilepsy
surgery offers an effective and safe treatment option
for patients with medically refractory seizures render-
ing 60-70% of them seizure free. The goals of epilepsy
surgery are to remove the brain areas generating the
seizures without causing neuropsychological deficits
such as language or memory dysfunction. This requires
accurate localization of the brain areas generating the
seizures (“epileptogenic zone”), as well as areas respon-
sible for motor and cognitive functions, such as lan-
guage and memory (“essential brain regions”) during
presurgical evaluation.

Functional magnetic resonance imaging (fMRI) is a
useful tool to localize primary motor and somatosen-
sory areas and to lateralize language and memory func-
tion; it also shows promise for predicting the effects
of temporal lobe resection on memory and language
function.

Functional MRI can be integrated with other MR im-
aging modalities to improve surgical strategies tailored
to individual patients with regard to functional out-
come, by virtue of definition of epileptic cerebral areas
that need to be resected and eloquent areas that need
to be spared.

Epileptologie 2013; 30: 101 — 121

Key words: Epilepsy surgery, functional imaging, lan-
guage, episodic memory, lateralization, hemispheric
dominance, localization, anterior temporal lobe resec-
tion

Applications cliniques de I'IRMf du langage et de
la mémoire chez les patients avec épilepsie

Les syndromes épileptiques sont fréquemment ac-
compagnés par des déficits cognitifs. Lépilepsie du lobe
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temporale et, davantage, les résections chirurgicales
touchant le lobe temporal peuvent altérer les fonc-
tions cognitives, particulierement la mémoire verbale
et visuelle mais également la mémoire de travail et les
capacités de dénomination. La chirurgie de I’épilepsie
offre un traitement efficace et str pour les patients
avec des crises pharmacorésistantes et rend 60-70%
des patients libres de crise. Les buts de la chirurgie de
I'épilepsie sont la résection des régions cérébrales qui
générent les crises sans causer de déficits neuropsycho-
logiques langagiers ou mnésiques notamment. Ceci né-
cessite une localisation précise des régions cérébrales
qui générent les crises (« zone épileptogéne ») ainsi que
des régions responsables des fonctions motrices et co-
gnitives (langage, mémoire: « régions cérébrales essen-
tielles » durant I’évaluation préchirurgicale.

Limagerie fonctionnelle par résonance magnétique
(IRMf) est un outil utile pour localiser les régions mo-
trices et somatosensorielles primaires et pour latérali-
ser les fonctions mnésiques et langagiéres. Cette tech-
nique est aussi prometteuse pour prédire les effects
d’une résection temporale sur la mémoire et le langage.

LIRMf peut étre intégrée avec d’autres modalités
d’imagerie IRM pour améliorer les stratégies chirurgi-
cales individualisées en considérant le pronostic fonc-
tionnel, en vertu de la définition des aires épileptiques
cérébrales qui nécessitent d'étre réséquées et des ré-
gions éloquantes qui doivent étre épargnées.

Mots clés : Chirurgie de I’épilepsie, imagerie fonction-
nelle, langage, mémoire épisodique, dominance hémis-
phérique, localisation, lobectomie temporale antéri-
eure

Funktionelle MRT von Sprache und Gedachtnis in der
Epilepsiediagnostik

Patienten mit Temporallappenepilepsie zeigen hau-
fig kognitive Beeintrachtigungen, insbesondere Stérun-
gen des verbalen und visuellen Gedachtnisses, des Ar-
beitsgedachtnisses sowie Benennstorungen. Diese kon-
nen durch einen operativen Eingriff verstarkt werden.
Epilepsiechirurgie ist eine effektive und sichere Behan-
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dlungsmoglichkeit fiir Patienten mit medikamentos
therapierefraktaren Anfallen. Bei 60-70% dieser Epilep-
siepatienten kann durch einen neurochirurgischen Ein-
griff Anfallsfreiheit erreicht werden. Ziel eines solchen
epilepsiechirurgischen Eingriffes ist es, die epilepto-
gene Zone zu entfernen, ohne postoperative, insbeson-
dere neuropsychologische Defizite, wie zum Beispiel
Sprach- oder Gedachtnisstorungen, zu verursachen.

Dementsprechend ist es notwendig, im Rahmen
eines sorgfaltigen, praoperativen Monitorings sowohl
die Areale des Gehirns, von welchen die Anfalle aus-
gehen (,epileptogene Zone“), als auch die Areale, die
flir motorische, Sprach- und Gedachtnisfunktionen
verantwortlich sind (,essenzielle Hirnareale®) sorgfal-
tig zu lokalisieren.

Grosse Fortschritte im Bereich der bildgebenden
Verfahren haben die Epilepsiechirurgie in den letzten
Jahren revolutioniert. Die funktionelle Magnetresonanz-
tomographie (fMRT) wird zusehends zur Lokalisation
des primaren motorischen, des somatosensorischen
Kortex sowie zur Lateralisation und Lokalisation von
Sprach- und Gedachtnisfunktionen eingesetzt. Rezente
Studien sind vielversprechend, dass die fMRT dazu bei-
tragen kann, das individuelle Risiko fiir postoperative
Sprach- und Gedachtnisdefizite naher bestimmen zu
konnen.

Zusammen mit anderen strukturellen und funktio-
nellen bildgebenden Verfahren kann die fMRT entschei-
dend zu einer weiteren Verbesserung des postoperati-
ven Outcomes nach epilepsiechirurgischen Eingriffen
beitragen, indem die epileptogene Zone, die entfernt
werden muss, und der eloquente Kortex, der erhalten
bleiben soll, besser definiert werden konnen.

Schliisselworter: Epilepsiechirurgie, funktionelle Bild-
gebung, Sprache, episodisches Gedachtnis, Lateralisa-
tion, Hemispharendominanz, Lokalisation, anteriore
Temporallappenresektion
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Background

Seizure freedom is the major aim of epilepsy treat-
ment. Cognitive impairment is a frequent comorbidity
in focal epilepsies and has a major impact on quality of
life. Cognitive deficits can either result from the under-
lying disease as a consequence of seizures or interictal
epileptic activity, or can be caused by adverse effects of
antiepileptic drugs (AED) [1].

In temporal lobe epilepsy (TLE), particularly memory
impairment and naming difficulties have been reported
[2, 3]. These can already be observed in some patients
with a recent onset of epilepsy [4], which supports the
hypothesis that cognitive problems cannot fully be ex-
plained by adverse effects of medication. Patients who
are refractory to AED treatment are at higher risk of
suffering from cognitive impairment.

In patients with medically refractory TLE anterior
temporal lobe resection (ATLR) is an effective and safe
treatment option, leading to seizure freedom in up to
60-70% of these patients [5, 6]. Prior to surgery, com-
prehensive pre-surgical assessment is conducted which
aims at identifying the epileptic brain tissue that has to
be removed for the patient to become seizure free [7].
At the same time neuropsychological deficits such as
language and memory impairment have to be avoided.

In recent years, epilepsy surgery is carried out ear-
lier in the course of the disease, and the potential ben-
efits must be carefully weighed against the potential
risks of decline. For this, eloquent brain areas have to
be identified which must be spared from the resection.
Functional MRI (fMRI) has proven a valid and reliable
tool to investigate cognitive functions non-invasively
during pre-surgical assessment. Over recent years it has
increasingly replaced invasive procedures such as the
WADA-test as it is cheaper, non-invasive and repeat-
able. Compared to baseline neuropsychological assess-
ment it further has the potential of providing addition-
al information regarding lateralisation and localisation
of language and memory function and particularly al-
lows evaluation of functional reorganisation processes.

ATLR carries the risk of language and memory de-
cline, e.g. verbal memory and naming decline after sur-
gery within the language-dominant, usually left hemi-
sphere [2]. Language fMRI is well established in many
centres and is often applied to identify the language
dominant hemisphere on an individual level. How-
ever, the localisation of language areas is much more
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complicated and still requires invasive electro-cortical
stimulation mapping (ESM). Regarding memory func-
tion, recent studies were promising that memory fMRI
has a great potential to predict postoperative memory
decline after surgery even in individual patients, which
is one of the ultimate goals of clinical neuroimaging.

Methodological Considerations

As discussed above invasive methods have been rou-
tinely used to identify the eloquent cortex in the past:
the Wada-Test (intracarotid amobarbital procedure,
IAP) was widely used to lateralise function, and ESM is
still the gold standard to /ocalise eloquent cortex. Over
the last decades, non-invasive methods, predominantly
fMRI have been established for this purpose [8, 9]. Ob-
vious advantages of non-invasive methods are their
low risks and less strain for the patient. They can be ap-
plied in healthy volunteers for research purposes allow-
ing systematic comparison of different study groups.

Functional MRI, like most other non-invasive imag-
ing tools, is an activation based method. The ration-
ale behind this is that if a certain cognitive function is
used, relevant brain areas will be activated. Blood flow
will increase in these areas to compensate for the high-
er demand of oxygen. In fMRI, this is displayed by the
BOLD (blood-oxygen-level-dependent) contrast which
represents the regional changes in blood flow over
time. To be able to get a reasonable temporal resolution
echo planar imaging (EPI), a fast MRI sequence, is used.
Functional MRI has a high spatial resolution which, in
principal, allows very good localisation of areas in the
brain that are involved in certain tasks. However, which
areas will be activated depends on the fMRI paradigm.

It is important to assure sufficient task performance
as only then activation can be accurately interpreted
in relation to function. This needs to be considered in
fMRI paradigm design, especially when applying fMRI
to patient groups in which cognitive performance can
vary considerably. It is mandatory to make sure that
participants understand and follow task instructions.
However, during fMRI the subject’s performance can-
not easily be assessed. The majority of fMRI paradigms
applied to date use covert tasks (e.g. thinking of words,
but not speaking out loud) or assess performance with
a joy-stick or button press response. This can restrict
the variety of possible responses that can be used in
an fMRI paradigm. More recently developed devices
such as MRI-compatible microphones can now be used
to monitor speech during fMRI. For simple paradigms
which only require basic analysis, e.g. as used for clinical
language fMRI, scanner implemented software for on-
line data analysis can be employed to show activation
patterns during the scan.

In epilepsy, seizures and interictal epileptic activity
as well as AEDs may alter fMRI results [10].

Most cognitive tasks do not only rely on one particu-

Clinical Application of Language and Memory fMRI in Epilepsy | A. Haag, S. Bonelli

lar function. If visual stimuli are presented, activation
of visual cortex can be expected. If the subject is asked
for a motor response, motor activation can be expected.
To differentiate between activation related to a certain
function and other activation, neuroanatomical infor-
mation (e.g. Broca’s area, Wernicke’s area for language;
medial temporal lobe structures for memory) may be
used to interpret results. Further, most fMRI paradigms
include other tasks with the aim to control for irrelevant
activations; only activation in the “real” task that ex-
ceeds activations during the control task is considered.

What brain areas will be displayed as “active” varies
substantially with different statistical thresholds which
can be applied to the data. A high threshold reduces the
sensitivity in detecting activations as well as the extent
of activation clusters while a low threshold increases
the risk of false-positive activations.

In summary caution is needed in the interpretation
of the results. Firstly, areas activated by a particular
fMRI paradigm are not necessarily essential for per-
forming a task. Secondly, not necessarily all areas in-
volved in a task will be activated by one particular fMRI
paradigm and finally extent and magnitude of activa-
tion seen in a task does not necessarily relate to the
competence with which the task is performed. One
must also bear in mind the limitation of fMRI tech-
niques especially in the temporal lobes, such as lower
MRI signal to noise ratio due to susceptibility artefacts
and signal loss in areas that are close to larger blood
vessels and bone tissue.

Language

During evaluation for epilepsy surgery, fMRI is the
most frequently applied non-invasive method for lan-
guage imaging [9]. Clinically applied paradigms focus
on the classic language areas such as Broca’s area (IFG)
and Wernicke’s area (SMG, STG). Covert lexical word
generation (i.e. thinking of words starting with a given
letter) is an expressive language task that reliably acti-
vates the IFG (Figure 1). Posterior temporal lobe (TL) ac-
tivation (SMG, STG) can be achieved by more receptive
tasks, e.g. semantic decision tasks (i.e. which word does
not match the others: shirt, gloves, shoes, rose?) or sto-
ry listening tasks. Numerous language paradigms have
been applied in group studies which may partly explain
some differences in the results between studies [9, 11].
Studies comparing language fMRI with the classic in-
vasive methods (Wada-Test, ESM) showed that fMRI is
a valid method for identifying the language dominant
hemisphere [11 - 13]. Functional MRI seems more likely
to elicit bilateral language representation compared to
the Wada-Test; however, the meaning of this finding
for language function after surgery is not fully under-
stood [13]. Accurate localisation of language areas with
fMRI is not yet established. First of all, test-retest series
have shown that the localisation of areas that were
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Figure 1: Language fMRI activations during covert lexical fluency in a single subject at p = .05, family wise error; strong activation

can be seen in the left IFG, as well as in the left MFG and SFG.

activated during a specific language fMRI task was
less reliable than lateralisation [14]. Furthermore, ESM
studies showed only imperfect overlap with activation
clusters of fMRI: in some cases electric stimulation of
fMRI activated brain areas did not result in language
disturbances [15], while in others crucial areas were
not displayed during fMRI [16]. The differences may be
related either to the applied language paradigms or the
statistical thresholds. To date, language fMRI localisa-
tion is not suitable for resection decision [17] but may
be helpful in planning electrode placement for ESM [8].

Aphasia is rare after temporal lobe surgery. More
subtle language decline such as word finding difficul-
ties have been reported in up to 50% of patients after
ATLR of the language dominant hemisphere. In left TLE,
a predictive value of fMRI language lateralisation for
naming decline [18] as well as for verbal memory [19,
20] could be shown. However, prediction models on an
individual level are not yet sufficient to be applied in
clinical routine. Future studies will need to investigate
whether specific naming paradigms will allow more
accurate prediction in individual patients. Apart from
presurgical evaluation, language fMRI has also be ap-
plied in other epilepsy syndromes. As an example, in
primary reading epilepsy, a study combining EEG and
fMRI showed specific regions that were involved in sei-
zure generation during reading [21]. Brain activation
patterns can be assessed repeatedly during language
development in certain epilepsies which may provide
prognostic information of potential language achieve-
ment in relation to seizures and help finding new reha-
bilitation strategies [21, 22].
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Memory

The occurrence of material specific (verbal and
visual) memory impairment after ATLR indicates ma-
jor relevance of these areas for successful memory
function. Intracranial electrophysiological recordings
during verbal encoding tasks have shown greater re-
sponses in anterior hippocampal and parahippocam-
pal regions for words remembered than those forgot-
ten [23]. At first, these results could not be replicated
with functional imaging studies, with many showing
encoding related activations in posterior hippocampal
and parahippocampal regions, which would be left in-
tact following ATLRs. One possible explanation for this
apparent conflict is that anterior temporal regions are
subject to signal loss during fMRI sequences, which is
most prominent in the inferior frontal and inferior lat-
eral temporal regions [24]. The anatomical position of
the hippocampus which rises from anterior to posterior
may explain greater susceptibility-induced signal loss
in the anterior (inferior) relative to the posterior (supe-
rior) hippocampus which may have been one reason for
the relative lack of anterior hippocampal activation in
early fMRI studies of memory. Another reason for the
lack of activation in the anterior medial temporal lobe
(MTL) may be that most previous memory fMRI stud-
ies employed blocked experimental designs which have
the advantage that they are generally most efficient in
detecting differences between two conditions. How-
ever, the interpretation of their contrasts remains prob-
lematic assuming that the effects shown by these con-
trasts reflect differences in memory encoding, rather
than any other differences between the two conditions.
This approach does not account for subsequent mem-
ory effects (i.e. which stimuli were encoded success-
fully). More recent studies applied event-related de-
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signs which have the big advantage that brain regions
showing greater activation during encoding of different
(material specific) items that were subsequently re-
membered compared to items that were subsequently
forgotten can be identified, representing the neural
correlates of memory encoding [25].

A previous study compared results from a blocked
and event-related analysis of memory fMRI of words,
pictures and faces: Only the event-related analysis of
successfully encoded stimuli showed significant activa-
tions in the anterior MTL whereas simply viewing the
different stimuli (using a blocked analysis without tak-
ing into account whether items were subsequently re-
membered or not) revealed predominant activation in
the posterior hippocampus [26]. Therefore this study
provided evidence for a functional dissociation be-
tween anterior and posterior hippocampal regions.

In summary, although event-related designs are less
powerful than block designs at detecting differences
in two different brain stages and also more vulnerable
to alterations in the hemodynamic response function,
they have the big advantage of permitting specifically
the detection of subsequent memory effects due to
successful encoding.

Lateralisation and Localisation of Memory Func-
tion

Patients with unilateral TLE often present with
memory impairment which is specific to certain ma-
terials (e. g. verbal and visual). After temporal lobe sur-
gery of the language dominant hemisphere more often
verbal memory decline can be observed [27] while TL
surgery in the non-dominant hemisphere is more likely
to result in visual-spatial memory decline [28]. Many
fMRI studies demonstrated material-specific laterali-
sation of memory function in prefrontal but also me-
dial-temporal regions [26, 29, 30]. For clinical purposes,
usually paradigms are applied that show bilateral MTL
activation in healthy controls [31 - 33]. Previous fMRI
studies in patients reported reduced activation in the
TL ipsilateral to the seizure onset [29, 30, 34, 35]. These
results were comparable with the Wada-Test [30]. As
mentioned above, most of these studies employed
block designs and showed more posterior HC activa-
tions. More recent studies using event-related analy-
ses showed material-specific lateralisation of memory
function in more anterior hippocampal regions during
successful memory encoding [26] and therefore in an
area which is most likely to be resected during standard
ATLR. The reduced activation within the affected TL but
increased contralateral MTL activation during memory
fMRI has provided further evidence of reorganisation of
memory function in TLE [31, 33, 35]. Still, it is a matter
of debate if reorganisation towards the healthy hemi-
sphere is effective, and whether it may be protective
for memory decline after surgery. By correlation of fMRI
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activation and performance on standard neuropsycho-
logical memory tests it has been shown that higher
MTL activation ipsilateral to the pathology was associ-
ated with better memory performance while contra-
lateral, compensatory activation correlated with poorer
performance [31, 33]. In one study that investigated
patients with left and right TLE, higher MTL activation
was observed in the healthy TL. However, better verbal
memory was still related to left MTL activation [36].
This explains why good verbal memory is a risk factor
for postoperative decline [37, 38].

