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Résumé en français 

Le contexte de ce travail de thèse en génie biomédical est l'identification de nouveaux 

biomarqueurs pour le diagnostic de l'épilepsie pharmaco-résistante. Puisque les patients épileptiques 

candidats à la chirurgie sont systématiquement implantés avec des électrodes intracrâniennes et que 

ces patients sont stimulés électriquement pour faciliter l’identification de la zone épileptogène, nous 

avons souhaité utiliser cette possibilité unique d’analyser les propriétés électriques des tissus 

cérébraux directement au niveau de tissu cérébral. Plus spécifiquement, les objectifs de ce travail sont: 

1) Développer une nouvelle méthode pour estimer la conductivité électrique des tissus cérébraux en 

utilisant des électrodes intracrâniennes, et 2) Quantifier la corrélation potentielle entre 

l'épileptogénicité des régions cérébrales et leur conductivité à des fins diagnostiques. 

Généralités sur l'épilepsie 

L'épilepsie est un trouble neurologique chronique (Ngugi et al., 2010), caractérisé par des crises 

récurrentes spontanées qui interfèrent avec le comportement, telles que le langage ou la motricité. 

Environ 65 millions de personnes souffrent d'épilepsie dans le monde, ce qui représente en Europe 

plus de 6 millions de patients. Le coût correspondant pour le système de santé est supérieur à 20 

milliards d'euros par an (Pugliatti et al., 2007). L'épilepsie est la conséquence d'un déséquilibre entre 

les processus d’excitation et inhibition dans les circuits cérébraux, entraînant une hyperexcitabilité 

pathologique qui se manifeste par des symptômes tels que des crises ou des absences par exemple. Les 
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caractéristiques des crises varient selon leur origine et leur répartition, et sont divisées en deux classes; 

les crises focales, qui proviennent d'une petite région cérébrale bien identifiée; et des crises 

généralisées, où l'activité épileptiforme se propage et implique une grande partie du cerveau. Les 

personnes atteintes d'épilepsie répondent au traitement environ 70% du temps, laissant environ 30% 

des patients réfractaires aux médicaments. Les patients réfractaires aux médicaments peuvent être 

candidats pour une chirurgie de la zone épileptogène si le foyer résécable n'affecte pas les fonctions 

cognitives trop sévèrement, et si la probabilité d'amélioration de la qualité de vie est élevée. 

Pour opérer la zone épileptogène, il est crucial de la localiser précisément pour éviter de retirer des 

tissus sains. Dans ce contexte, la planification pré-chirurgicale implique fréquemment des 

enregistrements invasifs tels que l'électroencéphalographie stéréotaxique (SEEG). La SEEG consiste 

en l'implantation intracrânienne de plusieurs électrodes enregistrant des signaux électrophysiologiques 

dans un grand nombre de régions cérébrales, généralement entre 150 et 250 contacts. Cette méthode a 

une bonne résolution spatiale (ordre de 2 mm sur l'axe des électrodes) et une excellente résolution 

temporelle (de l’ordre de la milliseconde). Les signaux électrophysiologiques obtenus avec SEEG 

visent à détecter l'activité épileptiforme pour identifier la zone épileptogène (Cossu et al., 2005; Engel, 

1993; Mercier et al., 2012). Dans ce contexte, la stimulation électrique est appliquée dans les régions 

implantées en utilisant des impulsions biphasiques à courant constant, dans le but d'induire une activité 

épileptiforme qui pourrait aider à identifier la zone épileptogène. Cependant, une telle identification 

peut être difficile, car cela prend du temps (les patients sont normalement implantés pendant deux 

semaines) et il n'est pas toujours possible d'évoquer une activité épileptiforme chez les patients. 

Certains biomarqueurs ont été rapportés comme l'indice d'épileptogénicité (Bartolomei et al., 2008). 

Néanmoins, le diagnostic clinique pourrait être grandement facilité par de nouveaux biomarqueurs 

fournissant une indication quantitative de l'épileptogénicité des tissus cérébraux. 