Prediction of Memory Decline

Two different models of hippocampal function have
been proposed to explain memory deficits following
unilateral ATLR, the hippocampal reserve model and
the functional adequacy theory [39]. According to the
hippocampal reserve model, postoperative memory
decline depends on the capacity or reserve of the con-
tralateral hippocampus to support memory following
surgery, while the functional adequacy model suggests
that it is the capacity of the hippocampus that is to be
resected that determines whether changes in memory
function will be observed. Over the last years many
studies focused on the identification of prognostic indi-
cators for risk of memory loss after ATLR. The severity of
hippocampal sclerosis (HS) on MRI turned out to be an
important predictor, being inversely correlated with a
decline in verbal memory following left ATLR, with less
severe HS increasing the risk of memory decline [40].
Another recognised prognostic factor for memory de-
cline after ATLR was preoperative performance on neu-
ropsychological tests, with higher preoperative scores
indicating a greater risk for postoperative decline [37,
38,41 - 43]. Language lateralisation assessed by the IAP
or more recently language fMRI has been found helpful
to predict memory outcome [43 - 47]. These risk factors
reflect the functional integrity of the resected temporal
lobe and suggest that patients with residual memory
function in the pathological hippocampus are at great-
er risk of memory impairment after ATLR. Other epi-
lepsy related factors such as age of epilepsy onset and
duration of epilepsy have also been identified as useful
predictors of postoperative outcome [48].

Recently, memory fMRI has also been shown to be
a potential predictor of postoperative memory decline
after ATLR. Several studies have investigated the pre-
dictive value of fMRI for verbal memory decline [45,
49 - 51]. Only a few fMRI studies have investigated
visual memory after ATLR [34, 47, 51]. In patients with
left HS, greater verbal memory encoding activity in the
left hippocampus prior to surgery predicted the ex-
tent of verbal memory decline following left ATLR [35,
49 - 51]. These findings have since been replicated and
extended to patients undergoing right ATLR [31, 51].
Other groups employed asymmetry-indices to account
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Figure 2: (adapted from Bonelli et al., Brain 2010): Functional MRI and prediction of postoperative verbal and visual memory

decline

A: Patients with left temporal lobe epilepsy. Greater left anterior hippocampal activation for successful verbal encoding corre-
lates with greater verbal memory decline after left anterior temporal lobe resection.

B: Patients with right temporal lobe resection. Greater right anterior hippocampal activation for successful encoding of faces
correlates with greater visual memory decline after right anterior temporal lobe resection. The correlations for the peak voxel

are illustrated on the right.

for contralateral hippocampal activation and demon-
strated that relatively higher activation in the ipsilater-
al HC was associated with greater memory decline [34,
47]. Using a material-specific memory encoding para-
digm in a large cohort of patients with unilateral TLE,
Bonelli et al. demonstrated that relatively greater ipsi-
lateral anterior MTL activation was predictive of verbal
and visual memory decline after left or right ATLR while
relatively greater posterior MTL activation was associ-
ated with better verbal and visual memory outcome
[31] (Figure 2). In this study memory asymmetry indices
of anterior MTL activation had the strongest predictive
value for verbal and visual memory decline compared
to other epilepsy related variables. A prediction model
comprising the aforementioned memory asymmetry
index in combination with degree of language domi-
nance and preoperative verbal memory performance
correctly predicted verbal memory decline in all pa-
tients of the study. Prediction of visual memory decline
was less accurate [31].
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Future Perspectives

As fMRI is a non-invasive tool the effects of epilepsy
surgery on the brain and factors that are associated
with effective functional reorganisation after surgery
can be studied with repeated fMRI [18, 21, 52]. Fur-
ther, newer structural MRI techniques and analyses
have been used to infer on functional organisation of
the brain. A voxel-based morphometry (VBM) study
demonstrated a strong association of lateralisation of
white matter in parts of the frontal and temporal lobes
with individual language dominance [20]. A DTI study
showed a predictive value of the laterality of fronto-
temporal tract integrity for postoperative naming de-
cline [53]. In case functional MRI cannot be applied
due to a patient’s low capacity, these techniques may
provide useful information. Further, the combination
of the different structural MRI methods with fMRI may
substantially improve prediction of the effects of sur-
gery on cognitive function.

Functional connectivity can elicit neuronal net-
works that contribute to various cognitive tasks. It has
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been shown that cognitive impairment is often accom-
panied by reduced functional connectivity. Whether
these methods may add to the prediction of post-
operative cognitive outcome remains a topic of current
research [54, 55].

Conclusions

Functional MRl is increasingly used to image cogni-
tive function such as language and memory function.
In the pre-surgical evaluation it can reliably assess lan-
guage dominance and it helps to predict risks of cogni-
tive decline after surgery. Up to date, invasive methods
have not been fully replaced but non-invasive tech-
niques may help planning invasive procedures. Non-
invasive methods allow us to investigate healthy vol-
unteers and to systematically compare different study
groups and changes in activation over time to assess
mechanisms of cognitive development and functional
reorganisation. This may help to improve the individu-
al prognosis of even subtle cognitive deficits and may
stimulate the development of new therapeutic strate-
gies for cognitive rehabilitation.
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Nuclear Medicine Imaging in Epilepsy

Summary

Nuclear medicine imaging techniques play a rele-
vant role in the investigation of pharmacoresistant epi-
leptic patients, providing in vivo measures of perfusion
changes, metabolic changes and neurotransmission ab-
normalities. This information helps identifying the ictal
zone non-invasively in order to accurately plan more
invasive procedures and ultimately surgery. In particu-
lar, ictal SPECT is the only technique showing the per-
fusion changes occurring during the epileptic event,
while PET imaging in interictal state allows the evalua-
tion of molecular aspects, such as glucose metabolism
and various neurotransmission systems, thanks to the
binding of different radioligands on specific targets
and receptors. Technological developments, in particu-
lar the availability of new hybrid tomographs allowing
PET and MRI imaging in a single session, will broaden
our knowledge of the changes occurring in epilepsy
through multiparametric investigations.

This review will update on the state-of-the-art nu-
clear medicine imaging modalities in the presurgical
evaluation of epilepsy and will discuss the potential
role played by the newly available hybrid PET/MRI im-
aging in this field.

Epileptologie 2013; 30: 109 — 121

Key words: Epilepsy, PET, SPECT, PET/MRI, radiotracers,
neurotransmission

Imagerie par médicine nucléaire et épilepsie

Les techniques d’imagerie par méthodes de méde-
cine nucléaire jouent un réle important dans I'inves-
tigation des patients avec une épilepsie pharmaco-ré-
sistante, grace a I'évaluation in vivo des modifications
de perfusion cérébrale, de métabolisme cérébrale et
des anomalies de neurotransmission. Ces informations
permettent de guider l'identification non invasive de
la zone de début ictal, pour planifier des investigations
plus invasives et l'intervention chirurgicale. En par-
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ticulier, I'imagerie SPECT ictale est la seule méthode
d’imagerie qui permet de visualiser les modifications
de perfusion qui se produisent au moment de la crise
épileptique, alors que I'imagerie PET en phase interic-
tale permet d’évaluer des aspects moléculaires tels que
le métabolisme cérébral et différentes voies de neuro-
transmission. Les progres technologiques récents, en
particulier le développement de tomographes hybrides
permettant de réaliser le PET et 'MRI lors d’une seule
session d’'imagerie, permettra d’approfondir notre
connaissance des modifications et mécanismes molé-
culaires a la base des épilepsies grace a des investiga-
tions multiparamétriques.

Cette revue résume les modalités de médecine nu-
cléaire couramment utilisées dans I'évaluation pré-
chirurgicale des épilepsies et débat du réle potentiel
de la nouvelle technologie hybride PET/MRI dans ce do-
maine.

Mots clés : Epilepsie, PET, SPECT, PET/MRI, radiotraceurs,
neurotransmission

Nuklearmedizinische Bildgebung in der Epilepsie

Nuklearmedizinische Methoden spielen eine
wichtige Rolle bei der Untersuchung von Patienten mit
pharmakoresistenten Epilepsien. Die Methoden mes-
sen Perfusionsveranderungen, metabolische Verande-
rungen und Anomalien der Neurotransmitter. Die so
gewonnenen Informationen erlauben, die iktale Zone
nichtinvasiv zu identifizieren, um invasive Prozeduren
und chirurgische Therapien zu planen. Das iktale SPECT
ist die einzige Technik, die Perfusionsveranderun-
gen wahrend des epileptischen Anfalls messen kann,
wahrend PET in der interiktalen Phase die Auswertung
der molekularen Aspekte, wie beispielsweise Glukose-
Metabolismus und verschiedene Neurotransmitter-Sys-
teme, mithilfe spezifischer Radioliganden ermdglicht.
Weitere technologische Entwicklungen, insbesondere
die Verfligbarkeit der neuen Hybrid-Bildgebung PET/
MRI, die PET- und MRI-Bildgebung in einer einzigen
Sitzung liefert, werden unser Wissen Uber die funktio-
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nellen Veranderungen in der Epilepsie vertiefen, insbe-
sondere durch multiparametrische Untersuchungen.

Der vorliegende Uberblick fasst State-of-the-art der
nuklearmedizinischen Bildgebung in der prachirurgi-
schen Evaluierung der Epilepsie zusammen und disku-
tiert die mogliche Rolle der neuen PET-MRI-Hybrid-Sys-
teme.

Schliisselworter: Epilepsie, PET, SPECT, PET/MRI, Radio-
tracer, Neurotransmission

Introduction

Two nuclear medicine imaging techniques are cur-
rently applied in clinical practice for the investigation
of pharmacoresistant epileptic patients: Single Photon
Emission Computed Tomography (SPECT) studies of
brain perfusion in ictal and interictal state and Positron
Emission Tomography (PET) studies of glucose metabo-
lism in interictal state. In addition, molecular imaging
by PET may allow measuring various neurotransmis-
sion systems, for example the GABAergic, serotonergic,
cholinergic and opiate receptor systems, among others:
these investigations are still mainly performed in dedi-
cated research centers. Finally, technological develop-
ments, in particular the design of hybrid tomographs
acquiring both PET and Magnetic Resonance Imaging
(MRI) in a single session, called PET/MRI hybrid systems,
are currently available and will presumably play a rel-
evant role in the investigation of epileptic patients.

1. SPECT Perfusion Studies in Ictal and Interictal
State

The clinical observation that during a seizure there
is an increase in cortical blood flow was initially direct-
ly observed during brain surgery by Sir Victor Horsley,
more than a century ago [1].

SPECT imaging uses perfusion tracers, such as
[*°™Tc]-HMPAO and [**™Tc]-ECD, which cross the blood
brain barrier freely and without significant redistribu-
tion. Once injected, the tracer distributes rapidly, over
a few minutes, and then this distribution is stable over
a long time (up to four or five hours). Thus, the images
subsequently acquired reflect the perfusion state at
the time of injection, providing a “picture” of ictal per-
fusion even a few hours after the seizure. The charac-
teristics of these *™Tc-labelled tracers (low redistribu-
tion and 6 hours half-life) give the flexibility to stabilize
and transfer the patient to the SPECT unit for imaging
conveniently after the injection.

To be able to realize ictal imaging, the patient must
be under continuous EEG monitoring and the tracer
must be readily available at bedside. The unit must be
designed in a way that a trained nurse or technologist
is immediately available for performing a bolus injec-
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tion at the first signs (electrophysiological or clinical) of
seizure onset. The availability of automated injection
systems represents an additional advantage.

The ictal SPECT imaging, depending on the time de-
lay between seizure onset and tracer administration,
reflects the hyperactivity at the ictal onset zone and at
the propagation areas [2].

Timing of the injection is thus a crucial issue, criti-
cally determining the clinical information that can be
obtained with the ictal SPECT imaging. Indeed, the per-
fusion pattern rapidly evolves after the ictal onset. In
temporal lobe epilepsy, the initial ictal hyperperfusion
of the seizure onset zone and of the propagation areas
is rapidly followed by a hypoperfusion of the same are-
as, presumably due to autoregulatory mechanisms lim-
iting excitotoxic damage [3]. In extratemporal neocor-
tical epilepsy, different patterns have been observed,
including or surrounding the ictal onset zone, depend-
ing on the delay of the injection and on the crisis dura-
tion [4]. The sensitivity of the ictal SPECT analysis is sig-
nificantly lower when the injection is performed more
than 20 seconds after the onset [5, 6].

Interictal imaging is routinely performed in order
to provide a baseline comparison for ictal changes, and
indeed increases sensitivity and specificity of SPECT
findings. Importantly, the imaging protocols should be
identical in both conditions, as well as image display for
visual interpretation, in order to ensure comparability
[2].

In addition to visual image interpretation, compu-
ter-assisted analysis has an important and validated
role for detecting changes in brain perfusion, with a
proven gain in sensitivity [5, 7, 8]. Ictal and interictal
imaging can be compared by normalizing counts in
each image to the activity in a given region or to the
global activity. Subsequently, the two scans are spatial-
ly registered, preferably using also an MRI scan, provid-
ing as result a subtraction parametric image of signifi-
cant deviation between ictal and interictal SPECT. This
function is implemented in various software packages:
among these, the Subtraction Ictal SPECT CO-registered
to MRI (SISCOM) [9] and the HERMES BRASS software
suite (www.hermesmedical.com). An example of ictal
and interictal images and the result of digital image
subtraction is shown in Figure 1.

In our institution, ictal SPECT identified correctly
the epileptic zone in 75% temporal lobe epilepsy and in
58% of extra-temporal cases [10]. Ictal SPECT is overall
most useful in patients with focal epilepsy and normal
MRI, or in cases where MRI shows multiple abnormali-
ties: in the latter, ictal SPECT might be able to identify
the epileptogenic lesion.
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Figure 1: Ictal (A) and interictal (B) perfusion in a patient with left amygdalo-hippocampal dysplasia. In line C the areas signi-
ficantly hyperperfused in ictal state, obtained by digital subtraction using the HERMES BRASS software suite, are shown (pink

overlay on ictal image).

2. FDG PET Imaging in Epilepsy

PET has been the first functional neuroimaging
technique applied to presurgical evaluation of pharma-
coresistant focal epilepsies, in the late seventies, before
MRI was available. It used the [**F]-Fluorodeoxyglucose
(FDG) to obtain images of interictal brain glucose me-
tabolism. It was particularly useful in patients with a
normal brain CT scan, showing a focal interictal glucose
hypometabolism. FDG PET remains today a routinely
used examination in the presurgical assessment of drug
refractory focal epilepsies [11]. Focal interictal hypome-
tabolism on FDG PET is usually associated with seizure
foci, but hypometabolism is typically larger than the
epileptogenic cortex, reflecting the altered neuronal
function in the ictal focus and possibly extending to
the areas of first ictal spread [12]. An example of a large
hypometabolic area extending to the whole temporal
pole in a patient with amygdalo-hippocampal dysplasia
is provided in Figure 2. The mechanism explaining the
hypometabolism in ictal areas is still mostly unknown:
various hypotheses have evoked a protective inhibito-
ry effect induced by repeated seizures on the brain or
the underlying dysfunctional cortex (dysplasic areas,
tubers, etc) [13]. Hypometabolism is usually less fre-
quent in children with new onset seizures [14]. It is well
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known that FDG PET distribution reflects mainly synap-
tic density and activity, therefore hypometabolism pre-
sumably reflects mainly synaptic changes rather than
cell loss [15].

Given the spatial resolution of PET imaging, rang-
ing between 4 and 8 millimeters depending on the to-
mograph characteristics and settings, and the fact that
FDG PET changes are larger than the actual ictal onset
zone, the definition of surgical borders cannot be solely
based on PET imaging.

Rather, PET results can help lateralizing and localiz-
ing the focus in cases of non-lesional epilepsy, in cases
with multiple lesions visible on MRI and can guide in-
tracranial electrode placement [16]. FDG PET has over-
all an established role in the presurgical evaluation of
various types of epilepsy, for diagnostic and prognostic
evaluation [17 - 19].

In current clinical practice, FDG PET is usually ac-
quired on PET/CT scanners, although recent develop-
ments suggest that the newly available PET/MRI hybrid
modality might play a relevant role (see Section 4).

FDG PET images are primarily analyzed visually,
with the support of semiquantitative analyses, such as
asymmetry indices. Asymmetry is usually rated as sig-
nificant when a difference above 15% exists between
the affected and contralateral sides, given that small
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Figure 2: Large left temporopolar hypometabolism in a patient with amygdalo-hippocampal dysplasia (same patient as in

Figure 1).

physiological asymmetries can exist [20]. Another tool
that is particularly relevant for PET image interpreta-
tion is the systematic adoption of software fusion of
PET and MRI datasets. There is evidence suggesting
that the systematic association of PET and MRI imag-
ing can be recommended for a complete evaluation of
epilepsy: previous reports consistently demonstrated
the added value of software fusion of PET and MRI data
for the pre-surgical evaluation of cortical dysplasia [21,
22]. The image fusion not only allows a more precise lo-
calization of hypometabolic areas but also allows iden-
tifying small areas of hypometabolic cortex that could
be overseen when reading the PET images alone. An
additional advantage of a systematic fusion with MRI
would be the adoption of strategies for the correction
of the partial volume effect on PET images, based on
MRI segmentation, that can offer a superior sensitivity
for identifying small abnormalities [23].

Overall, in our institution experience FDG PET cor-
rectly identified the ictal focus in 69% of patients with
temporal lobe epilepsy and in 75% in extratemporal
epilepsies [10].
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3. Research PET Tracers

PET imaging also allows measuring neurotransmis-
sion abnormalities underlying neuronal hyperexcit-
ability. This is of particular importance in the context
of presurgical assessment of pharmacoresistant focal
epilepsies, or in order to improve our understanding of
the pathophysiological mechanisms of epilepsy. This
requires radioactively labelled tracers which are either
ligands of specific receptors or neurotransmitter pre-
cursors or transporters. Thus, one of the most promis-
ing applications of PET in the epilepsy study consists in
imaging the distribution of these molecular targets in
the interictal state.

Various PET tracers are available for neurotransmit-
ter and neuromodulator systems, including the GABA,
serotonin, dopamine, glutamate, acetylcholine, adeno-
sine and opioid systems. These tracers are currently
used in research centers and are not yet part of the
clinical routine investigations.
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3.1 GABA system

The selective antagonist of GABA, receptors, [**C]-
flumazenil, has been the first PET receptor ligand which
was used in epilepsy. A localized reduction of [*'C]-
flumazenil binding, closely correlating with the side
and site of seizure onset, is usually observed in patients
with refractory focal seizures. This reduced binding is
thought to largely reflect an underlying neuronal loss,
as demonstrated in temporal lobe epilepsy associated
with mesial temporal sclerosis (review in [24, 25]). In
a study of 20 patients with intractable partial epilepsy
of neocortical origin and non-localizing MRI, focal de-
crease of cortical FMZ binding was detected in the lobe
of seizure onset in 85% of the patients [26]. Decreased
FMZ binding was also observed in remote cortical areas
outside the lobe of seizure onset in 55% of the patients.
The authors concluded that these regions are com-
monly involved in rapid seizure propagation and that
although these regions may not always need to be re-
sected to achieve seizure freedom, a careful evaluation
of cortex with decreased GABA, receptor binding prior
to resection using intracranial EEG may facilitate opti-
mal surgical outcome in patients with intractable neo-
cortical epilepsy [26].

3.2 Serotonin system

The serotonin system originates from the raphe
nuclei, with diffuse projections to the whole central
nervous system. According to studies in experimental
models of epilepsy, serotonin (5-HT) has an inhibitory
role on epileptiform discharges [27, 28]. Specifically,
antiepileptic and anticonvulsant properties of 5-HT_,
receptor activation has been shown in rodents [29].
This anti-epileptic effect can be blocked by the highly
selective 5-HT_, antagonist WAY-100635 [30]. An addi-
tional observation supporting the potential role played
by serotonergic transmission is that the epileptogenic
tissue of patients with cortical dysplasia has enhanced
serotonergic innervation [31].

3.2.1 a[**C]methyl-L-tryptophan (AMT)

Serotonin is synthesized from the neutral amino
acid L-tryptophan. a[**C]methyl-L-tryptophan (AMT) is
a tracer for measuring the rate of serotonin synthesis.
One of the main advantages of using PET with AMT for
imaging in epilepsy is that it shows increased (rather
than decreased) uptake in epileptic foci.

AMT PET has a unique ability to successfully iden-
tify the epileptogenic tuber(s) in patients with tuberous
sclerosis and intractable epilepsy [32 - 35]. It shows lo-
cally increased uptake of AMT in and around the epi-
leptogenic tuber, while it shows normal or decreased
uptake in non-epileptogenic tubers [34]. The sensitivity

Nuclear Medicine Imaging in Epilepsy | V. Garibotto, F. Picard

of AMT PET in finding the epileptogenic focus is about
70%, but its specificity is almost 100%, indicating that
if AMT PET identifies an area of increased uptake, it
likely represents the epileptic focus which needs to be
resected for better surgical outcome [36]. In a study of
17 children who underwent resective epilepsy surgery
following AMT PET, the tuber with the highest uptake
was located in an ictal EEG onset region in each patient
[36]. Tubers with at least 10% increase of AMT uptake
proved to be epileptogenic based on intracranial EEG
and outcome criteria. The different studies demonstrat-
ed that resection of tubers with increased AMT uptake
is essential to achieve seizure-free surgical outcome in
these patients.

Increased AMT uptake is also well recognized in cor-
tical developmental malformations. The uptake is high-
er in patients with histologically proven cortical dys-
plasia compared to those with nonspecific pathologi-
cal changes (i.e. gliosis) and may predict type IIB dys-
plasia (with balloon cells) and good surgical outcome
[37]. This correlates with previous human epileptic
tissue studies showing serotonergic hyperinnervation
in dysplastic tissues [31]. Histopathologic similarities
between cortical dysplasia type IIB and epileptogenic
cortical tubers may imply a common role of the inflam-
matory kynurenine pathway of tryptophan metabolism
in these lesions [37].

In patients with intractable epilepsy and cortical
dysplasia, the increased uptake of AMT was shown to
be highly co-localized to the area of neocortical seizure
onset defined on electrocorticography. Remote cortex
involved in seizure propagation does not appear to
show increased uptake on AMT PET images. In contrast,
the regions of reduced metabolism on FDG PET are
widespread and might be less specific. Increased AMT
uptake was also found in a very high proportion of epi-
leptogenic brain tumors, including low-grade gliomas
and dysembryoplastic neuroepithelial tumors, but it
is not always related to epileptogenicity as it has been
observed in some gliomas not associated with seizures
[38].

AMT PET has a lower sensitivity for the lateralization
and localization of epileptic foci in patients with cryp-
togenic focal epilepsy. However increased focal uptake
of AMT may be observed in a proportion of patients
with no detectable lesion on MRI and can be a valuable
addition to current methods of investigation [39]. One
study showed that AMT PET might be useful for lateral-
izing the epileptic focus in patients with temporal lobe
epilepsy (TLE) and normal hippocampal volumes: an in-
creased AMT uptake was reported in the hippocampus
ipsilateral to the seizure focus in a group of seven TLE
patients with normal hippocampal volumes [40]. How-
ever other larger studies are needed to further sub-
stantiate the clinical use of AMT PET in evaluation of
patients with suspected TLE and no hippocampal scle-
rosis. Lastly, AMT PET was shown to be a useful imaging
approach for identification of non-resected epileptic
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cortex in patients with a previously failed neocortical
epilepsy surgery [41]. It is proposed to wait at least 2
months after surgery before scanning the patients.

In conclusion AMT is a useful tracer in the presurgi-
cal evaluation of patients with epilepsy and displays a
particularly high specificity for the dysplastic lesions of
tuberous sclerosis or cortical dysplasia.

3.2.2. Ligands of 5-HT, receptors

The 5-HT,, receptors constitute the best character-
ized subtype of currently known 5-HT receptors.

3.2.2.1. [**C]-WAY-100635 and [**F]-FCWAY

[**C]-WAY is an antagonist ligand of 5-HT , recep-
tors. It is very specific with a much higher affinity than
endogenous serotonin for 5-HT,, receptors (Kd in the
range of 20 pmol), so [**C]-WAY does not interact with
serotonin.

PET using [C]-WAY-100635 was performed in
patients with severe mesial TLE (MTLE) to test the hy-
pothesis that in MTLE there is involvement of serotonin
systems outside of mesial structures [42]. Fourteen
patients and 14 controls were studied. The 5-HT,, re-
ceptor binding potential was calculated for hippocam-
pus, amygdala, orbitofrontal, insular, lateral tempo-
ral, anterior cingulate cortex, raphe nuclei, and in two
regions presumably uninvolved in the epileptogenic
process (parietal, and dorsolateral frontal neocortex).
The 5-HT , binding was significantly reduced in the
epileptogenic hippocampus and amygdala (p = 0.0001)
in all patients, including the six with normal FDG PET
and MRI. It was also reduced in the anterior cingulate,
insular, and lateral temporal cortex ipsilaterally to the
focus, in contralateral hippocampus, and in the raphe
nuclei. The authors concluded that there is reduced
5-HT_, receptor binding potential in the EEG focus and
its limbic connections and that the affective symptoms
in MTLE may result from reductions in 5-HT, , binding
in the insular and cingulate cortex. [*'C]-WAY-100635
PET was considered to provide additional information
to EEG, FDG PET, and MRI when evaluating pharmacore-
sistant patients.

[**F]-FCWAY presents an affinity for 5-HT,, recep-
tors comparable to that of the original WAY-100635
labeled with *C. A PET study with [*®F]-FCWAY showed
decreased temporal 5-HT_, binding ipsilateral to seizure
foci in patients with TLE [43]. A complementary study
demonstrated that decreased 5-HT,, binding in insula
and mesial temporal structures ipsilateral to temporal
lobe epileptic foci is not an artifact related to partial
volume effect because of the mesial temporal sclero-
sis and structural atrophy [44]. These studies suggest
that the receptor loss may be part of the initial phase
of neuronal dysfunction in TLE, followed by hypome-
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tabolism and eventual structural atrophy. The decrease
in 5-HT , binding exceeded both FDG hypometabolism
and hippocampal atrophy, and could be detected in
mesial temporal regions in patients with normal MRI.
Thus [*®F]-FCWAY PET might be particularly useful for
early detection of functional abnormalities in TLE pa-
tients. Other recent studies confirmed the additional
value of the [*®F]-FCWAY PET examination to FDG PET
for epileptic focus detection and temporal lobectomy
planning, particularly in MRI-negative TLE [45, 46]. One
of these studies suggested that reduced left hippo-
campal receptor 5-HT , receptor binding may play a
role in memory impairment in patients suffering from
TLE [47].

PET using [*C]-WAY-100635 was also performed
in 12 patients with juvenile myoclonic epilepsy (Savic,
personal communication, “The new and very new PET
tracers in epilepsy”, Satellite symposium to the 26% IEC,
Orsay, Paris, 2005). There was a 25% reduction of 5-HT,,
binding in the dorsolateral prefrontal cortex. It is worth
to note that the same patients were investigated with
MR spectroscopy showing reduction in N-acetylaspar-
tate in the dorsolateral prefrontal cortex, concordant at
MRI spectroscopy with a reduction in N-acetylaspartate
in the same area, and also had impaired working mem-
ory. In addition, an unexpected finding was a bilateral
reduction of [**C]-WAY-100635 binding in the hippo-
campus, despite normal hippocampal volumes. The
authors suggested that 5-HT , receptor binding could
be a useful approach in future to detect potential
hippocampal changes which are not visible on MRI
in neocortical epilepsies, generalized epilepsies or in
psychiatric disorders.

3.2.2.2. [*F]-MPPF

MPPF is another selective antagonist of 5-HT, re-
ceptors. It has an affinity close to that of endogenous
serotonin for 5-HT_, receptors and is thus sensitive to
endogenous serotonin variations. Thus a decrease of
[*8F]-MPPF binding can be interpreted as reflecting ei-
ther a decrease in receptor density or an increase in
endogenous serotonin, resulting in a competition for
receptor binding by the radioligand.

PET studies with [*8F]-MPPF carried out in a group of
TLE patients with hippocampal ictal onset showed sig-
nificant decreases ipsilateral to the epileptogenic zone
in the hippocampus, temporal pole, insula and tempo-
ral neocortex [48, 49]. A large study of 42 TLE patients
showed that a decreased binding in hippocampus,
amygdala and temporal pole (example in Figure 3) in-
dicated good candidates for anterior temporal lobecto-
my, as all these patients became seizure-free after sur-
gery, even when the clinical presentation was not that
of a typical mesiotemporal lobe epilepsy or when there
was no hippocampal atrophy [50]. The interpretation
that the decrease in 5-HT, , receptor binding in epileptic
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Figure 3: [**F]-FDG PET and [*®F]-MPPF PET in a patient with a temporo-limbic epilepsy and normal MRI: the images show a slight
decrease in FDG uptake and a clear and severe MPPF binding reduction located within the left temporal region. (Courtesy of

Prof. P. Ryvlin)

patients could reflect the loss of neurons in the hippo-
campus was challenged by the report in epileptic foci of
an increase in P-glycoprotein, an ATP-driven transmem-
brane efflux pump, known to strongly regulate the
penetration of [*¢F]-MPPF in the brain [51]. The binding
of [**F]-MPPF might be modified by extracellular sero-
tonin levels, internalization of 5-HT,, receptors and the
expression of P-glycoprotein.

3.3 Dopamine system

Studies in animal models and epileptic patients
have suggested that circuits of the basal ganglia may
control epileptic seizures and that striatal dopamin-
ergic transmission plays a key role in seizure interrup-
tion [52]. Moreover there is evidence from clinical ex-
perience that antagonizing D2 receptors lower seizure
threshold.
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3.3.1. [**F]-fluoro-L-DOPA

[*¢F]-fluoro-L-DOPA is a radiotracer that permits
measurements of presynaptic dopaminergic func-
tion. A [**F]-fluoro-L-DOPA PET study was performed
in patients with a ring chromosome 20 suffering from
epilepsy. Their epilepsy is characterized by long-lasting
seizures suggesting a dysfunction in the seizure con-
trol system. [*®F]-fluoro-L-DOPA PET showed a signifi-
cantly decreased uptake in both putamen and caudate
nucleus, suggesting that a dysfunction of the striatal
dopamine neurotransmission may impair the mecha-
nisms that interrupt seizures [53].

Patients with generalized seizures and patients with
focal seizures related to hippocampal sclerosis were
also studied [54]. There was a decreased [*¢F]-fluoro-L-
DOPA uptake, particularly in the substantia nigra bilat-
erally, in all patients. The uptake was also decreased in
the putamen, bilaterally, in patients with generalized
seizures and unilaterally, ipsilateral to the hippocampal
sclerosis, in patients with focal seizures.
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3.3.2. [**F]-Fallypride

[*8F]-Fallypride is a highly selective, high-affinity, do-
pamine D,/D,-receptor ligand suitable for measuring
D,/D, receptor availability in the extrastriatal regions
of the brain. A group of seven patients with TLE and
hippocampal sclerosis, was compared with a group of
controls [55]. Compared with controls, [*¢F]-Fallypride
binding potential was significantly decreased in the
epileptogenic temporal lobe in all patients. On the
analysis of regions of interest, this reduction was evi-
dent in areas surrounding the seizure onset zone, at the
temporal pole (-34%) and the anterior part of the lat-
eral temporal lobe (-33%). Although the hippocampal
FDG uptake (-8%) and hippocampal MR volume (-35%)
were significantly reduced, no significant decrease of
[18F]-Fallypride binding potential was found in the
hippocampal area. The area of decreased binding (pole
and lateral parts of the epileptogenic temporal lobe)
might correspond to “the irritative zone”, suggesting
that D,/D, receptors might play a specific role in the
pathophysiology of MTLE.

3.3.3. [1C]-SCH23390

[**C]-SCH23390 is a dopamine D,-receptor ligand. A
reduced binding in the right putamen (increased extra-
cellular dopamine levels or receptor downregulation)
was shown in patients with autosomal dominant noc-
turnal frontal lobe epilepsy (ADNFLE) and an identified
nicotinic receptor mutation (in the a4 subunit) [56].
The authors suggested that alterations in mesostriatal
dopaminergic circuits may contribute to nocturnal par-
oxysmal motor activity.

3.3.4. [C]-PE2I

[**C]-PE2I is a radioligand that provides high-
contrast delineation of brain regions that are rich in
dopamine transporters. Studies have been performed
in patients with idiopathic generalized epilepsy. An im-
paired dopamine uptake was observed in the midbrain
in patients with juvenile myoclonic epilepsy [57, 58],
and in the putamen in patients with generalized tonic-
clonic seizures only [57].

3.4 Glutamate / NMDA system

Glutamate is the principal excitatory neurotrans-
mitter in the human brain. Its receptors are divided into
ionotropic and metabotropic receptors. N-methyl-D-as-
partate (NMDA) receptors form a subclass of ionotropic
glutamate receptors. Enhanced excitatory transmission
has long been known to play a central role in the gen-
eration of seizures and the development of epilepsy.
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The NMDA receptors have been studied in human epi-
leptogenic brain with conflicting results. Increased as
well as decreased receptor binding has been reported
in epileptogenic tissue.

3.4.1. [*C]-CNS 5161

CNS 5161 is an NMDA antagonist that binds with
high affinity to NMDA ion channel sites. [**C]-CNS 5161
was developed as a potential PET tracer. Four healthy
control subjects and a single pilot case with MTLE were
scanned with this tracer (Hammers, “The new and very
new PET tracers in epilepsy”, Satellite symposium to the
26t IEC, Orsay, Paris, 2005). While hippocampal volume
on the affected side was reduced by 27% compared to
the contralateral side, [**C]-CNS 5161 volume of dis-
tribution was reduced by only 13%. This may indicate
an actual increase in open NMDA channels per volume
unit of tissue on the epileptogenic side. Larger studies,
with partial volume correction, are needed. There are
no new reported data since this pilot study in epilepsy,
but a study using PET with [**C]-CNS 5161 in patients
with Parkinson’s disease was published in Brain in 2011
[59].

3.4.2. [**C]-ketamine

Ketamine is an anaesthetic which binds specifically
and reversibly to the NMDA receptor in a non-compet-
itive manner, with a receptor affinity (Kd) in the umol
range. PET studies in monkeys and humans have shown
that the distribution of [*C]-ketamine corresponds to
regions with high density of glutamate receptors.

Eight patients with MTLE were evaluated by PET us-
ing [**C]-ketamine [60]. A side-to-side comparison re-
vealed a 9-34% reduction of tracer radioactivity in the
temporal lobes of ictal onset compared with the con-
tralateral side. The magnitude and distribution of the
reduction were similar to the metabolic pattern seen
on FDG PET. This reduction may reflect reduced NMDA
receptor density, reduced perfusion, focal atrophy, or
other factors. Further studies with correction for partial
volume effects and perfusion differences are needed.

3.5 Nicotinic cholinergic system

About fifteen years ago, mutations were identified
in autosomal dominant nocturnal frontal lobe epilepsy
(ADNFLE), in genes coding for two different subunits of
the neuronal nicotinic acetylcholine receptor (nAChR),
respectively the a4 and the $2 subunits. To date such
mutations have been found in about twenty families.
These subunits are known to assemble and form the
main brain nicotinic receptor subtype in humans (0432
nAChR). The nAChRs are excitatory receptor channels
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permeable with cations (Na*, K*, Ca2*), and are widely
distributed throughout the brain with a particularly
high density in the thalamus for the a4$2 nAChR. Most
of these receptors are presynaptic and have a neu-
romodulatory role consisting of an enhancement of
the release of GABA, glutamate, dopamine, norepine-
phrine, serotonin or acetylcholine.

The [**F]-2-Fluoro-A-85380 (3-[2(S)-2-azetidinyl-
methoxy]pyridine) (F-A-85380) is a ligand with a high
affinity and specificity for the central a4f2 nAChRs,
with brain tracer concentrations reflecting the receptor
concentration [61].