Applications diagnostiques de la conductivité 

L'estimation de la conductivité tissulaire a suscité un intérêt dans d'autres domaines médicaux tels 

que l'oncologie à des fins de diagnostic. Les cellules saines maintiennent une concentration élevée de 

potassium et une faible concentration de sodium. Lorsque les cellules sont endommagées ou 

cancéreuses, le sodium et l'eau s'écoulent dans la cellule, diminuant la concentration de potassium et 

d'autres ions dans le milieu intracellulaire, entraînant ainsi une diminution de l'impédance (Cone, 

1970). Dans le même ordre d’idées, des études récentes ont montré des différences dans les propriétés 

diélectriques des cellules saines et cancéreuses, et ont conclu que les cellules saines ont une 

conductivité supérieure à celle des cellules tumorales (Cone, 1974; Qiao et al., 2010). Le fait que les 

processus pathophysiologiques puissent altérer les propriétés électriques motive le développement de 

nouvelles applications pour les maladies neurologiques. En effet, il est établi que l’équilibre entre 

l’inhibition/excitation est modifié dans l’épilepsie, ce qui pourrait également modifier la concentration 

en ions dans le milieu extracellulaire. Comme la stimulation intracrânienne s'est largement développée 
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au cours des dernières décennies pour devenir un outil important pour le diagnostic et le traitement des 

troubles neurologiques (épilepsie, Parkinson, etc.), nous avons cherché à mesurer directement la 

conductivité cérébrale chez les patients épileptiques. 

Etat de l’art 

L’étude des propriétés électriques des tissus biologiques en général (et des tissus cérébraux en 

particulier), est un domaine d'intérêt significatif dans le domaine du génie biomédical. Il est désormais 

admis que les propriétés électriques des tissus peuvent être indicatives des processus 

physiopathologiques, ce qui a un potentiel significatif pour des applications diagnostiques. Cependant, 

il peut être difficile de mesurer les caractéristiques électriques des tissus biologiques.  

L'étude des propriétés électriques des tissus biologiques a débuté il y a près d'un siècle, l'une des 

premières bases de données remontant au début du XXe siècle (Crile et al., 1922). Cette étude a 

analysé principalement des lapins, en examinant la conductivité de différents tissus et liquides 

corporels. Les techniques de mesure et d'analyse des propriétés électriques ont continué à se 

développer, jusqu'à ce qu'une étude (Schwan and Kay, 1957) qui fut l'une des premières à analyser la 

résistance spécifique en fonction de la fréquence des tissus canins vivants in situ, et à observer les 

différentes dispersions. À la fin des années 1990, il était publié une étude documentaire et une vaste 

base de données de mesures à différentes fréquences (C. Gabriel et al., 1996; S. Gabriel et al., 1996), 

qui comprenait tous les principaux tissus pour lesquels il y avait au moins trois études documentées. 

Pour la plupart des tissus, les données étaient limitées ou inexistantes. La base de données a étudié la 

permittivité et de la conductivité de différents tissus humains et animaux à la température corporelle, 

pour une gamme de fréquence comprise entre 10 Hz et 20 GHz. Les auteurs ont conclu que pour les 

mesures en basse fréquence, les erreurs causées par la polarisation des électrodes affectaient les 

résultats en dessous de 1 kHz. C'est pourquoi, de nos jours, la mesure à basse fréquence des propriétés 

électriques des tissus restent encore une question ouverte.  

Méthodologie 

Cette thèse a pour objectif d'appliquer des techniques théoriques fondamentales pour estimer la 

conductivité des tissus cérébraux locaux à l'aide d'électrodes intracrâniennes. Premièrement, les 

protocoles de stimulation sont conçus pour éviter d'endommager les tissus cérébraux. Les stimulateurs 

cliniques utilisent généralement des formes d'onde à courant constant et équilibrées en charge pour 

minimiser les dommages tissulaires. Par conséquent, une des principales contraintes est que notre 

modèle sera basé sur des formes d'onde à courant constant pour estimer la conductivité cérébrale 

locale. En se basant sur l'utilisation de stimulations d'impulsions biphasiques à courant constant, nous 

proposons d'estimer le potentiel électrique et le champ électrique résultants. Le potentiel/champ 

électrique est estimé à l'aide d'une approche analytique et d'un logiciel permettant de trouver une 

solution numérique. Deuxièmement, les électrodes utilisées en clinique sont des électrodes 
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cylindriques qui ont une constante de cellule (constante qui lie l’impédance à la conductivité) qui 

dépend de cette géométrie spécifique. À partir de l'estimation du champ électrique, une relation entre 

la conductivité moyenne et la résistance du milieu est obtenue en utilisant la géométrie spécifique de 

l'électrode utilisée pendant les stimulations cliniques. Troisièmement, les formes d'onde utilisées pour 

la stimulation pulsée ont un spectre basse fréquence (<1 kHz). L’un des problèmes de l’estimation de 

conductivité à basse fréquence est la polarisation des électrodes, ce qui doit être pris en compte dans la 

solution pour obtenir des estimations fiables. L'interface électrode/électrolyte est modélisée avec une 

capacité à double couche et une résistance de transfert de charge. La réponse du système à une 

impulsion biphasique à courant constant est modélisée, et utilisée pour estimer la résistance moyenne 

et l'interface électrode/électrolyte. Cela permet d’obtenir de meilleures estimations de la conductivité. 