A PET using [*®F]-F-A-85380 was performed in a
group of 8 patients with ADNFLE carrying a mutation in
a nAChR subunit, in comparison with a group of healthy
volunteers [62]. Patients and volunteers were all non-
smokers. Parametric images of volumes of distribution
were generated using the ratio between brain tissue
concentration and the unchanged plasma concentra-
tion. The images showed a clear difference in the pat-
tern of the nAChR density in the brains of the patients
compared to the healthy volunteers, with a significant
increase (between 12 and 21%, p < 0.05) in the ADN-
FLE patients in the mesencephalon, the pons and the
cerebellum. Statistical parametric mapping (SPM) con-
firmed clear regional differences between patients and
controls: patients had a statistically significant increase
in nAChR density in the epithalamus, ventral mesen-
cephalon and cerebellum, but decreased nAChR density
in the right dorsolateral prefrontal region. In 5 patients
who underwent an additional FDG PET experiment, hy-
pometabolism was observed in the neighbouring area
of the right orbitofrontal cortex. The demonstration of
a regional nAChR density decrease restricted in the pre-
frontal cortex, despite the known distribution of these
receptors throughout the cerebral cortex, is consistent
with focal epilepsy involving the frontal lobe. In addi-
tion, these results suggest that the nAChR density in-
crease in the mesencephalon is involved in the patho-
physiology of ADNFLE through the role of brainstem
ascending cholinergic systems in arousal. A PET ex-
amination of other forms of epilepsy is currently under
way, to confirm the specificity of the above-mentioned
results for ADNFLE.

3.6 Adenosine system (A adenosine receptor)

Adenosine is different from regular transmitters: it
is not released in a vesicular way, not released in syn-
apses, but is produced in the cell like the “sweat” of the
cell. Whenever the cell has to work, adenosine produc-
tion increases intra- and extra-cellularly, activating the
modulatory adenosine receptors. There are four differ-
ent types of receptors, with different affinities for ad-
enosine. The receptors with the highest affinity are the
A and A, subtypes.

In cases of high energy demand, such as in the
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early phases of an epileptic seizure, there is a massive
increase of adenosine that is transported from the in-
side to the outside of the cell and thus can activate A,
receptors. It has been shown in animal models in the
last two decades that the activation of A receptors
increases activation of inhibitory G proteins and then
helps stopping seizure activity. Adenosine is considered
to be responsible for seizure arrest and for post-ictal
refractoriness and thus appears to be an endogenous
antiepileptic regulator. The deficiencies within this sys-
tem might result in a higher susceptibility for seizures
or epileptogenesis. Most studies report reductions of A,
receptor density in experimental epilepsy models and
in human post-mortem brain material of patients with
epilepsy.

The radiotracer available for the A, adenosine re-
ceptor is CPFPX, which stems from the same group as
caffeine (caffeine being a non-selective blocker of ad-
enosine receptors). CPFPX is fluorinated ([18F]-CPFPX).
It has relatively high affinity of 1.3 nM with rather high
selectivity: A /A,, >700. In human brain, there is a high
uptake within the striatum, the caudate nucleus, the
putamen, part of the medial anterior thalamus and
neocortical regions. A study performed in a F98 rat
model for brain tumors showed that there was an in-
creased density of adenosine A, receptors surrounding
the tumor as well as surrounding the necrosis which
was visible in the tumor [63]. The upregulation of A,
receptors is primarily on astrocytes. A PET study using
[*8F]-CPFPX in a patient with a glioma also revealed in-
creases in A adenosine receptor density in the immedi-
ate vicinity of the tumor. However, in contrast to the rat
findings, there was a decrease of A receptor binding
surrounding this zone of increased receptors [63]. This
zone of “reduction of inhibitory capacity” could con-
tribute to tumor-associated epilepsy. So the density of
A1l receptors is within the normal range in the tumour,
increased in the immediate peri-tumoral zone and de-
creased in the extra-tumoral area, which may result in
an increased excitability of the brain. Two patients with
TLE have also been studied (Bauer, “The new and very
new PET tracers in epilepsy”, Satellite symposium to the
26t IEC, Orsay, Paris, 2005). In the first case, including
unilateral hippocampal sclerosis, there was a reduction
of the hippocampal [*¢F]-CPFPX signal on the sclerotic
side. In a second case of TLE plus with dystrophic chang-
es seen in the neocortex, lateralized decreased signal
was observed compared to the contralateral side and
compared to control levels. These data were not partial
volume corrected. It has to be noted that in autoradio-
graphic studies of surgically resected hippocampi, den-
sities were far lower than in control samples.
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3.7 Opioid system

The opioid receptors can be classified into at least
three types: p-, 8- and k-receptors. Opioid peptide re-
lease is calcium-dependent and requires high frequen-
cy neuronal firing; opioid peptides act as mediators of
use-dependent synaptic activity and as co-transmitters
to modulate the actions of the primary transmitter
[64]. Opioid receptor availability reflects endogenous
opioid concentrations. Animal and limited human data
suggest an important anticonvulsant role for opioid
peptides and their receptors. Exogenously applied opio-
ids have predominantly inhibitory actions on neuronal
activity and transmitter release throughout the brain.
There is a large body of animal data showing that en-
dogenous opioid release may occur following induced
and spontaneous seizures and that increased opioid
neurotransmission has an anticonvulsant role. How-
ever, the human relevance of these studies can only, at
best, be inferential.

The tracer diprenorphine (DPN) is a non-selective
partial agonist, with similar affinity for p-, 3- and
K-receptors. It is displaced by endogenous opioids [65].
It shows high binding to basal ganglia, amygdala, and
layers V and VI of the cerebral cortex. One study aimed
to provide direct human in vivo evidence for changes
in opioid receptor availability following spontaneous
seizures [66]. Nine patients with refractory TLE were
scanned by PET using [*'C]-DPN within hours of spon-
taneous temporal lobe seizures (median interval: 8.5 h
post-ictally). A second scan was acquired days to weeks
later, after as long a seizure-free period was achiev-
able in a given patient, and served as an intra-subject
control (corresponding to interictal binding). A region-
ally specific increase of opioid receptor availability was
evident following seizures in the temporal pole and
fusiform gyrus ipsilateral to the seizure focus. Thus this
study confirmed changes in opioid receptor availability
in the hours following seizures, suggesting an impor-
tant role of the opioid system in seizure control. Previ-
ous studies performed during reading-induced seizures
and absences demonstrated on the contrary decreased
[**C]-DPN binding [67, 68]. Taking together the results
of these previous studies and the most recent one, the
authors suggest that “synaptic opioid levels increase at
the time of seizures, leading to a reduction in [**C]-DPN
binding, and that this is followed by a gradual recovery
of available surface receptors with an overshoot over
basal levels which is detected by PET about 8 h after
seizures, with a gradual return to normal levels during
the interictal phase” [66].

3.8 Markers of inflammation
Translocator protein (TSPO), a marker of neuroin-

flammation expressed by activated microglial cells,
is increased in vitro in surgical samples from patients
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with TLE. It can be measured in vivo by PET using the
novel radioligand [**C]-PBR28. A study of 16 patients
with unilateral TLE showed increased uptake of radio-
activity ipsilateral to the seizure focus, suggesting in-
creased expression of TSPO [69].

4. Technological developments: PET/MRI

Hybrid tomographs, able to perform in a single im-
aging session PET and MRI acquisition, called PET/MRI
systems, are a new modality with great potential clini-
cal and research applications [70].

PET and MRI are the methods of choice for brain
studies, PET providing molecular information (glucose
metabolism, receptor imaging) and MRI evaluating a
large panel of morphological and functional parame-
ters: for this reason PET/MRI might become the modal-
ity of choice in the field of neuroimaging [71]. Indeed,
the first prototype tested in humans was a brain-dedi-
cated system [72].

This technological development has needed con-
siderable efforts, to overcome the major challenges
of bringing these two image modalities together. The
main problem is due to the fact that current PET sys-
tems have a detection chain which is based on pho-
tomultiplier tubes, which are intrinsically sensitive to
magnetic fields. For this reason, the PET/MRI systems
replace photomultiplier technology by magnetic field-
insensitive avalanche photodiodes or silicon photomul-
tipliers [73, 74]. Alternatively, sequential imaging and
proper shielding has been used, in order to minimize
magnetic effects on the PET electronics [75, 76]. In ad-
dition, the CT component of PET/CT systems is used for
correcting the attenuation of photons induced by tis-
sues for PET images. The current PET/MRI systems esti-
mate attenuation using MRI and various segmentation
approaches [77, 78].

For hybrid neuroimaging, both brain-dedicated sys-
tems as well as whole-body systems have been tested.
The first PET/MRI acquisition ever done in humans has
been performed on a prototype for simultaneous PET/
MRI featuring a PET insert for a standard 3 T MRI scan-
ner (BrainPET; Siemens) [72]. A second dedicated brain
system used a shuttle bed-based design, based on sep-
arate acquisitions on an ultra-high-field MRI (7 T) and
on a PET high-resolution research tomograph (HRRT),
on a common bed shifting between the two systems
and guaranteeing a common reference system for im-
age coregistration [79]. Both prototypes have been
tested in dedicated research environments and no wide
clinical application is expected.

Whole-body PET/MRI scanners have recently been
introduced on the market for clinical use, about a
decade after the commercial introduction of PET/CT.
Whole-body systems have a significant advantage over
brain dedicated systems, being able to perform both
brain and whole-body imaging.
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Different designs are adopted by the three com-
mercial solutions available: a non integrated system
using a shuttle bed connection by GE Healthcare [80],
a sequential system, proposed by Philips Healthcare
[81], and a simultaneous system, produced by Siemens
Healthcare [82].

MRI, due to its superior soft-tissue contrast, has
clear diagnostic advantages over non-contrast-en-
hanced CT, which is usually coupled to PET in routine
brain PET/CT investigations. In addition, avoiding the CT
component of PET/CT investigations reduces the total
radiation exposure, with relevant advantages in pediat-
ric and young population, representing a relevant pro-
portion of the cases evaluated for refractory epilepsy.
As compared with post-hoc fusion, already mentioned
(Section 2), hybrid imaging avoids possible misaligne-
ments due to different patient positioning and guar-
antees that both modalities are acquired in the same
physiological conditions. Overall, the hybrid design al-
lows obtaining all information in one session, with one
sedation/anaesthesia, if required, thus with significant
practical advantages for both patients and specialists.

To date, only a few hybrid PET/MRI studies on pa-
tients with refractory epilepsy have been reported [81,
83]. One report on six cases studied by sequential PET/
MRI hybrid imaging showed that fusion of morphologi-
cal and functional information allowed the identifica-
tion of subtle metabolic alterations which could eas-
ily have been missed when interpreting the 18F-FDG
images alone [81]. The second study demonstrated
the feasibility of simultaneous *'C-flumazenil PET and
MPRAGE MRI acquisition in one patient with right tem-
poral lobe epilepsy [83].

With the wider diffusion of this new modality, larg-
er investigations are expected, in order to evaluate the
advantage of combining the various parameters of MRI
(spectroscopy, functional MR, diffusion studies) with
the various molecular targets evaluated by PET. Hybrid
PET/MRI, when available, might become the modality
of choice for imaging patients in the presurgical evalua-
tion of epilepsy providing multiparametric imaging.

Conclusion

Nuclear medicine imaging techniques have a well
established role in the clinical investigation of patients
evaluated for presurgical localization of seizure foci.
The technological developments, together with the
development and wider diffusion of specific molecular
tracers, will presumably increase the diagnostic per-
formance of these technologies for a more accurate
non-invasive assessment of epileptic patients.
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Summary

Electroencephalography (EEG) plays a central role in
confirming the diagnosis of epilepsy and in character-
izing the electro-clinical epilepsy syndrome. Addition-
ally, EEG and magnetoencephalography (MEG) can be
used to image the functional activity of the brain with
millisecond resolution. Recent progresses in recording
systems now allow easily measuring the electromag-
netic field generated by cerebral activity using hun-
dreds of sensors spread all over the scalp. Together with
these advances in hardware, modern analytic methods
that take into consideration the cerebral anatomy of
individual patients and account for the involvement
of distributed cortical areas have greatly increased the
spatial accuracy of electric and magnetic source imag-
ing. These techniques are most useful in the evaluation
of patients with drug-resistant focal seizures who are
potential candidates for epilepsy surgery. Localizing the
source of interictal epileptic spikes recorded by high-
density EEG or MEG is a reliable marker of the epilep-
togenic zone, the brain region whose resection leads to
seizure freedom. The accuracy of electric and magnetic
source imaging seems higher than that of positron
electron tomography (PET) or single-photon emission
computed tomography (SPECT) and is on par with that
of structural magnetic resonance imaging. Electromag-
netic source imaging is also increasingly used to define
the neural networks involved in epileptogenesis. Elec-
tromagnetic source imaging should be part of the pre-
surgical evaluation of all patients considering epilepsy
surgery.
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Imagerie de source électrique et magnétique de
I’activité épileptique

Lélectroencéphalographie (EEG) joue un role central
pour confirmer un diagnostic d’épilepsie et pour carac-
tériser le syndrome épileptique électro-clinique. LEEG
et la magnétoencéphalographie (MEG) peuvent égale-
ment étre utilisées pour localiser I'activité fonctionnelle
du cerveau avec une résolution temporelle de I'ordre
de la milliseconde. Il est maintenant facile d’enregis-
trer le champ électromagnétique généré par l'activité
cérébrale au moyen de centaines de senseurs répartis
sur I'ensemble du scalp. En plus de ces progrés tech-
niques, les méthodes d’analyse modernes, qui incluent
I'lanatomie cérébrale de chaque patient et qui tiennent
compte de I'activité de régions cérébrales étendues, ont
nettement amélioré la précision spatiale de I'imagerie
de source électrique et magnétique. Ces techniques
sont trés utiles dans le contexte de I'évaluation de
patients souffrant d’épilepsie focale pharmaco-résis-
tante candidats a la chirurgie de |'épilepsie. La localisa-
tion de la source des pointes interictales épileptiques
est un marqueur fiable de la zone épileptogene, dont
la résection supprime les crises épileptiques. La préci-
sion de I'imagerie de source électromagnétique semble
meilleure que celle de la tomographie par émission de
positrons (PET) ou de la tomographie d’émission mono-
photonique (SPECT) et égale a celle de I'imagerie par
résonance magnétique. De plus, I'imagerie de source
électromagnétique permet de délimiter les réseaux
neuraux qui participent a la génération des crises épi-
leptiques. Limagerie de source électromagnétique de-
vrait faire partie du bilan préopératoire de tout patient
candidat a une chirurgie de Iépilepsie.

Mots clés : Electroencéphalographie, magnétoencépha-
lographie, neuroimagerie fonctionnelle, épilepsie
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Elektrische und magnetische Quellenlokalisation
der epileptischen Aktivitat

Die Elektroenzephalographie (EEG) spielt eine
zentrale Rolle um eine Epilepsie zu diagnostizieren und
das epileptische Syndrom zu charakterisieren. Das EEG
und die Magnetoenzephalographie (MEG) kdnnen die
Aktivitat des Gehirnes darstellen und zwar mit einer
Prazision von Millisekunden. Heuzutage kann man das
durch die Hirnaktivitat generierte elektromagnetische
Feld mit Hunderten von Sensoren auf dem ganzen Kopf
relativ einfach registrieren. Neben diesen technischen
Fortschritten erlauben moderne Analysemethoden die
Darstellung der elektrischen Aktivitat von breiten kor-
tikalen Regionen unter Berlicksichtigung der individu-
ellen Hirnanatomie, so dass die spatiale Auflosung der
elektrischen und magnetischen Bildgebung deutlich
verbessert ist. Diese Techniken sind sehr hilfreich in der
prachirurgischen Evaluation von Patienten mit phar-
mako-resistenter Epilepsie. Die Quellenlokalisierung
der interiktalen Spitzenpotenziale ist ein zuverlassiger
Marker der epileptogenen Zone, deren Resektion zur
Anfallsfreiheit fuihrt. Die Prazision der elektromagne-
tischen Quellenbildgebung scheint hoher zu sein als
die von nuklearmedizinischen Methoden (PET/SPECT)
und gleich gut wie jene der strukturellen Kernspin-
tomographie. Ausserdem kann die Quellenlokalisati-
on die epileptischen neuronalen Netzwerke darstel-
len, welche zur epileptischen Aktivitat beitragen. Die
elektromagnetische Quellenbildgebung sollte fir alle
prachirurgisch evaluierten Patienten eine Routineun-
tersuchung werden.

Schliisselworter: Elektroenzephalographie, EEG,
Magnetoenzephalographie, funktionnelle Bildgebung,
Epilepsie

EEG and MEG: From Epileptic Focus to Brain Net-
works

What are electroencephalography (EEG) and mag-
netoencephalography (MEG) doing in a collection of
reviews devoted to advanced imaging in epilepsy? Af-
ter all, EEG produces squiggly lines (at least to the un-
initiated), not pictures of the brain. What’s more, one
of the first things that residents embarking on clinical
neurophysiology training are told is that EEG traces do
not simply reflect the activity of the brain area lying di-
rectly under the corresponding electrode. So how could
EEG ever be expected to localize epileptic activity with
the high spatial resolution reached by legitimate neu-
roimaging methods such as MRI? Then again, if func-
tional neuroimaging using EEG were at all possible, it
would be a highly valuable method in epilepsy thanks
to its millisecond temporal resolution — several orders
of magnitude better than functional MRI.

MEG records the magnetic fields produced by neu-
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ral activity that diffuse out of the head (whereas EEG
measures the electric potential at the scalp surface).
Because these magnetic fields are very small (approxi-
mately eight orders of magnitude smaller than the
magnetic field of the earth), high amplification and
strict shielding from outside interference are required.
MEG systems are thus large machines that take up a
dedicated shielded room. MEG and EEG are sensitive
to different physical features of neural activity, and the
two techniques can therefore bring complementary
information. The relative strengths and weaknesses of
each modality will be discussed throughout the article.