Expérimentation 

Afin de valider la conductivité estimée à partir du modèle électrode/électrolyte, une solution saline 

calibrée a été utilisée comme vérité terrain. Le modèle à double couche électrode-milieu a permis de 

reproduire l'évolution temporelle de l'artefact de stimulation enregistré, et nous a permis d'estimer la 

résistance et donc la conductivité des solutions étalonnées. Même si les solutions salines sont 

beaucoup plus simples que les tissus (par exemple, aucune anisotropie), il s'agissait d'une première 

étape d'analyse des signaux qui a permis une validation de la méthode développée. De plus, les 

mesures de conductivité pourraient être calibrées et fournir un lien avec la théorie et l’expérience.  

Des mesures de conductivité post-mortem ont été effectuées dans le cerveau de N = 2 adultes 

Sprague-Dawley. La stimulation a été effectuée quelques minutes après la mort dans l'hémisphère 

droit/gauche et était une première évaluation de la forme d'onde de la stimulation dans le tissu réel. 

Même si cette expérience était réalisée post-mortem, impliquant qu'aucune activité 

électrophysiologique n'était présente, cela fournissait des informations cruciales sur les propriétés des 

tissus. 

Une fois la validation des solutions salines et des mesures post-mortem ont été effectuées, nous 

avons réalisé des études sur les patients (total N=7). Avant d'acquérir les données du patient, il fallait 

d'abord résoudre les limitations matérielles. Au cours des stimulations cliniques, le système SEEG 

enregistre les signaux pour analyser les marqueurs épileptiques. Les signaux électrophysiologiques 

sont normalement de l'ordre de 100 µV, ce qui implique que le système SEEG n'a pas besoin d'une 

large plage de quantification (valeurs typiques de ±1 mV). Cette plage de quantification est 

significativement inférieure à celle requise pour échantillonner correctement l'artefact de stimulation, 

ce qui induira une saturation en amplitude. En outre, la fréquence d'échantillonnage est généralement 

nettement inférieure (valeurs typiques de fs = 2048 Hz) à celle requise pour capturer avec 

suffisamment de détails l'artefact de stimulation. Pour effectuer des enregistrements humains, un 

système d'acquisition a été mis en parallèle avec le système de stimulation. Le système 

d'enregistrement utilisé comportait une plage d'entrée élevée (±1 V) pour capturer l'intégralité de 
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l'artefact de stimulation sans saturation d'entrée et une fréquence d'échantillonnage élevée (100 kHz) 

pour capturer les détails de la forme d'onde afin d'estimer les paramètres biophysiques. 

Résultats 

Des solutions salines ont été préparées pour tester la forme d'onde de stimulation. La conductivité a 

été calibrée en utilisant un volume d'eau précis ainsi que la quantité précise de sel mesurée avec une 

échelle de haute précision (précision de 100 µg). L'évolution temporelle du potentiel électrique 

pendant une impulsion de stimulation pour une solution (0.1 S/m) et le modèle est montrée dans la 

Figure 1. 

 
Figure 1. Accord du modèle avec les signaux enregistrés dans des solutions salines. Superposition des décours 

temporels entre les signaux simulés et enregistrés. 

Le modèle reproduit fidèlement le décours temporel du potentiel enregistré pour les phases 

positives et négatives. Nous avons donc estimé des paramètres inconnus pour l’interface 

électrode/électrolyte ainsi que la résistance du milieu, en se basant sur les enregistrements 

expérimentaux. Notamment, la conductivité électrique a été calculée à partir de la valeur estimée de la 

résistance du milieu. L’estimation de la conductivité restait en moyenne avec une sous-estimation 

inférieure à 10% de la valeur de la solution calibrée. 

Epileptique versus non épileptique 

Les estimations de conductivité dans de multiples régions cérébrales chez les patients ont été 

comparées à des données électrophysiologiques, afin de déterminer si une région est saine ou zone 
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épileptogène. Pour montrer un exemple, nous avons estimé la conductivité de tous les contacts d’une 

électrode pour un patient (Figure 2). Cette électrode était située dans une région avec une activité 

pathologique et une région avec une activité saine. Les électrodes intérieures étaient situées dans le 

gyrus parahippocampique (électrodes OT1-4), suivies d'une jonction et de la substance blanche 

(électrodes OT4-7), puis on trouve le sillon occipito-temporal (électrodes OT7-10), une autre jonction 

(électrodes OT10-12) et enfin le gyrus temporal inférieur (électrode OT12-13). 

 
Figure 2. Crise d’épilepsie enregistrée pour chaque contact d'une électrode entière et valeurs de conductivité 

estimées (substance grise (GM), substance blanche (WM) et jonction (J)).  

Les électrodes localisées dans le gyrus parahippocampique (électrodes OT1-4), et dans le sillon 

occipito-temporal (électrodes OT7-10) étaient classées comme des zones epileptogènes. Il est 

intéressant de noter ces électrodes ont une conductivité inférieure à celle de gyrus temporal inférieur 

(électrode OT12-13), classé comme région sain. 

Discussion 

La conductivité des tissus cérébraux pour des applications biomédicales a été principalement 

étudiée en utilisant des EEG de scalp in vivo (Baysal and Haueisen, 2004; Gonalves et al., 2003), des 

échantillons ex vivo fraîchement excisés (Akhtari et al., 2006; S. Gabriel et al., 1996), et des études 

intracrâniennes animales in vivo (Logothetis et al., 2007). Il y a eu peu d’études intracrâniennes in vivo 

chez l’homme (Koessler et al., 2017; J. A. Latikka et al., 2001). Les résultats ne sont pas cohérents 

entre ces études, probablement en raison des différences liées aux changements post-mortem des 

tissus, aux erreurs liées aux problèmes inverses, aux changements de température, à la polarisation des 

électrodes ou à la fréquence de stimulation. Notre méthode fournit des estimations de conductivité 

dans la gamme de 0.1 S/m à 0.3 S/m pour les expériences in vivo (matière grise) et post-mortem, 

respectivement, qui sont proches de celles rapportées dans la littérature (Akhtari et al., 2006; Koessler 

et al., 2017; J. A. Latikka et al., 2001). Une des principales limites des mesures invasives existantes de 
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la conductivité des tissus cérébraux est le manque de prise en compte des processus physiques 

intervenant à l'interface électrode/tissu. Comme l'ont souligné nos résultats, notamment en ce qui 

concerne l'impact de l'interface électrode/électrolyte sur la réponse simulée, de tels mécanismes 

doivent être pris en compte pour fournir des estimations précises de la conductivité à basse fréquence. 

Les propriétés diélectriques ont de plus en plus retenu l’attention pour l’analyse des caractéristiques 

des tissus et elle a été étudiée dans différents domaines médicaux tels que l’oncologie et les maladies 

musculaires. Peu d'études ont été réalisées sur les propriétés électriques des tissus épileptiques. La 

classification des tissus épileptiques est encore aujourd'hui une tâche difficile. Dans un cadre clinique 

typique, la conductivité électrique n'est pas mesurée pendant les enregistrements SEEG, car le premier 

objectif des séances de stimulation fonctionnelle est d'identifier la zone épileptogène basée sur 

l'analyse des décharges provoquées par la stimulation, telles que les potentiels évoqués cortico-

corticaux. Un avantage de notre approche est l’utilisation de paramètres de stimulation compatibles 

avec les stimulations cliniques. Nous démontrons que les caractéristiques de l'artefact de stimulation 

peuvent être utilisées pour mieux connaître les propriétés biophysiques du tissu cérébral, fournissant 

éventuellement des informations diagnostiques. Cette direction de recherche prometteuse nécessitera 

une confirmation dans une taille d'échantillon plus grande dans une étude clinique dédiée. 

Une autre direction intéressante serait de relier plus spécifiquement les modifications de la 

conductivité du tissu cérébral aux mécanismes physiopathologiques. Par exemple, la conductivité 

électrique étant proportionnelle à la mobilité des ions dans les tissus, nous pourrions établir des liens 

entre les modifications de la régulation de la concentration ionique, la conductivité électrique et les 

processus physiopathologiques (Cone, 1970; Emin et al., 2015). 