Here, we recapitulate how electromagnetic neu-
roimaging using EEG (Electric Source Imaging, ESI) and
Magnetic Source Imaging (MSI) has in fact become a
reality in recent years, thanks to developments both in
hardware (recording systems) and software (analytic
approaches), and how it can crucially inform clinical
practice in epilepsy [1, 2].

How Does Electromagnetic Neuroimaging Work?

The inverse problem

Why is it actually difficult to localize the neural gen-
erators of EEG signals recorded at the surface of the
head (the so-called inverse problem)? The physics of
electromagnetism state that any given configuration
of the voltage field at the surface of the head could
theoretically be generated by an infinite number of
configurations of the potential generators. Not all of
these configurations are biologically or medically real-
istic, however, and the practical approach to solving the
inverse problem is therefore to set constraints on what
the potential solution may be.

The source space

One of these constraints relies on our knowledge
of where epileptic EEG signals are generated, i.e. by
neurons in the cortex [3]: the generators of any given
surface voltage field should therefore lie in the cor-
tical grey matter (including the hippocampus and
amygdala), but not in the basal ganglia or thalamus
and certainly not in the white matter or the cerebral
ventricles. Feeding the patient’s own brain anatomy in-
to the inverse solution improves the accuracy of ES| by
taking into account individual anatomical variations as
well as existing cerebral lesions or malformations [4, 5].
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Dipoles vs. distributions

Another constraint concerns the number of sources:
some inverse solutions limit the numbers of generators
to one or a few point-like sources (i.e. equivalent di-
poles), while others attempt to estimate cerebral activ-
ity at thousands of points distributed within the brain
volume (distributed solutions). Equivalent dipole mod-
elling has intuitive appeal in the context of epilepsy:
we like to think of interictal spikes as being generated
by a single, well-delineated patch of cortex. The reality
is more complex, however: spikes are often generated
within a spatially widespread epileptic network, and
propagation from the initial source of the spike to other
parts of the network happens within milliseconds of its
onset [6, 7]. Moreover, dipole localisation is artificially
in the “centre of mass” of the region that it represents.
Therefore, the orientation of the dipole is as important
as its localisation in interpreting such source analysis,
and distance measurements between a dipole and a
lesion or an intracranial electrode do not really make
sense. Distributed inverse solutions are therefore need-
ed if we want to take into consideration the whole epi-
leptogenic network. Multiple algorithms for distributed
inverse solutions have been developed, each incorpo-
rating specific a priori mathematical and biophysical
assumptions. They have been the subject of several re-
cent reviews that detail these points [2, 8 - 11].

Number and position of the sensors

An important factor in determining how well ESI/
MSI performs is how precisely and completely the elec-
tromagnetic field is sampled at the head surface. Us-
ing EEG, increasing the number of electrodes from a
standard, 31-electrode montage to 123 electrodes sig-
nificantly improves the localization of interictal spikes
[12]. It is also crucial to sample the electric field below
the top of the ears, as routine EEG montages that to-
tally ignore this region cause generators in the inferior
and medial temporal lobes to be significantly displaced
upwards [13]. Recently developed EEG caps with more
than 200 sensors can now easily be applied in minutes,
making high-density EEG readily available in the clinical
neurophysiology laboratory. Appropriately-sized caps
are also available for infants and children. High den-
sity of sensors is made particularly relevant by the fact
that the ratio between skull and brain conductivity has
recently been shown to be higher than previously esti-
mated (1:20 instead of 1:80) [14], so that a high spatial
sampling of scalp EEG is definitely more than oversam-
pling of a field smoothened by its passage through the
skull. This is naturally even truer in children who show
higher skull conductivity than adults. Current MEG sys-
tems comprise around 300 sensors to record and image
neuronal activity using the same analytic principles
that apply to ESI.
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Methodological differences between ESI and MSI

Magnetoencephalography and electroencephalo-
graphy both measure cerebral activity in real time, but
since they measure different physical properties of this
activity, there are differences in their sensitivity to dif-
ferent configurations of neural generators. Magnetic
fields diffuse across the skull and scalp with essentially
no distortion, whereas electrical potentials are dis-
torted by variations of skull thickness, cranial foramina,
previous craniotomies, etc. [15]. Thus, there is no such
thing as a “breach rhythm” in MEG. Also for this reason,
MSI is often claimed to be more accurate than ESI in de-
tecting superficial, neocortical sources [16]. However,
MEG is only sensitive to the activity of neurons oriented
tangentially (i.e. parallel to the skull surface and the
MEG sensors, as found in sulcal banks) and not to that
of radially-oriented neurons (as found in gyral crowns
and fundi). By contrast, EEG is able to record the activity
of neurons regardless of their orientation [17]. Another
clinically important difference is that MEG is less sen-
sitive to deep sources than EEG [11]. Finally, MEG sen-
sors are affixed to the machine and not to the patient’s
head, which makes MEG exquisitely sensitive to patient
motion. As a result, MEG is impractical for recordings
longer than a couple of hours or sleep studies and in
young children or non-cooperative patients.

What Can ESI and MSI Image in Epilepsy?

Since ESI is based on the exact same signal as the
routine EEG, everything that is recorded by EEG can be
subjected to ESI. This ranges from normal spontaneous
brain rhythms [18] through sensory-evoked and event-
related activity [19] to epileptic activity.

At the EEG and Epilepsy unit of Geneva University
Hospitals, we systematically perform high-density EEG
recordings as part of the non-invasive evaluation of
adult and paediatric patients considered for epilepsy
surgery. Our approach to ESl is illustrated in Figure 1.

ESI/MSI of interictal spikes

Most studies of ESI and MSI in epilepsy to date fo-
cused on localising interictal spikes rather than on sei-
zures. The justification for this lies in their respective
nature: spikes can be averaged together in order to
improve the signal-to-noise ratio, are usually more fre-
quent than seizures, and their spatiotemporal dynam-
ics are simpler [20]. As previously mentioned, however,
interictal spikes do not remain confined to a single neu-
ronal population in a single cortical patch; rather, they
propagate within milliseconds to involve cortical areas
away from the initial generator [6]. The temporal reso-
lution of EEG and MEG allows disentangling the gen-
eration of a spike from its propagation. In order to im-
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High-density EEG recording
(128-256 channels)

Spike selection

High-resolution 3T MRI

Solution points inside
grey matter (SMAC)

Scalp voltage

Spike averaging field topography

Distributed inverse
solution (LAURA)

Figure 1: Electric Source Imaging of interictal epileptic spikes. Upper line: high-density EEG is recorded. Spikes are identified by
visual analysis and averaged together to improve the signal-to-noise ratio. The topography of the voltage field on the scalp
is mapped. Lower line: the patient’s own high-resolution MRI is used to define the source space for the inverse solution algo-
rithm (Spherical Model with Anatomical Constraints, SMAC; [4]). A distributed inverse solution (Local AUtoRegressive Average,
LAURA; [21]) is used to localize the source of the surface voltage field.

age the initial generators of a spike, it is recommended
to perform the ESI around the middle of the upslope of
the spike rather than at its peak [7].

ESI/MSI of seizure onsets

Ictal activity can also be localized by ESI [22 - 24].
The procedure is generally applied during the very first
seconds around the ictal onset, both because we are
more interested in localizing the cortical area where a
seizure begins than its potentially multiple and wide-
spread propagation areas, and also because EMG arte-
facts due to motor activity during the seizure often ob-
scure the EEG so much as to make ESI impossible after
a few seconds. Although adequate validation of its ac-
curacy and clinical usefulness is yet lacking, ictal-onset
ESI may well find a place in the arsenal of clinical neu-
rophysiologists. High-density EEG caps that allow re-
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cording for longer than 24 hours, including while sleep-
ing, will likely increase the number of seizures that are
captured and amenable to ESI.

Imaging the ictal onset using MSI has also been
reported in a few cases where seizures were seren-
dipitously captured during an MEG recording [25].
However, as mentioned above, MEG machines are very
sensitive to motion of the patient. Therefore, anything
more than minor motor activity during a seizure will in-
terrupt the recording.

How Accurate Is ESI/MSI?

Here, we focus on clinically relevant measurements
of accuracy in the context of epilepsy and leave aside
modelling approaches and experimental studies per-
formed in other contexts. Ideally, assessing the accu-
racy of ESlin epilepsy should be performed by measurin
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how far the ESI/MSI lands from the actual epileptic fo-
cus (measurement error). This prompts two questions:
first, what exactly is an epileptic focus? Second, how do
we know for sure where this focus is in the brain, i.e.
what is our gold standard to compare ES| against?

In the zone

An approach to defining the “epileptic focus” in-
volves identifying several interrelated, but not neces-
sarily overlapping, zones participating in the electro-
clinical picture of epilepsy [26]. Of these zones, the
epileptogenic zone, a theoretical construct defined by
the cortical area whose complete resection is neces-
sary to free the patient from seizures, is the one that
we want to localize. However, the epileptogenic zone
cannot be delineated preoperatively, and other zones
therefore need to be used as surrogates. These include
the irritative zone, the cortical area that produces inter-
ictal spikes, defined most precisely by intracranial EEG;
the ictal onset zone, from where seizures originate,
studied by intra-cranial EEG (and also by ictal single-
photon emission computed tomography, SPECT); and
the epileptogenic lesion, the morphological abnormal-
ity (when present) that generates the seizures, revealed
by MRI. If there is a single MRI lesion that may plau-
sibly cause the epilepsy (e.g. unilateral hippocampal
sclerosis or focal cortical dysplasia), then it is a good
approximation to the epileptogenic zone [27]. In cases
where there are either no lesion or multiple lesions on
the MRI, however, the seizure onset zone is generally
thought to be the better surrogate [28].

Irritative zone and seizure onset zone

It becomes clear that ESI/MSI of interictal spikes in
fact attempts to localize the irritative zone, and that
the clinical usefulness of this technique depends both
on its absolute accuracy and on the value of the irrita-
tive zone as a surrogate for the seizure onset and epi-
leptogenic zones. A few studies have shown that the ir-
ritative zone indeed often co-localises with the seizure
onset zone [29 - 31] (Figure 2A). In fact, resecting the
cortical areas that lie outside the margins of the sei-
zure onset zone but display irritative activity has been
associated with a more favourable post-operative out-
come [32]. Of course, there are cases when there is an
extended or multifocal irritative zone, not all of which
participate in seizure generation (so-called secondary
irritative zone [33]) (Figure 2B). The results of ESI/MSI,
like those of any investigation, must therefore always
be integrated within the patient’s overall clinical, neu-
rophysiological and radiological picture, in order to as-
sess its reliability in estimating the epileptogenic zone.
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Accuracy of ESI/MSI with respect to intracranial
EEG

Few studies have assessed the accuracy of ESI or
MSI in large groups of patients with diverse epilepsy
types using intracranial EEG as a gold standard. Co-lo-
calization at a sub-lobar level is often reported as a cri-
terion for accuracy rather than absolute measurement
error; sub-lobar borders are defined partly arbitrarily
according to anatomical landmarks, and sub-lobar re-
gions can differ widely in size and shape. Using MSI,
Agirre-Arrizubieta et al. [34] reported concordant locali-
zation in 90% of lateral temporal spikes, 80% of inter-
hemispheric and peri-central spikes, 60% of superior
frontal spikes, 40% of orbitofrontal spikes, and 0% of
medial temporal spikes. Knowlton et al. [35] found the
concordance between MSI and the seizure onset zone
to be about 80% in patients with lateral temporal lobe
epilepsy and 45% in those with medial temporal lobe
or extratemporal lobe epilepsy. The same group found
that the performance of MSI was on average similar to
that of PET and ictal SPECT [36]. Overall, findings from
these studies suggest that MSI performs better when
the epileptic focus is not in the medial temporal lobe,
likely because of the difficulties of MEG in recording the
activity of deep-seated brain structures [11].

Accuracy of ESI/MSI with respect to resection and
post-operative outcome

Another approach to assessing the accuracy of ESl is
to compare its result with the resected brain volume as
a function of post-operative outcome: ESl is deemed ac-
curate if it falls within the resection and if the patient is
subsequently seizure-free. This approach makes sense
in the clinical context of epilepsy surgery; its main
drawback is that the resection will always include nor-
mal brain tissue (sometimes a considerable volume of
it) surrounding the epileptogenic zone, and that the ESI
may well lie centimetres away from the epileptogenic
zone and still be included in the resection. In the largest
study on the performance of ESI in epilepsy surgery so
far, performed by the EEG and epilepsy unit of Geneva
University Hospitals, the sensitivity of ESI was 84% and
its specificity 88% [37]. The accuracy of ESI was further
highlighted by the finding that it performed at least as
well, and often better, than the more established struc-
tural MRI, PET and SPECT. Importantly, ESI performed as
well for patients with temporal lobe epilepsy as it did
for patients with extratemporal lobe epilepsy [37]. That
study also underlined the importance of an adequate
sampling of the scalp electrical potential field: when
ESI was performed on the standard, 32-channel EEG re-
cordings instead of the 128- or 256-channel high-den-
sity EEG systems, the accuracy of ESI fell significantly
(sensitivity and specificity around 60%).
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Figure 2: Accuracy of ESI of interictal spikes with intracranial EEG as the gold standard

A: Successful localization of the irritative zone and of the seizure onset zone. In this 15-year-old female patient with tuberous
sclerosis, the ESI maximum (red cross) of interictal spikes pointed towards the left angular gyrus. Intracranial EEG showed that
both spikes and seizures were generated in the left inferior parietal lobule. The white and blue circle shows the intracranial
electrode nearest the ESI maximum that was involved in both the irritative and seizure onset zones.

B: Successful localization of the irritative zone, but unsuccessful localization of the seizure onset zone. This 51-year-old fe-
male patient had previously undergone a right frontal resection for a focal cortical dysplasia, which had failed to bring seizure
freedom. She had bilateral independent frontal interictal abnormalities. Ictal scalp video-EEG suggested that the seizures still
originated from the anterior right hemisphere, but PET and SPECT were non-contributive, and neuropsychological testing found
deficits of verbal memory, suggesting left-sided temporal dysfunction. During the high-density EEG, only left-sided spikes were
recorded. Intracranial EEG with bilateral frontal and temporal stereotaxic electrodes was therefore performed. The ESI maxi-
mum (red cross) lay close to the left frontal irritative zone revealed by intracranial EEG (white circle). All seizures, however,
originated from the right frontal lobe (blue circle). In this case, consideration of the electro-clinical pattern and other imaging
tools strongly suggest that the spike recorded for ESI is not representative of the seizure onset and the epileptogenic zone. This

underlies the importance of integrating ESI with other clinical and imaging data.

Influence of ESI/MSI on surgical planning

The influence of ESI or MSI results on the strategy
for implanting intracranial electrodes has been as-
sessed in two MEG studies where the implantation
strategy was established twice for each patient: first
after reviewing the results of all investigations except
MSI, and then again after showing the results of MSI
[38, 39]. MSI led to changes in the implantation strat-
egy in 23% to 33% of cases, indicating that this tech-
nique brings non-redundant information to a signifi-
cant proportion of patients who have already under-
gone multiple non-invasive testing modalities. Findings
of a positive association between the inclusion of the
ESI or MSI result in the resection and seizure freedom
([37]; see also [40 - 42]) also suggest that the results of
ESI or MSI should be taken into account when defining
the strategy for resective surgery.
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So which one is better: ESI or MSI?

This remains a controversial issue. The ultimate
test, where the accuracy of ESI and MSI would be com-
pared against each other using simultaneously record-
ed interictal spikes, with similar numbers of sensors
and head coverage, and with simultaneously acquired
intracranial EEG data as the gold standard, has yet to
be published. In the interim, most of the attempts at
comparing the two techniques suffer from shortcom-
ings that limit the strength of the conclusions that
can be drawn from them [11]. For instance, comparing
high-density MEG systems against (at most) moderate-
resolution EEG recordings artificially tips the balance in
favour of MEG [43, 44]. In any case, more importantly
than establishing which technique beats the other, it
would be more beneficial for patients considering epi-
lepsy surgery to ensure that at least one of the tech-
niques (with state-of-the-art, clinically validated acqui-
sition and analysis strategies) is available to them.
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From Source Localisation to Network Analysis

As stated above, the precise localisation of the gen-
erators of epileptic activity is of particular relevance
for patients who are candidates for epilepsy surgery.
However, despite the fact that a very focal cortical re-
section can lead to seizure freedom, consistent results
of several studies using different mapping techniques
strongly support the concept that epilepsy is a condi-
tion generated by abnormal brain networks and affect-
ing large-scale brain networks, rather than the result of
a very focal unique dysfunctional patch of cortex. Scalp
EEG [45], intracranial EEG [33], MEG [46], functional

MRI [47] and simultaneous EEG-fMRI [48] have all re-
vealed large-scale often bi-hemispheric functional al-
terations in relation to epileptic activity. Structural im-
aging such as tractography [49] or cortical volume stud-
ies [50] also support this network-based approach. The
understanding of such network dysfunctions requires
not only to localise the affected network nodes, but
also to characterise the interdependencies and flow of
information within the network. This can be done with
several methods of “functional connectivity”. The tem-
poral resolution of EEG and MEG makes them particu-
larly adapted to study the fast-changing dynamics of
the connectivity between the network sources. Granger

A MNon-lesional epilepsy.
Multifocal spikes

( B

Left anterior temporal spikes

Maximum power
at & Hz

Connectivity between temporal pole (main driver)

and ipsilatéral hippocampus

Connectivity between temporal pole
and contralateral temporal lobe

Figure 3: Directed connectivity in a patient with temporal lobe epilepsy using high-density EEG.

A: Temporally independent spikes in the left anterior temporal (red), left posterior temporal and right temporal regions (green).
B: The averaged left anterior temporal spike and the corresponding scalp voltage topography are calculated. The frequency wi-
th maximal power (6Hz) is identified. The directed brain connectivity related to the interictal activity can then be estimated for
this major frequency for 82 cortical regions based on an atlas (shown in C and D). The connectivity calculation is time-varying so
that changes of the connectivity across time during the epileptic spike can be investigated, given the high temporal resolution
of EEG.

C: Transverse view of the regions of interest at the level of the temporal lobe. At spike onset, the main outflow of information
(dark red spot) estimated by connectivity analysis is in the temporal pole (red spot) and has strong connections (arrows) with
the anterior and posterior temporal medial structures.