Conclusion 

Nous avons proposé une nouvelle méthode pour étudier les propriétés biophysiques du tissu 

cérébral. Dans cette approche basée sur l’utilisation d’un modèle biophysique, nous tenons compte du 

potentiel électrique et du champ induits par l'électrode de stimulation, ainsi que des caractéristiques 

d'interface électrode-électrolyte, pour décrire avec précision la réponse du tissu cérébral à la 

stimulation par des pulses biphasiques. À partir de l’utilisation du modèle pour interpréter la réponse 

enregistrée, le modèle donne accès à des paramètres biophysiques pertinents, notamment la 

conductivité électrique. 

La méthode proposée a été validée en utilisant des paramètres in vitro et ex vivo. Nous obtenons 

d'excellents résultats d'appariement pour les solutions salines et de bons résultats pour les données ex-

vivo. De plus, des résultats pertinents sur le plan clinique ont été obtenus à partir de données 

intracérébrales enregistrées chez des patients épileptiques. Les principaux avantages de cette méthode 

basée sur un modèle sont sa précision, son faible coût de calcul et sa compatibilité avec les paramètres 

de stimulation couramment utilisés en clinique. L'estimation de la conductivité électrique pourrait 
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conduire au développement de nouveaux marqueurs d’épilepsie pouvant compléter l'analyse des 

enregistrements intracérébraux SEEG effectués classiquement avant la chirurgie. 

L'influence de l'hétérogénéité des tissus est un aspect intéressant qui n'a pas été étudié dans cette 

thèse, car nous avons utilisé l'hypothèse de l'isotropie afin de développer un cadre analytique. Il a en 

effet été rapporté que des tissus hétérogènes pourraient altérer la distribution spatiale du champ 

électrique jusqu'à 10% en fonction de la région anatomique où l'électrode était placée (Aström et al., 

2012). De telles erreurs sont particulièrement importantes dans les régions entourées de multiples 

fibres comme la région sous-thalamique. Une autre extension possible de ce travail serait de 

considérer le tissu comme un milieu hétérogène, notamment à la frontière entre la substance grise et la 

substance blanche. Dans ce cas, la limite entre la substance blanche et la substance grise serait 

considérée comme un milieu ayant deux conductivités différentes (milieu bi-conductivité). 

Un autre développement intéressant consisterait à étudier l'évolution des paramètres d'interface 

électrode-tissu au cours des jours suivant l'implantation d'électrodes SEEG (Grill and Mortimer, 1994; 

Polikov et al., 2005; Riistama and Lekkala, 2006), reflétant peut-être une infiltration du LCR après 

une intervention chirurgicale, mais aussi une gliose se formant autour de l'électrode (Lempka et al., 

2009; Yousif et al., 2008). Nous avons présenté dans cette thèse un modèle de tissu d'encapsulation, 

qui pourrait être utilisé pour mesurer l'impédance du tissu d'encapsulation et améliorer l'estimation de 

la conductivité même de la présence de ce tissu. Il serait possible d'étudier l'évolution de l'interface 

électrode-électrolyte sur plusieurs jours chez les mêmes patients, ce qui impliquerait un suivi un peu 

plus long, mais permettrait de mieux comprendre l'évolution de l'interaction électrode-tissu. 
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1 Introduction 

The context of this biomedical engineering thesis work is the identification of novel biomarkers for 

the diagnosis of epilepsy. More specifically, the objectives of this work are: 1) developing a novel 

model-based method for estimating brain tissue electrical conductivity using intracranial electrodes, 

and 2) quantifying the potential correlation between the epileptogenicity of brain regions and their 

conductivity.  

Generalities about epilepsy 

Epilepsy is a common (Ngugi et al., 2010), chronic neurological disorder characterized by 

spontaneously recurring seizures interfering with behavior, such as language or motor skills. It is the 

consequence of an altered balance between excitatory and inhibitory processes in brain circuits, 

resulting in an abnormal electrophysiological activity that manifests by symptoms such as seizures or 

absences. These symptoms or clinical signs vary from patient to patient and depend on brain structures 

that are involved at the onset of seizure and during the propagation Approximately 65 million people 

suffer from epilepsy worldwide, and in Europe specifically over 6 million patients involve a cost over 

€ 20 billion per year (Pugliatti et al., 2007). Epilepsy is the consequence of an altered balance between 

excitatory and inhibitory processes in brain circuits, resulting in a pathological hyperexcitability that 
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manifests by symptoms such as seizures or absences for example. The characteristics of seizures vary 

according to their origin and spreading, and are divided in two classes; focal seizures, which originate 

in a small, well-identified brain region; and generalized seizures, where epileptiform activity 

propagates and involves a large portion of the brain. People with epilepsy respond to treatment 

approximately 70% of the time, leaving about 30% of drug-refractory patients. Drug-refractory 

patients can be considered for surgery of the epileptogenic zone (EZ) if the resectable focus does not 

impact severely cognitive or motor functions, and when the benefit is higher than the deficit that can 

potentially be induced by the resection of the EZ. Thus, surgery is performed in about 20% of 

candidate patients. The success of resective surgery depending on the anatomical location of the EZ is 

presented in Tab. 1.1, from a systematic review and meta-analysis (Téllez-Zenteno et al., 2005).  

 
LONG-TERM SEIZURE SUPPRESSION 

Type of surgery Number of patients Seizure free (%) 

Temporal 3895 66 

Hemispherectomy 169 61 

Temporal and extratemporal 2334 59 

Parietal 82 46 

Occipital 35 46 

Callosotomy 99 35 

Extratemporal 169 34 

Frontal 486 27 

Tab. 1.1. Percentage of seizure-free patients on the long-term: overall proportion by type of surgery (adapted 

from Téllez-Zenteno et al., 2005) 

In order to remove the EZ, it is crucial to locate it precisely to avoid removing healthy tissue. In 

this context, pre-surgical planning frequently involves invasive recordings such as stereotactic 

electroencephalography (SEEG). SEEG consists in the intracranial implantation of several (8-15) 

electrodes with multiple (10-15) contacts recording electrophysiological signals in a large number of 

brain regions. This method, detailed in Section 2, Chapter 2.3.1, has a good spatial resolution (order of 

2 mm along the electrode axis) and an excellent time resolution (millisecond), which comes with the 

disadvantage of being invasive. The electrophysiological signals obtained with SEEG aim to detect 

epileptiform activity to identify the EZ and the subsequent surgical approach (Cossu et al., 2005; 

Engel, 1993; Mercier et al., 2012). In this context, electric stimulation is applied in EZ candidate 

regions using biphasic constant current pulses, with the objective of inducing epileptiform activity that 

could help identifying the EZ. However, such identification can be challenging, considering that it 

takes time (patients are typically implanted for two weeks) and it is not always possible to evoke 

epileptiform activity in the patients. Some biomarkers have been proposed, such as the 

epileptogenicity index (Bartolomei et al., 2008). Nevertheless, clinical diagnosis could be greatly 
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facilitated by new biomarkers providing quantitative indication of brain tissue epileptogenicity. In this 

thesis, a novel biomarker based on tissue electrical conductivity has been proposed and tested in 

patients during SEEG exploration. 

Diagnostic applications of conductivity 

The estimation of tissue conductivity has sparked interest in other medical fields such as oncology 

for diagnostic purposes. Healthy cells maintain a high concentration of potassium and a low 

concentration of sodium. When cells are injured or cancerous, sodium and water flows into the cell, 

decreasing potassium and other ions concentration in the intracellular medium, thus resulting in 

decreased impedance (Cone, 1970). Along the same line, recent studies have shown differences in the 

dielectric properties of healthy and cancer cells. Interestingly, the studies concluded that healthy cells 

have higher conductivity than tumor cells, given that cancer cells have different electrical and 

metabolic properties due to abnormalities in structures (Cone, 1974; Qiao et al., 2010). The fact that 

pathological tissue could have altered electric properties motivates the development of novel 

applications for neurological diseases. Indeed, since the balance between inhibition and exhibition is 

modified in epilepsy, it could be hypothesized that the concentration of ions in the extracellular 

medium is modified and subsequently alters normal conductivity values. Intracerebral stimulation has 

largely developed over the last few decades to become an important tool for the diagnosis and 

treatment of neurological disorders (epilepsy, Parkinson, etc.), It is a method routinely used in clinics 

to map epileptogenic networks. In this work, we make use of this kind of stimulation to directly 

measure brain conductivity in cerebral structures explored by SEEG.  .   