D: At a later time point there is strong connectivity with the contralateral temporal lobe.

The region of highest outflow was resected and the patient is seizure-free without spike on the post-operative EEG. The connec-
tivity pattern could explain the multifocality of the interictal spikes.
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causality allows inferring the causal relationships be-
tween the signals of two regions by looking at how
much the signal of one region can be reliably predicted
knowing the previous values of the other signal (i.e.
how much transfer of information, or directed causali-
ty, is occurring between the two regions). This approach
has been applied to MEG data in a small case series of
patients with focal epilepsy and found that the regions
contributing most to the outflow of neuro-electrical
information were concordant with the epileptogenic
regions [46]. Moreover, connectivity between affected
regions seems to be related to disease duration [51].
We are currently developing and using functional con-
nectivity analysis of high density EEG and ESI to map
the major sources of information (“outflow” = epilep-
togenic zone ?) and their connectivity in focal epilepsy,
which will provide additional information for manag-
ing surgical candidates, particularly when multifocal
epileptic activity is recorded on the scalp (Figure 3).

Why Is ESI/MSI Not Universal? Overcoming Bar-
riers to Their Use in Clinical Routine

Given the accuracy of ESI and MSI and their proven
usefulness in the workup of candidates for epilepsy
surgery, one may wonder why these techniques have
not yet been routinely adopted. We suspect that there
are several potential barriers to this, all of which can
be remediated. First, the clinicians who routinely work
with epileptic patients need to be aware of the tech-
niques and of the potential clinical benefits that they
can bring to the patients. However, ESI and MSI still
lie on the margin of the curriculum of clinical neuro-
physiology residents or EEG technicians. This could be
remediated by integrating ESI and MSI in the teaching
curriculum. Second, learning how to perform ESI or MSI
analysis requires adequate training so that the tech-
nique can yield its full potential. Appropriately trained
personnel can process high-density EEG or MEG record-
ings and generate ESI or MSI in one to two hours, a rela-
tively small temporal investment given the potential
clinical benefits. Fourth, the cost of the equipment may
be more of an issue for MEG, where the machine, its
environment and the support team cost several million
dollars, while the price of acquiring and maintaining a
high-density EEG system is at least one order of magni-
tude lower, which makes it readily affordable for most
hospitals in the Western world.

To conclude, integrating ESI or MSI in the routine
non-invasive workup of candidates for epilepsy surgery
is feasible and is likely to provide significantly higher
accuracy in the delineation of the suspected epilep-
togenic zone, and ultimately meaningful improvement
in clinical outcomes.
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Neuroimaging of Temporal Lobe Epilepsy: Lesions and Networks

Summary

Recent research using multimodal neuroimaging
has revealed that focal-onset epilepsies are accompa-
nied by pathological changes in brain structure and
function that extend far beyond the site of primary
injury. These findings lend support to the notion that
epilepsies are in fact network disorders, and that their
clinical presentation, time course and treatment re-
sponsiveness might critically depend on network-wide
effects. Although the network hypothesis is not new,
current advances in neuroimaging technology have
made it directly quantifiable — in vivo, non-invasively,
with high spatiotemporal resolution and minimal in-
convenience for the patient. In this article, we provide
an overview of recent studies using advanced morpho-
metric and functional magnetic resonance imaging
(MRI), show how these modalities can be combined
with one another and/or electroencephalographic
(EEG) data and present clinical examples of how these
techniques might be applied in practice.

Epileptologie 2013; 30: 131 — 137

Key words: Temporal lobe epilepsy, lesion localization,
functional connectivity, network effects

Neuroimagerie de I’épilepsie du lobe temporal :
Iésions et réseaux

Des recherches récentes utilisant la neuroimagerie
multimodale ont révélé que les épilepsies focales sont
accompagnées par des changements pathologiques de
la structure et la fonction cérébrale qui s’étendent bien
au-dela du site de la lésion primaire. Ces résultats ren-
forcent la notion que les épilepsies sont en fait des ma-
ladies de réseaux et que leur présentation clinique, leur
évolution et leur réponse au traitement peut dépendre
d’effets a I'échelle du réseau entier. Bien que I’hypo-
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thése de réseau ne soit pas nouvelle, les avancées des
techniques de neuroimagerie on rendu cette hypothése
directement quantifiable in vivo, de maniére non-inva-
sive avec une haute résolution spatiotemporelle et des
inconvénients minimes pour le patient. Dans cet article,
nous discutons des études récentes utilisant I'imagerie
par résonance magnétique (IRM) fonctionnelle et mor-
phométrique. Nous montrons comment ces techniques
peuvent étre combinées entre elles et avec les données
électro-encéphalographiques (EEG) et nous présentons
des exemples cliniques de leur applications.

Mots clés : Epilepsie du lobe temporal, localisation, con-
nectivité fonctionnelle, effet des réseaux

Bildgebung bei Temporallappenepilepsie: von der
Lasion zum Netzwerk

Fortschritte in der multimodalen Bildgebung haben
neue Erkenntnisse zu den pathologischen Korrelaten
fokaler Epilepsien erbracht. Insbesondere zeigt sich,
dass die strukturellen und metabolischen Verande-
rungen weit ausgedehnter sind, als es die fokale Natur
dieser Erkrankungen erahnen lassen wiirde. Dies hat
zum Konzept gefiihrt, fokale Epilepsien als Netzwerker-
krankungen zu verstehen, deren Symptomatik, Verlauf
und therapeutische Modulierbarkeit sowohl von loka-
len wie liber das gesamte Netzwerk greifenden Effek-
ten bestimmt werden. Modernes Neuroimaging kann
Gehirnnetzwerke in kurzer Zeit mit minimaler Belas-
tung fiir den Patienten darstellen und damit zu einem
integralen Verstandnis fokaler Epilepsien beitragen. In
diesem Artikel geben wir eine kurze Ubersicht zur Dar-
stellung von Netzwerkeffekten fokaler epileptogener
Lasionen mittels morphometrischer und funktioneller
Neuroimaging-Studien anhand zweier klinischer Bei-
spiele.
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Schliisselworter: Temporallappenepilepsie, Lasionslo-
kalisation, funktionelle Konnektivitat, Netzwerkeffekt

Introduction

It has been known since the work of Ramén y Cajal
(1852-1934) that the brain is basically a vast, dynamic,
densely connected biological network of breathtaking
complexity [1]. Much of clinical neurology to date, in-
cluding epileptology, has mainly focused on identify-
ing critical nodes within network structures in order to
identify lesions that e.g. cause hemiparesis or generate
seizures. However, it is well known that a lesion can ex-
ert distributed effects across large-scale brain network,
leading to metabolic dysfunction or structural altera-
tions of remote brain areas connected to the primary
lesion site [2, 3]. An example of these effects is crossed
cerebellar diaschisis, classically described as a reduc-
tion in regional cerebellar blood flow contralateral to a
supratentorial ischemic lesion [4 - 6], but also apparent
during focal epileptic seizures and status epilepticus [7,
8]. Indeed, using advances multimodal neuroimaging
techniques, network-wide effects have been increas-
ingly recognized in focal epilepsies [3, 9]. It has there-
fore been proposed to view epilepsies as a ,network
disorder” and to integrate local and remote effects into
a systems-level model of disease [3, 9 - 11] that would
expand the well-known zonal concept commonly used
in epileptology [12]. In this article, we provide a brief
overview of structural and functional imaging findings
that support the network hypothesis in epilepsy. We
focus on temporal lobe epilepsies (TLE), because they
represent the most prevalent form of focal epilepsies
and one of the most frequently investigated with neu-
roimaging [13, 14]. Also, they can be used as a para-
digm for network-wide effects of focal lesions, given
their often (at least visually) restricted pathology to
structures of the temporal lobe.

Lesion Analysis in TLE

The hallmark of mesial TLE (MTLE) is hippocampal
or mesial temporal sclerosis (MTS), which is detected by
MRI in 75-85% of the patients [15]. Current clinical MRI
protocols for temporal lobe abnormalities incorporate
high-resolution T1lw, T2w and FLAIR imaging, with at
least one set of T2w or FLAIR coronal slices perpendicu-
lar to the long axis of the hippocampus [16] . Interpre-
tation should focus on hippocampal volume, increased
signal intensity on T2-weighted imaging, and disturbed
internal architecture. The presence of MTS on preopera-
tive MRI is predictive for good outcome after epilepsy
surgery [17], whereas preoperative temporal lobe vol-
ume differences provided equivocal results [18, 19]. In
non-lesional MTLE 18F-fluorodeoxyglucose-positron
emission tomography (FDG-PET) is predictive for good
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surgical outcome; whereas an added value of 11C-
Flumazenil-PET (FMZ-PET) and proton magnetic reso-
nance spectroscopy (MRS) has not been established
[20]. Subtle focal cortical dysplasia may coincide in the
temporal lobe or in extratemporal areas ipsilateral to
the MTS [21]. While clinical applications of automated
voxel-based analyses and cortical thickness analysis for
individual patients with MTLE are still experimental,
improvements within a range of 10-30% in the detec-
tion rate of focal cortical dysplasias have been reported
[22 - 24]. In addition to conventional MRI, advanced im-
aging techniques as functional MRI and tractography
lateralize eloquent brain areas (language and motor
function), predict effects of temporal lobe resection on
memory and visualize the topography and composition
of cerebral white matter tracts [25].

Network Analysis in TLE

While lesion analysis and interpretation is the es-
sential task for the neuroradiologist in clinical practice,
a substantial body of epilepsy research has shown that
focal lesions influence brain areas beyond the epilep-
togenic lesion, across ensembles of functionally and
anatomically connected brain areas [26 - 30] character-
ized by coherent physiological activity, such as high-fre-
quency oscillations on EEG or low-frequency (< 0.1Hz)
blood oxygen level dependent (BOLD) signal fluctua-
tions. The BOLD signal is the most commonly used
contrast mechanism in functional MRI and is thought
to reflect the hemodynamic response of the brain
to exogenous stimuli (such as an image or a tone) or
endogenous neural activity (such as interictal epilepti-
form discharges). Covariance analysis of these fluctua-
tions determines areas of the brain that form function-
ally connected networks. More than twenty independ-
ent networks have been identified that correspond to
intrinsic and extrinsic systems, and are associated with
internal- and external-oriented processing, respectively
[31]. Many studies that investigated alterations of gray
matter volume and concentrations using MRI-based
automated analysis techniques as voxel-based mor-
phometry and cortical thickness analysis on a whole
brain level have shown that structural changes in mTLE
patients are not restricted to the hippocampus or the
elements of the mesial temporal lobe [32], but show
widespread abnormalities that extend into the tempo-
ral pole, temporolimbic and frontocentral regions [33,
34], the cerebellum and the thalamus [35] and longitu-
dinal increases in volume loss [36]. Neuronal network
damage in TLE with hippocampal atrophy and in MRI-
negative TLE has been reported to be more widespread
in patients with a left-sided seizure focus [35]. This may
be explained by more extensively connected temporo-
frontal networks in the dominant hemisphere, due to
their involvement in language function with more in-
tense seizure propagation in the left hemisphere re-
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sulting in a prominent neuronal loss in LTLE [37]. Fur-
thermore, an association between residual seizures
and atrophy in temporopolar and insular cortices in TLE
with hippocampal atrophy and in the posterior quad-
rant in MRI-negative TLE has been reported [38] .

Our group has recently examined the spatial re-
lationship between widespread cortical atrophy and
functionally connected networks linked to interictal
epileptiform discharges, using simultaneous EEG-fMRI
in a cohort of patients suffering from mTLE [39]. In EEG-
fMRI, both modalities are recorded at the same time
using MRI-compatible electrodes. After postprocessing,
the time course of interictal epileptiform discharges
found on the EEG trace can be used to indentify spa-
tiotemporal correlates of the BOLD signal, i.e. regions
of the brain whose hemodynamic response is closely
coupled to the EEG-activity. It is thought that these ar-
eas represent the irritative zone and its associated net-
work. In the aforementioned study, we detected hemo-
dynamic correlates to interictal epileptiform discharges
beyond the seizure onset zone in the ipsilateral insula,
the temporal pole and temporo-lateral neocortex, in
the cerebellum, along the central sulcus and bilaterally
in the cingulate gyrus. Equally widespread reductions
in grey matter volume were detected in the middle and
inferior temporal gyrus, the uncus to the hippocampus,
the insula, the posterior cingulate and the anterior lobe
of the cerebellum. These findings were in line with the
cortical thickness changes described above. Previous
ictal connectivity studies in mTLE exhibited patterns of
bilateral increases of cerebral blood flow in the tempo-
ral lobes (predominantly the middle and superior tem-
poral gyrus including the temporal pole, the posterior
temporal lobe and the cerebellum) and decrease cer-
ebral blood flow in the inferior temporal gyrus, the infe-
rior parietal lobe and posterior cingulated [40]. Of note,
there is a tight spatial overlap between hemodynamic
and atrophy effects along mesolimbic areas, but not in
regions beyond the limbic network [15].

Clues from morphometric analyses and combined
EEG/fMRI recordings implicate that the widespread
structural damage linked to abnormal hemodynamic
responses is suggestive of TLE being a system rather
than a focal disorder leading to a disruption of structur-
al networks. Both functional network analysis (derived
from a temporal correlation of neurophysiologic signals
in different brain regions) to illustrate brain dynamics
on a system level and structural network analysis (us-
ing advanced neuroimaging techniques as diffusion
tensor or diffusion spectrum imaging) provided fur-
ther advances in knowledge about interregional net-
work disruptions in mTLE [41]. While graph-theoretical
analyses revealed a small-world organization of the
cerebral cortex in healthy individuals [42], global net-
work organization of patients revealed increased path
length in TLE [41]. Several authors demonstrated al-
tered connectivity in patients with mTLE. As a key find-
ing, they reported increased connections within the
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mesial temporal lobe and decreased connectivity along
extratemporal areas, including contralateral temporal
regions [43 - 45]. Others suggested altered bitemporal
connectivity patterns in patients with mTLE [46]. These
findings suggest a deleterious impact of the epileptic
lesion and the epileptogenic zone on the whole brain,
potentially impacting multiple cerebral networks [47].

Network Relationships across Modalities

What is the relationship between the functional
and structural changes reviewed above? A recent study
by Voets et al. examined the association between
resting-state functional networks, brain atrophy and
changes in white matter microstructure in 35 patients
with TLE [48]. Interestingly, Voets et al. reported re-
duced functional interactions between the hippocam-
pus and anterior temporal and sensorimotor cortices
that covaried with the extent of grey matter atrophy,
i.e. reduced integration of the hippocampus with the
rest of the network could be explained by the degree
of grey matter volume reduction in the same areas. Of
note, these areas parallel those that we found to corre-
late with IEDs in simultaneous EEG-fMRI. Additionally
Voets et al. discovered that functional integration out-
side this network, e.g. between frontal and temporal
areas, was dependent on white matter microstructure
rather than grey matter atrophy.

Network Relationships across Modalities: Clinical
Examples

We present two cases where we used visual and au-
tomated methods to identify the epiletogenic lesion,
EEG-fMRI to map the interictal network, and functional
connectivity to define the lesion-dependent network.

Casel

We used surface based morphometry (SBM) with
FreeSurfer [49, 50] as a tool for comparison of cortical
properties like thickness, curvature and sulcal depth
between subject groups. As mentioned above, in [51]
it was shown that SBM may also be useful for quan-
titative assessment of cortical malformations in indi-
vidual epilepsy patients during pre-surgical evaluation.
Here we compared cortical thickness of our patient
(female, 34 years) to a gender matched control group
of 16 females (age 30 to 40 years, mean 33.4, standard
error of the mean 0.9) who received T1 weighted imag-
ing with the same MR sequence (MPRAGE, TE=2.2ms,
TR=1950ms, TI=900ms). While on the left hemisphere
no significant deviations from the control group were
found, several regions survived false discovery rate
(FDR) correction on level 0.05 in the right hemisphere
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Figure 1. Patient example: lateral TLE.
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A: Lesion in the right temporo-parietal cortex leads to extended deactivations of the default-mode network during interictal
epileptiform discharges (IED), and shows pathological resting-state connectivity to the same areas. A: surface-based cortical
thickness analysis (increase in hot colors, decrease in cool colors). Color bar represents z-scores compared to healthy controls.
Insert shows a magnification of the largest cluster of cortical thickness increase in the right temporo-parietal junction, corre-
sponding to an extended cortical heterotopia.

B: Upper row, (rectified) time course of IED, derived from a multivariate analysis of the EEG inside the scanner during simulta-
neous EEG-fMRI. Lower row, time course of BOLD-signal fluctuations from the same examination, extracted from the cortical
thickness cluster seen in Panel A. Time courses are normalized to unit standard deviations of each time series (y-axis). For clari-
ty, only the first 200 of 460 time points (scans) have been plotted (x-axis).

C: BOLD-correlation maps superimposed on 3D renderings of the patient‘s brain (peak threshold p < .001, uncorrected, extent
threshold p < .05, FDR-corrected). Upper row: positive (IED+) correlation between BOLD-signal and IED time course in the lateral
and inferior temporal gyrus on the right. Middle row: negative (IED-) correlations between BOLD-signal and IED time course
in an extended network including (i) on the right the lateral and inferior temporal gyrus, the parietal operculum, the inferior
frontal cortex (ii) on the left the anterior cerebellum, and (iii) bilaterally the precuneus and the inferior parietal cortex. Lower
row: positive resting-state functional connectivity (CON+) between the cortical heterotopia and a network overlapping with
IED- above, including (i) right inferior temporal cortex and (ii) bilateral inferior parietal cortex and precuneus. (*) indicates ap-

proximate center of mass from Panel A.