Summary and manuscript plan 

Dielectric properties of tissue have been investigated in the literature for over a century (Crile et al., 

1922; C. Gabriel et al., 1996; Schwan and Kay, 1957). Several in vitro and in vivo studies are 

documented; however human studies are rare, given that suitable data for such estimations is scarce. 

Since epileptic patients candidate to surgery are routinely implanted with intracranial electrodes, and 

that these patients are electrically stimulated to identify the EZ, we thought that this provides a unique 

possibility to analyze the bio-electric properties of brain tissue. On that basis, in this PhD thesis, the 

whole stimulation process (intracranial electrodes, volume conductor and electrode-tissue interface) 

was mathematically modelled to estimate of local brain conductivity. To validate the model, various 

experimental studies were performed, including calibrated saline solutions, post-mortem rat brain and 

in-vivo test performed in epileptic patients candidate to surgery. The conductivity results in patients 

were compared with electrophysiological data to classify if a region is healthy or epileptogenic. 

Statistical analysis of the correlation between conductivity and EZ was performed to investigate the 

diagnostic potential of conductivity measurements. 

This thesis is organized as follows:  
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 Chapter 2: Provides a state of the art of biological tissue conductivity, methods of measuring 

conductivity with their advantages and challenges, an introduction to intracranial EEG and 

stimulation, and finally how conductivity is used nowadays in medicine for diagnosis and 

treatment. 

 

 Chapter 3: The problem statement is presented. The main research topic is introduced in the 

context of the state of the art. Next, specific areas of the research conducted during this thesis 

are discussed. An outline of the proposed approach and solutions is provided. 

 

 Chapter 4: Introduces the mathematical models used for the estimation of brain conductivity. 

These models include the electric field induced by the electrodes during stimulation, and a 

model for electrode polarization. The methodological choices for experimentation and the 

different tests that were performed to validate the model are presented: in silico (conductivity 

calibrated solutions), ex vivo rat and in clinico studies. 

 

 Chapter 5: Presents the results of the proposed approach to estimate the conductivity for the 

different experimental tests that were done (i.e.: in vitro, in vivo and in clinico). The 

comparison between the analytical/numerical electric field models is also presented along. A 

detailed analysis of the in-clinico results is presented to evaluate a possible correlation between 

the epileptogenicity of brain tissue and conductivity measurements. This chapter also presents 

the parameter sensitivity analysis performed to assess the impact of model parameters on the 

model output and determine the key parameters. 

 

 Chapter 6: The impact and current limitations of the results are discussed in the context of the 

existing literature, along with their relevance and future prospects of conductivity 

measurements as a tool to assist further in the identification of the epileptogenic zone (EZ). 

Finally, a general conclusion is presented.  
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2 State of the art 

2.1 Conductivity in living tissues 

The electrical properties of biological tissues in general (and of brain tissue in particular), is an area 

of significant interest in the field of biomedical engineering. It is now indeed accepted that tissue 

electrical properties can be indicative of pathophysiological processes, which has the potential for 

diagnostic applications. However, measuring the electrical characteristics of biological tissue can be 

challenging. In this Chapter, we first present the theory underlying the electric properties of biological 

tissue. Then, we introduce the frequency dependency, anisotropy and temperature dependency of 

electrical parameters. Finally, the main models that have been developed in order to evaluate tissue 

impedance, along with their advantages and limitations are reviewed.  

2.1.1 Tissues basics components and dielectric properties 

Life on Earth is carbon-based, i.e. carbon atoms are bonded to other elements. More specifically, 

the human body is indeed mostly composed of hydrogen (63%), oxygen (25%), carbon (9%) and 

nitrogen (1.4%). Virtually all cells are composed of water, proteins, carbohydrates and lipids 

(Grimnes, 2014). The electrical properties of organic compounds are diverse. Firstly, carbohydrates 
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are the main energy source, and are not believed to contribute with the electrical properties of 

biological tissues. Secondly, lipids are found in most of the passive cell membranes, and are at the 

origin of the capacitive nature of cells and tissue. Cell membranes consist of a bilayer lipid membrane 

of very low electric conductivity. Ions can flow through the membrane only through specialized 

membrane channels (Grimnes, 2014).  

Most cells are primarily composed of proteins. Proteins, in electrical terms, can be approximated as 

a simple polar molecule, with zero net charge, possessing a dipole moment (Pethig and Kell, 1987). 