(Figure 1, Panel A). These included notably two large
clusters of increased cortical thickness in the temporo-
parietal junction and the middle temporal gyrus, corre-
sponding to an extended cortical heterotopia, but also
significant atrophy in the fusiform gyrus (not shown).
It has recently been shown that these malformations
might still be functionally connected to healthy cor-
tex [52], which might have epileptogenic effects. We
therefore calculated the functional connectivity using
cross-correlations between the BOLD-signal from the
heterotopic cortex (Figure 1, Panel B, lower row) and
the rest of the brain. We found a bilateral functional
network (Figure 1, Panel C, lower row) that included the
inferior parietal cortex and the precuneus bilaterally,
areas known to participate in the DMN. Interestingly, a
broadly similar network was found to be anticorrelated
with, or deflected during, IED (Panel C, middle row),
which extended into right frontal areas and the con-
tralateral anterior cerebellum. Note that this pattern of
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deactivation has already been shown in a group of TLE
patients using cerebral blood flow measurements with
SPECT [40], underscoring the validity of our single-sub-
ject results. Note also that the region that correlated
positively with the IED time course (Panel C, upper row)
was restricted to a localized region close to the hetero-
topia, in strong contrast to the network-wide, possibly
pathological functional connectivity effects (Panel C,
lower row). Due to the volume of heterotopic cortex, no
surgery could be performed.

Case 2

This 21 years old female suffered from longstand-
ing pharmacoresistant epilepsy (from 5 years of age)
due to left MTS (Figure 2, Panel A). She underwent pre-
surgical EEG-fMRI to identify BOLD-correlates linked to
IED (Figure 2, Panel B, upper row) that could be found
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Figure 2. Patient example: mesial TLE with left hippocampal sclerosis.
A: Coronal section through a fluid-attenuated inversion recovery image shows left signal hyperintensity and volume loss of the
hippocampal formation.
B: Upper row, (rectified) time course of IED from simultaneous EEG-fMRI, as in Figure 1. Lower row, time course of BOLD-signal
fluctuations, extracted from a cytoarchitectonic probabilistic map of the left hippocampal CA1 region. Time courses are norma-
lized and plotted as in Figure 1.
C: BOLD-correlation maps superimposed on 3D renderings of the patient‘s brain (peak threshold p < .001, uncorrected, extent
threshold p < .05, FDR-corrected). Upper row, significantly positive (IED+) correlation between BOLD-signal and IED time course
in left posterior parahippocampal gyrus (projects onto brain surface due to semitransparent plotting). Middle row: Significantly
negative (IED-) correlations between BOLD-signal and IED time course in an extended network including (i) left postcentral gy-
rus (ii) bilateral cuneus, precuneus and inferior parietal cortex. Lower row: Positive resting-state functional connectivity (CON+)
between left hippocampus and (i) left lateral temporal cortex, (ii) right hippocampus (iii) bilateral anterior cingulate cortex and

insula.

in the depth of the left posterior temporal lobe (semi-
transparent rendering in Figure 2, Panel C, upper row).
Similarly to the 1st case, there was a widespread deac-
tivation including the bilateral posterior parietal cortex,
cuneus and precuneus and the left sensorimotor cor-
tex. We used the BOLD-time series from the epilepto-
genic lesion to generate brain-wide maps of functional
connectivity (Figure 2, Panel C) and detected a bilateral
mesio-temporal connectivity network including bilat-
erally the hippocampus, insula, anterior cingulate and
parietal operculum, and the lateral temporal cortex on
the left (Figure 2, Panel C). In contrast to Case 1, there
was no apparent overlap between IED- and functional
connectivity networks. Of note, the left polar and lat-
eral temporal regions visible on the functional connec-
tivity map were included in the surgical resection. The
patient has remained seizure-free (current follow-up
2.5 years).

Neuroimaging of Temporal Lobe Epilepsy... | E. Abela, C. Rummel, M. Hauf, C. Weisstanner, K. Schindler, R. Wiest

Conclusions

An increasing body of literature — further illustrated
by two clinical cases — indicates that epiletogenic le-
sions have widespread effects on the network structure
of the brain. Here, we provided two examples of a net-
work perspective on epilepsy that could further impli-
cate clinical research and practice in future. One prac-
tical implication of the network concept is that it may
radically alter our current classification of epilepsies
[53]. Further, a concept of network organization along
strategic nodes and connections may influence surgical
planning. Several outcome studies indicated that sei-
zure freedom can be attained in 60-70% of TLE patients
with different resective approaches (anterior, medial or
lateral temporal lobectomy and combinations thereof)
[17, 54].

Despite the promises of a network-based perspec-
tive in epileptology, translation to the bedside remains
challenging. From a methodological point of view, inte-
grating multimodal data sets into a coherent analysis
framework is a non-trivial problem, and will certainly
necessitate advanced statistical modeling techniques.
Much research is needed in this area. On the other
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hand, there are practical questions for the daily clinical
routine that need to be answered, before these meth-
ods can be brought to fruition. For instance, what is the
sensitivity and specificity of neuroimaging techniques,
alone or in combination [55]? How can results be re-
ported in a rapid, easily understandable manner? What
is the added value of multimodality neuroimaging and
network analysis for patients and doctors; do they re-
ally inform clinical decision-making and improve treat-
ment outcomes, or just add another layer of complexity
to an already challenging situation? As we have shown
with practical examples, methods are already in place
to examine these questions and might help to advance
epilepsy into a truly network-based medical discipline
[53, 56, 57].
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Dieser Preis ist nach dem deutschen Neurologen
und Psychiater Alfred Hauptmann (1881 - 1948) be-
nannt. Er hatte u.a. schon 1912 — noch als Assistenz-
arzt — erstmals auf die antiepileptische Wirkung von
Phenobarbital aufmerksam gemacht. 1935 wurde er
aufgrund seiner jiidischen Abstammung von den Nati-
onalsozialisten aus dem Dienst als Direktor der Psychi-
atrischen und Nervenklinik der Universitat Halle/Saale
entfernt und musste in die USA emigrieren.

Der Preis wurde von 1980 bis 2008 in der Regel alle
zwei Jahre durch das Epilepsie-Kuratorium eV. verge-
ben, seit 2009 ist es ein gemeinsamer Preis der Deut-
schen und Osterreichischen Gesellschaften fiir Epilep-
tologie und der Schweizerischen Liga gegen Epilepsie
mit Vergabe auf den alle zwei Jahre stattfindenden ge-
meinsamen Tagungen.

Ausgezeichnet wird die beste wissenschaftliche Ar-
beit aus dem deutschsprachigen Raum auf dem Gebiet
der experimentellen und klinischen Epileptologie aus
den beiden letzten, der Verleihung vorangegangenen
Jahren.

Arbeiten werden besonders aus den Fachgebieten
Neurologie, Padiatrie, Psychiatrie, klinische Pharmako-
logie, Neurophysiologie und Neurobiologie erwartet.

Die ausgezeichneten Personen erhalten eine Urkun-
de. Dariiber hinaus ist der Preis mit

10’000 Euro

dotiert. Das Preisgeld wird seit 2009 von der Firma
UCB GmbH (Deutschland), Monheim, zur Verfligung
gestellt. Es konnen mehrere Einzelpersonen oder Ar-
beitsgruppen ausgezeichnet werden.

Die Arbeiten sollten in englischer Sprache verfasst
sein. Zusatzlich zu den Arbeiten sind folgende weitere
Unterlagen einzureichen:

- ein Lebenslauf,

- eine Stellungnahme des Klinik-/Institutsvorstandes
zur Bewerbung,

- fiir den Fall von Mehrautorenarbeiten, bei denen
nicht alle Autoren am Preis beteiligt werden sollen,
eine Aussage Uber den Anteil der einzelnen Autoren
an der publizierten Arbeit.

Epileptologie 2013; 30

Die Arbeiten sind in vierfacher Ausfiihrung bis zum
31.12.2014
an den Vorsitzenden des Kollegiums zu senden:

Herrn Dr. med. Giinter Krdimer

Prdsident Schweizerische Liga gegen Epilepsie
Seefeldstrasse 84

Postfach 1084

CH 8034 Ziirich

Es konnen sowohl unverdffentlichte als auch publi-
zierte Arbeiten eingereicht werden. Bei der Einreichung
ist mitzuteilen, ob und wo die Arbeit zum ersten Mal
veroffentlicht wurde. Die Arbeiten sollen in deutscher
oder englischer Sprache verfasst sein. Dem Kollegium
konnen auch Arbeiten zur Preisvergabe vorgeschlagen
werden.

Preisrichterkollegium: Dr. med. Giinter Kramer (Vor-
sitzender), Prof. Dr. med. Rudolf Korinthenberg, Uni-
versitatskinderklinik Freiburg, Prof. Dr. med. Wolfgang
Loscher, Institut fiir Pharmakologie, Toxikologie und
Pharmazie, Hannover, Giinther Sperk, Univ.-Prof. Dr. Ab-
teilung Pharmakologie, Medizinische Universitat, Inns-
bruck.
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Férderung der wissenschaftlichen Forschung im
Bereich der Epilepsie (vorwiegend Starthilfen) durch
die Schweizerische Liga gegen Epilepsie (Epilepsie-Liga)

Die Epilepsie-Liga unterstiitzt wissenschaftliche
Projekte im Bereich der Epileptologie im Gesamtbetrag
von

CHF 25’°000.—

pro Jahr. Insbesondere soll die Erforschung von Ur-
sachen und Behandlungen der Epilepsie gefordert wer-
den.

Stipendien fiir Aus- oder Weiterbildung oder Aus-
landaufenthalte werden nicht ausgerichtet. Hingegen
konnen Reise- und Aufenthaltskosten (ohne Salar) fir
Kurzaufenthalte (maximal einige Wochen) finanziert
werden, sofern sie dem Erlernen von Methoden dienen,
welche im Rahmen eines unterstutzten Projektes in der
Schweiz eingesetzt werden.

Falls der Antragsteller/die Antragstellerin bereits
anderswo Antrage fiir Unterstiitzung gestellt hat, ist
offen zu legen, bei wem und mit welchem Ergebnis.

Termin fiir die Einreichung von Gesuchen: 31. Dezem-
ber 2013

Formulare und Wegleitung fiir Gesuchstellende koén-
nen angefordert werden bei:

Schweizerische Liga gegen Epilepsie
Seefeldstrasse 84 | Postfach 1084
8034 Ziirich

Tel. 043 488 67 77 | Fax 043 488 67 78
info@epi.ch

Vorschau Epileptologie 3 | 2013

Kombination von elektrischer und hamodyna-
mischer Bildgebung in der Epilepsiediagnostik
Christoph Michel | Genf

Structure, Function and Genes —
What Can We Learn From MRI
Giorgi Kuchukhidze | Innsbruck, Osterreich

Genetische und chemokonvulsive Zebrafischmo-
delle fiir die Entwicklung neuer Antiepileptika
Alexander Crawford [ Leuven, Belgien

Hereditdre epileptische Enzephalopathie mit
Amelogenesis imperfecta — Kohlschiitter-Tonz-
Syndrom (KTZS). Bericht iiber einen weiteren,
posthum erfassten Patienten aus der Zentral-
schweiz

Otmar Tonz [ Luzern

Die Schweizerische Liga gegen Epilepsie (Epilepsie-
Liga) vergibt alle 3 Jahre einen Preis in H6he von

CHF 5’°000.—

fiir die beste Dissertation auf dem Gebiet der Epilep-
tologie.

Bewerbungen sind aus allen Fachbereichen und
Berufsgruppen moglich und erwiinscht, sowohl aus
Grundlagen- als auch klinischen Fachern. Eine Altersbe-
schrankung erfolgt nicht.

Das Preisrichterkollegium setzt sich aus drei Vor-
standsmitgliedern der Epilepsie-Liga zusammen, das
bei Bedarf zusatzlich externe Gutachter hinzuziehen
kann. Es trifft seine Entscheidung in geheimer Wahl.

Falls der Antragsteller/die Antragstellerin bereits
anderswo Antrdge fiir Unterstiitzung gestellt hat, ist
offen zu legen, bei wem und mit welchem Ergebnis.

Die Preisverleihung erfolgt jeweils im darauf fol-
genden Jahr anlasslich der Jahrestagung oder Mitglie-
derversammlung der Epilepsie-Liga.

Bewerbungen sind bis zum 31.12.2015 an die Ge-
schéftsstelle der Epilepsie-Liga (Seefeldstrasse 84,
Postfach 1084, 8034 Ziirich) einzureichen und miissen
beinhalten: vier Exemplare der abgeschlossenen und
beim Dekanat eingereichten Dissertation, vier Exemp-
lare einer Stellungnahme des Doktorvaters (dabei kann
es sich auch um das entsprechende Gutachten fiir die
Dissertation handeln).
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Lieber Giovanni

Im Namen des gesamten Vorstands, der verschie-
denen Kommissionen, Mitarbeiterinnen der Geschdifts-
stelle und natiirlich auch der Mitglieder mochte ich mich
bei dir fiir deinen jahrzehntelangen unermiidlichen Ein-
satz und dein aussergewéhnliches Engagement fiir Men-
schen mit Epilepsie und die Schweizerische Liga gegen
Epilepsie bedanken.

Du warst seit Mdrz 1982 Kraft deines Amtes als zu-
ndchst Leitender Arzt und ab 1990 Medizinischer Direk-
tor der Institution von Lavigny Vorstandsmitglied der
Liga und bist Ende 2011 parallel zum Ausscheiden mit
Ubergabe der Leitungsfunktion an Frau Dr. Maeder aus
dem Vorstand und verschiedenen Kommissionen zurtick-
getreten. Von 2004 bis 2011 hast du dankenswerterwei-
se das Amt des Vizeprdsidenten bekleidet und mich wie-
derholt tatkrdftig unterstiitzt.

Freundlicherweise hast du mich mit einigen Daten zu
deinem Leben versorgt. Du wurdest am 23. Februar 1947
in Massagno im Tessin in einer Medizinerfamilie gebo-
ren. Dein Vater, Onkel und Grossonkel waren Arzte, wes-
halb auch deine berufliche Orientierung bald feststand.
Das erste Jahr des Medizinstudiums hast Du in Ziirich
absolviert, danach bist du nach Fribourg gewechselt und
hast das Studium schliesslich 1974 in Lausanne mit der
Promotion abgeschlossen.

Dann hast du zundchst in verschiedenen Kranken-
hédusern in der Romandie sowie im Tessin eine allge-
meinmedizinische Ausbildung zum ,Generalisten in
Medizin und Chirurgie begonnen und eine Arztstelle im
Verzascatal im Tessin angenommen, wo du u.a. mit to-
xischen ,,Delirien bei in den 70er-Jahren im Tessin noch
endemischen Typhusinfektionen konfrontiert wurdest,
die dein Interesse an Psychiatrie weckten. Psychotherapie
war jedoch nicht ,,dein Ding‘, weshalb du beschlossen
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hast, Franco Regli (damals Titular-Professor in Lausanne)
nach einer Stelle zu fragen, die du 1978 auch antreten
konntest. Bei der anschliessenden Facharztweiterbildung
in Ztirich, Fribourg, Rom und Lausanne war in Lausanne
unser friiherer Président Paul André Despland dein Men-
tor.

Aufgrund neuer Finanzierungsstrukturen — dieses
Problem gab es also auch schon damals — musste sich
das Institut von Lavigny 1981-82 neu orientieren. Dies
erforderte u.a. eine Aufteilung des Spital- und Wohn-
bereichs und du warst mit deiner Ausbildung sowohl in
Neurologie als auch Psychiatrie ein idealer Kandidat fiir
die vakante Stelle der Medizinischen Leitung.

Widhrend deiner Zeit in Lavigny hast du immer eine
enge Kooperation mit der Abteilung fiir Neurologie am
CHUV (auch als Konsiliararzt; médecin adjoint) aufrecht-
erhalten, warst auch an etwa 30 Publikationen beteiligt
und hast eine Arbeit fiir den Master of Education ver-
fasst.

Ab 1985 hast du in Lavigny zusdtzlich einen kleinen
Bereich fiir Neurorehabilitation libernommen, wiederum
in erster Linie als Kooperationsprojekt mit der Abteilung
fiir Neurologie am CHUV. Inzwischen ist Lavigny die Neu-
rorehabilitations-Klinik des Kantons Waadt geworden.
Obwohl der Bereich Epilepsie in diese Struktur integriert
ist, ist er aus medizinischer Sich unabhdngig und damit
auch fiir die Zukunft die historische Mission der Instituti-
on Lavigny gewdhrleistet.

Nicht unerwdhnt bleiben soll auch, dass du tiber viele
Jahre hinweg vielen Kollegen in der Neurologie und Epi-
leptologie in der Schweiz bei ihrer Ausbildung geholfen
hast, die dank deiner fachlichen und menschlichen Erfah-
rung zu besseren Arzten wurden. Das gilt nicht nur fiir
das CHUV in Lausanne, sondern auch fiir die Neurolo-
gie in Genf. Auch dort wurdest du als starker und guter
Partner erlebt und warst ein geschdtzter , Keyplayer”
in dem gemeinsamen epilepsiechirurgischen Zentrum
Genf-Lausanne, der kollegial mit allen Beteiligten die
Patienten betreut hat, vor und nach resektiver Chirurgie
oder auch hippokampaler Tiefenhirnstimulation. Beziig-
lich letzterer gehortest du damit zur ,,Avantgarde* nicht
nur unter den Schweizer Epileptologen, sondern auch in-
ternational.

Inzwischen bist du zwar immer noch in Teilzeit als
Epileptologe tdtig, speziell bei Menschen mit Epilepsie
und geistiger Behinderung, hast aber jetzt doch mehr
Zeit, um dich um deine Frau und deine vier inzwischen
erwachsenen Kinder zu kiimmern.

Dabei wiinschen wir alle dir viel Gliick und nochmals
ganz herzlichen Dank fiir deine wertvolle Mitarbeit in der
Liga!

Glinter Krdmer



An der 47. Mitgliederversammlung der Epilepsie-
Liga vom 10. Mai in Interlaken anlésslich der 8. Dreildn-
dertagung der Deutschen und Osterreichischen Gesell-
schaft fiir Epileptologie und der Schweizerischen Liga
gegen Epilepsie wurden zwei neue Vorstandsmitglieder
und drei neue korrespondierende Mitglieder gewabhlt.

Aus dem Vorstand der Epilepsie-Liga haben sich Dr.
med. Max Kaufmann und Dr. med. Andrea Capone Mo-
ri verabschiedet. Ihnen gebiihrt grosser Dank fiir ihren
jahrelangen Einsatz. Die lbrigen Vorstandsmitglieder
wurden fiir weitere drei Jahre in ihren Amtern bestétigt.
Neu gewahlt wurde Dr. med. Anna Marie Hew-Winzeler
fiir Andrea Capone Mori und Dr. med. Alexandre Datta
fiir Max Kaufmann.

Anna Marie Hew-
Winzeler machte in
Schaffhausen die Ma-
tura und studierte in
Zurich, Sheffield und
Paris Medizin. Sie spe-
zialisierte sich in der
Folge im Fachgebiet
Neurologie, wobei sie
am Universitatsspital
Zirich bei Professor
G. Baumgartner tatig
war. Eine langere Aus-
bildung in EEG erfolgte
bei Professor R. Hess am Universitatsspital Ziirich, bei
Professor G. Dumermuth an der Universitatskinderkli-
nik in Zirich und bei Professor Scollo-Lavizzari am Uni-
versitatsspital Basel. Seit mehr als 25 Jahren fihrt sie
eine neurologische Praxis mit Schwerpunkt Epileptolo-
gie in Zirich.

Nach dem  Ab-
schluss der Schulzeit
in Miinchenstein stu-
dierte Alexandre Datta
in Basel Medizin. Sein
beruflicher Weg fiihrte
danach nach Zofingen,
Mendrisio, Basel bei
den Professoren U. B.
Schaad und J. Lutschg,
Genf bei PD Dr. med. Ch.
A. Haenggeli und Pro-
fessorin S. Suter, Aarau
bei Professor Buettner und Paris bei Professor O. Dulac.
Seit 2007 arbeitet er in Basel auf der Neuropadiatrie
mit den Schwerpunkten Epileptologie und Schlafme-
dizin. 2008 erhielt der den Forschungsférderungspreis
der Schweizerischen Liga gegen Epilepsie.

Die versammelten Mitglieder ernannten auf Vor-
schlag des Vorstands ausserdem drei neue korrespon-
dierende Mitglieder: die Professoren Blaise Bourgeois,
Boston, Fernando Lopes da Silva, Amsterdam, und Do-
nald L. Schomer, Boston.

Heute im Children’s
Hospital in Boston tatig,
studierte Blaise F.D. Bour-
geois in Zurich, Lausanne
und Genf Medizin. Nach
weiteren  Ausbildungs-
jahren in Brasilien, Irvine
USA, Genf, und St. Louis
USA. 1982 bis 1987 war
er Leiter des Kinderbe-
reiches der damaligen
Schweiz. Epilepsie-Klinik.
Seit 1998 ist er Profes-
sor fiir Neurologie an der Harvard Medical School in
Boston. Er engagiert sich in zahlreichen Kommissionen
und Editorial Boards und forscht insbesondere auf dem

Gebiet der Antiepileptika.
Lissabon Medizin und

rl‘b

arbeitete anschliessend
+ in London auf dem Ge-
biet der Physiologie
und darauf in Utrecht
in der Neurophysiolo-
gie. Von 1993 bis 2000
war er Direktor des neu
geschaffenen Instituts
flir Neurobiologie der
Universitat Amsterdam und Mitglied des ,Scientific Go-
verning Board oft he Graduate School Neurosciences*
Amsterdam. Fernando Lopes da Silva erhielt zahlreiche
Preise und Ehrungen und blieb der Lehre auch nach sei-
ner Emeritierung verbunden.

Der gebirtige Por-
tugiese Fernando Lopes
da Silva studierte in

Donald L. Schomer ist Direktor des Laboratoriums
der Klinischen Neurophysiologie und Professor fiir Neu-
rologie an der Harvard Universitat in Boston. Er war
mehrheitlich in Boston tatig und verbrachte die Jahre
1995 bis 1997 in Genf auf der Neurologischen Klinik
des Universitatsspitals. Als aktives Mitglied engagierte
er sich in mehreren Fachgesellschaften, so war er Pra-
sident der American Clinical Neurophysiology Society
und danach der American Academy of Clinical Neuro-

physiology.
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Mise au concours — Soutien de la recherche

Promotion de la recherche scientifique dans le do-
maine de |‘épilepsie (surtout sous forme d‘aide initiale)
par la Ligue Suisse contre I‘Epilepsie (Ligue contre I‘Epi-
lepsie)

La Ligue contre I‘Epilepsie soutient les projets scien-
tifiques dans le domaine de |‘épileptologie par un mon-
tant total de

CHF 25‘000.—

par an, la priorité étant accordée aux projets cher-
chant a élucider les causes et a mettre au point des trai-
tements de |épilepsie.

Aucune bourse ne sera octroyée pour la formation
de base ou continue ou pour des séjours a |‘étranger.
En revanche, la prise en charge de frais de voyage et
de séjour (sans salaire) est possible pour les séjours
de courte durée (quelques semaines au maximum)
lorsque ces séjours servent a apprendre des méthodes
appliquées dans le cadre d‘un projet bénéficiant de
soutien en Suisse.

Si le requérant a déja fait une demande de soutien
ailleurs, il faut nous en informer en spécifiant ou et
avec quel résultat.

Délai de remise des demandes :
31 décembre 2013

Les formulaires, ainsi que le guide pour les candi-
dats peuvent étre demandés a |‘adresse suivante :

Ligue Suisse contre |‘Epilepsie
Seefeldstrasse 84

Case postale 1084

8034 Zurich

Tél. 043 488 67 77

Fax 043 488 67 78
info@epi.ch
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Mise au concours — Prix de promotion

La Ligue Suisse contre I‘Epilepsie (Ligue contre I‘Epi-
lepsie) décerne tous les 3 ans un prix d‘un montant de

CHF 5‘000.—

pour la meilleure dissertation dans le domaine de
I‘épileptologie.

Tous les domaines spécialisés et tous les groupes
professionnels couvrant les disciplines fondamentales
ou cliniques sont invités a soumettre leur candidature.
Aucune limite d‘age n‘a été fixée.

Le jury décernant le prix se compose de trois
membres du comité directeur de la Ligue contre I‘Epi-
lepsie. Il peut étre complété au besoin par des experts
externes. La décision est prise par vote secret.

Si le requérant a déja fait une demande de soutien
ailleurs, il faut nous en informer en spécifiant ou et
avec quel résultat.

Le prix est toujours décerné I‘année suivante dans le
cadre de |‘assemblée annuelle ou générale de la Ligue
contre I‘Epilepsie.

Les dossiers de candidature doivent parvenir au
Secrétariat de la Ligue contre I‘Epilepsie (Seefeld-
strasse 84, case postale 1084, 8034 Zurich) jusqu‘au

31.12.2015
et comporter les piéces suivantes :

- quatre exemplaires de la dissertation achevée et re-
mise au décanat,

- quatre exemplaires d‘une prise de position du direc-
teur de thése (il peut par exemple s‘agir de I‘'exper-
tise concernant la dissertation).



Cher Giovanni,

Au nom de l'ensemble du comité directeur, des dif-
férentes commissions, des collaboratrices du secrétariat
général et bien sir aussi de nos membres, je souhaite te
remercier pour l'engagement exceptionnel et inlassable
dont tu as fait preuve durant plusieurs décennies en fa-
veur des personnes atteintes d’épilepsie ainsi que de la
Ligue Suisse contre I’Epilepsie.

Clest tout d'abord en ta qualité de chef de service
puis, a partir de 1990, de directeur médical de l'institu-
tion de Lavigny que tu as été, dés mars 1982, membre du
comité directeur de la Ligue, avant de quitter ce dernier
ainsi que les différentes commissions, fin 2011, paralle-
lement a ta démission des fonctions de direction qui ont
été alors confiées a la Dr méd. Maeder. Nous te sommes
reconnaissants d’avoir, de 2004 a 2011, occupé les fonc-
tions de vice-président, dans lesquelles tu m’as soutenu
énergiquement a mainte reprise.

Tu as eu la gentillesse de me fournir quelques don-
nées biographiques te concernant. Tu es né le 23 février
1947 a Massagno, au Tessin, dans une famille de méde-
cins. Ton peére, ton oncle et ton grand-oncle étaient mé-
decins, et cela a précocement déterminé ton orientation
professionnelle. Tu as passé la premiére année de tes
études a Zurich avant de partir tout d’abord a Fribourg,
puis de terminer ton cursus universitaire en obtenant
ton Doctorat a Lausanne en 1974.

Dans un premier temps, tu as alors débuté une for-
mation de généraliste en médecine et en chirurgie dans
différents hépitaux de Romandie et du Tessin, puis occu-
pé un poste de médecin dans le Val Verzasca, au Tessin,
ou tu as été confronté notamment avec des « délires »
toxiques liés aux infections de typhus qui étaient encore
endémiques au Tessin dans les années 1970, ce qui a
éveillé ton intérét pour la psychiatrie. Mais la psychothé-
rapie n'étant pas « ta tasse de thé », tu as choisi de de-

mander un poste d Franco Regli (alors professeur titulaire
d Lausanne), poste que tu as obtenu en 1978. Au cours de
la formation continue de spécialiste que tu as alors suivie
a Zurich, Fribourg, Rome et Lausanne, c’est notre ancien
président, Paul André Despland, qui a été ton mentor a
Lausanne.

En raison d’une restructuration financiére — ce pro-
bléme existait donc déja a I'époque —, I'Institut de Lavi-
gny a fait l'objet d’une réorientation en 1981-82. Celle-ci
exigeait une séparation des domaines hospitalier et rési-
dentiel et, grdce a ta double formation en neurologie et
en psychiatrie, tu étais un candidat idéal pour la place
vacante de directeur médical.

Durant les années que tu as passées a Lavigny, tu as
toujours veillé a entretenir une coopération étroite avec
le service de neurologie du CHUV (y compris en tant que
médecin adjoint), as participé a une trentaine de publica-
tions et rédigé un mémoire pour le Master of Education.

A partir de 1985, tu as en outre pris en charge a Lavi-
gny un petit département de neuroréhabilitation, consti-
tuant aussi principalement un projet de coopération avec
le service de neurologie du CHUV. Désormais, Lavigny est
devenu la clinique de neuroréhabilitation du canton de
Vaud. Bien qu’intégré a cette structure, le département
d’épilepsie est indépendant du point de vue médical, ce
qui garantit pour le futur la poursuite de la mission his-
torique de l'institution de Lavigny.

Comment ne pas évoquer également que durant de
nombreuses années, tu as accompagné dans le cadre
de leur formation en neurologie et en épileptologie sur
le territoire suisse un grand nombre de collégues qui,
grdce d ton expérience tant professionnelle qu’humaine,
sont devenus de meilleurs médecins. Ceci vaut non seu-
lement pour le CHUV a Lausanne, mais également pour
la neurologie genevoise. La-bas aussi, tous ceux qui t'ont
cétoyé t'ont percu comme un partenaire fort et fiable, et
tu as été un acteur-clé tres apprécié du centre conjoint
de chirurgie de I'épilepsie Genéve-Lausanne, suivant les
patients de facon collégiale aux cétés de I'ensemble du
personnel concerné, avant et aprés une chirurgie résec-
tive ou une stimulation cérébrale profonde de I'hippo-
campe. Concernant cette derniére, tu fais donc partie de
I« avant-garde » — et ce, non seulement parmi les épilep-
tologues suisses, mais aussi au plan international.

Si tu exerces aujourd’hui encore a temps partiel en
tant qu'épileptologue, et ce, tout particulierement au-
preés de personnes atteintes a la fois d'épilepsie et de han-
dicap mental, tu as néanmoins désormais davantage de
temps a consacrer d ton épouse et a tes quatre enfants,
eux-mémes adultes a présent.

Tous nos veeux t'accompagnent et nous te remercions
tous encore une fois pour ta précieuse collaboration au-
pres de la Ligue !

Glinter Krdamer
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2013

| Montreal, Canada
30th International Epilepsy Congress
Information: ILAE/IBE Congress Secretariat,
7 Priory Hall, Stillorgan, Dublin 18, Ireland,
e-mail: claire@epilepsycongress.org,
www.epilepsymontreal2013.org

| Bern
Swiss Academy of Young Neurologists
Information: Office SNG,
c/o IMK Institut fiir Medizin und Kommunikation AG,
Miinsterberg 1, 4001 Basel,
Tel. 0041 / 61 / 2713551,
Fax 0041 /61 /2713338,
e-mail: swissneuro@imk.ch,
http://www.swissneuro.ch/

| San Servolo, Venedig, Italien
Brain Exploration and Epilepsy Surgery
Epilepsy Summer Course
Information: Metella Patrlini,
Fax 0039 / 02 / 700445211,
e-mail: epilepsysummercourse@univiu.org

| Basel, Hotel Hilton, 9.30 —18.00 Uhr
Basler Epilepsietag: Epilepsie —
Therapeutische Optionen
Information : Tel. 0041 / 61 / 2654166
e-mail: jfleury@uhbs.ch

| Tallinn, Estonia
7th Baltic Sea Summer School on Epilepsy (BSSSE 7)
Information: Petra Novotny, BSSSE office
e-mail: petra.novotny@wolfstiftung.org,
http://www.epilepsiestiftung-wolf.de/

| Ljubljana, Slowenien
13th European Conference on Epilepsy & Society
Information: IBE Congress Secretariat,
7 Priory Hall, Stillorgan, Dublin 18, Ireland,
Tel. 0353 /1 /2056720,
Fax 0353 /1 /2056156,
e-mail: Ljubljana@epilepsycongress.org

| Berlin
International Epilepsy Symposium
Information: Epilepsie-Zentrum Berlin-Brandenburg
am Evangelischen Krankenhaus, Kénigin Elisabeth
Herzberge, z.Hd. Frau Cordula Hegemann,
Herzbergstrasse 79, 10365 Berlin,
Tel. 030 /5472 / 3501, Fax 030 / 5472 / 3502,
e-mail: chegemann@keh-berlin.de
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| Prien am Chiemsee, Deutschland
Jahrestagung des Deutsch-Osterreichisch-Schweizer
Arbeitskreises Epilepsie
Information: Prof. Dr. Hermann Stefan,
Claudia Saint-Lot, Universitatsklinikum Erlangen,
Neurologische Klinik, Schwabachanlage 10,
D 91054 Erlangen,
e-mail: claudia.saint-lot@uk-erlangen.de

| Erlangen, Deutschland
1st International Summer School for Neuropathology
and Epilepsy Surgery (INES)
Information: Ingmar Bliimcke, MD, Chairman and Full
Professor, Dept. of Neuropathology,
University Hospital Erlangen, Schwabachanlage 6
,Kopfklinikum®, 91054 Erlangen, Deutschland,
Tel. 0049 /9131 / 8526031,
Fax 0049 /9131 / 8526033,
e-mail: bluemcke@uk-erlangen.de,
www.epilepsie-register.de

| Dresden
86. Kongress der Deutschen Gesellschaft fiir
Neurologie
Information: Congrex Deutschland GmbH,
Joachimstaler Str. 12, 10719 Berlin,
Tel. 0049 / 30 / 887108550,
Fax 0049 / 30 / 8871085579,
e-mail: dgn@congrex.com, www.congrex.de oder
www.dgnkongress.org/2013/anmeldung

| Bern, 17 Uhr
Fachveranstaltung der Epilepsie-Liga
Information: Epilepsie-Liga, Seefeldstrasse 84,
Postfach 1084, 8034 Ziirich,
Tel. 0041 / 43 / 4886777,
Fax 0041 /43 / 4886778,
e-mail: info@epi.ch, www.epi.ch

| Bern, 19.30 Uhr
Publikumsveranstaltung der Epilepsie-Liga
Information: Epilepsie-Liga, Seefeldstrasse 84,
Postfach 1084, 8034 Ziirich,
Tel. 0041 / 43 / 4886777,
Fax 0041 /43 / 4886778,
e-mail: info@epi.ch, www.epi.ch



| Wien, Osterreich
21st World Congress of Neurology
Information: Univ.-Prof. Dr. Bruno Mamoli,
Garnisongasse 7/22, A 1090 Wien, Osterreich,
Tel. 0043 /1 /512809019,
Fax 0043 /1 /512809180,
e-mail: oegn@admicos.com, www.oegn.at

| Ziirich, Schweiz. Epilepsie-Zentrum
Herbstsymposium
Information: Silvia Baader,
Tel. 0041 / 44 / 3876304,
Fax 0041 / 44 / 3876396,
e-mail: silvia.baader@swissepi.ch, www.swissepi.ch

| Jerusalem, Israel
5th Eilat International Educational Course:
Pharmacological Treatment of Epilepsy
Information:Target Conferences, P.O. Box 29041,
Tel Aviv 61290, Israel,
Tel. 00972 /3 /5175150,
Fax 00972 /3 /5175155,
e-mail: eilatedu@targetconf.com, www.eilat-aeds.com

| Genf, 16 Uhr
Fachveranstaltung der Epilepsie-Liga
Information: Epilepsie-Liga, Seefeldstrasse 84,
Postfach 1084, 8034 Zirich,
Tel. 0041 / 43 / 4886777,
Fax 0041 /43 / 4886778,
e-mail: info@epi.ch, www.epi.ch

| Genf, 19 Uhr
Publikumsveranstaltung der Epilepsie-Liga
Information: Epilepsie-Liga, Seefeldstrasse 84,
Postfach 1084, 8034 Zirich,
Tel. 0041 / 43 / 4886777,
Fax 0041 /43 / 4886778,
e-mail: info@epi.ch, www.epi.ch

| New Orleans, Louisiana, USA
Annual Meeting of the American Neurological Associ-
ation (ANA)
Information: American Neurological Association,
5841 Cedar Lake Road, Suite 204, Minneapolis,
MN 55416, USA,
Tel. 001 / 952-545-6284,
Fax 001 / 952-545-6073,
e-mail: anameeting@I|Imsi.com, www.aneuroa.org

| Ziirich
Patiententag
Information: Epilepsie-Liga, Seefeldstrasse 84,
Postfach 1084, 8034 Ziirich,
Tel. 0041 / 43 / 4886777,
Fax 0041 /43 / 4886778,
e-mail: info@epi.ch, www.epi.ch

| Washington, DC, USA
67th Annual Meeting of the American Epilepsy Society
Information: American Epilepsy Society, 342 North
Main Street, West Hartford, CT 06117-2507 USA,
Tel. 001 / 860 / 5867505,
Fax 001 / 860 / 5867550,
e-mail: info@aesnet.org, www.aesnet.org
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