The environment of cells also plays a role in the electrical properties of tissue. Notably, living cells are 

surrounded by aqueous electrolytes, with the most important cations being 𝐻+, 𝑁𝑎+, 𝐾+, 𝐶𝑎2+ and 

𝑀𝑔2+, and most important anions being 𝐻𝐶𝑂3
−, 𝐶𝑙−, 𝐻𝑃𝑂4

−, 𝑆𝑂4
2−. For aqueous biological 

materials, the conductivity results primarily from the mobility of hydrated ions. Overall, the total 

conductivity includes the steady state conductivity related with ions mobility, and dielectric losses 

associated with polarization processes. Since biological tissue is a highly heterogeneous material, 

(e.g., different cell membranes, channels, cell orientation, extracellular ions concentration, cell size...), 

this variability explains the observed large range of dielectric properties associated with various body 

tissues (Plonsey and Barr, 2007). 

Regarding brain tissue in particular, neurons are composed of 70-80% water, while the dry material 

is about 80% protein and 20% lipid (Grimnes, 2014; Plonsey and Barr, 2007). Neurons are organized 

mainly according to three parts: cell body (soma), dendrites, and axon. Dendrites receive impulses 

(excitatory or inhibitory) from other neurons, and conduct them to the soma. The axon transfers action 

potentials from the soma to other neurons. Importantly, the membrane of neurons has different 

voltage-dependent ionic channels that are macromolecular pores through which sodium, potassium 

and chloride ions flow (Malmivuo and Plonsey, 1995), with a flow depending on neuron membrane 

polarization.   

Frequency dependency and tissue impedance 

In general, for all materials, dielectric permeability decreases and conductance increases as 

frequency increases, which mean that tissue impedance is frequency dependent. The complex 

electrical permittivity (inversely proportional to the impedance) can be expressed as: 

 𝜺∗(𝝎) =  𝜺′(𝝎) − 𝒋𝜺′′(𝝎) 

 where 𝜺′ is the dielectric permeability, 𝜺′′ the dielectric loss factor and 𝝎 the angular frequency. 

The dielectric loss factor is a function of conductivity and the angular frequency (i.e. 𝜺∗(𝝎) =

 𝜺′(𝝎) − 𝒋𝝈(𝝎)

𝝎
). Biological tissues have ionic conductivities that depend mostly of the nature and 

quantity of their ionic content and mobility (C. Gabriel et al., 1996; Malmivuo and Plonsey, 1995; 

Plonsey and Barr, 2007). When an electric field is applied, a current will form due to the movement of 
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ions in the aqueous medium, and is expressed as a function of tissue conductivity. At higher 

frequencies, the membrane lets alternating currents go through, as shown in Fig. 2-1. 

 
Fig. 2-1. Current flow in tissue at low and high frequencies. High frequency is presented with a dotted line, and 

low frequency with a solid line (adapted from Grimnes, 2014, no permission requested) 

For biological materials, the frequency dependence of conductivity is rather complex, and depends 

on several factors. Three different dispersions are generally identified: alpha, beta, and gamma, which 

are defined for well-known physical properties. Alpha dispersions are found in the Hz-kHz range and 

are associated with ionic diffusion processes at the cellular membrane level. Beta dispersions start 

occurring in the kHz-MHz range (C. Gabriel et al., 1996; S. Gabriel et al., 1996), and is caused by the 

polarization of cell membranes which act as barriers to ionic flow and protein polarization. Gamma 

polarizations are in the GHz range, and are associated with water polarization (C. Gabriel et al., 1996; 

Grant, 1981). 

In conclusion, biological tissues feature two electrically conducting compartments: the 

extracellular and intracellular spaces, separated by the membrane. The conduction of electric currents 

through tissue is strongly dependent on frequency. Furthermore, the relationship between impedance, 

conductivity and permittivity depends on electrode geometry. As an example, a parallel plate electrode 

of area 𝐴 and distance between plates of 𝑑, has a capacitance 𝐶 = 𝜀′(𝜔)𝐴/𝑑 and a conductance 𝐺 =

𝜎(𝜔)𝐴/𝑑, leading to the expression of the complex impedance (Grimnes, 2014): 

𝑍(𝜔) = (
𝑑

𝐴
)

1

𝜎(𝜔) + 𝑗𝜔𝜀′(𝜔)
 

In this example, it is observed that impedance is inversely proportional to the complex electrical 

permittivity and proportional to a constant that depends on electrode geometry (i.e.: cell constant).   

For experimental measurements of the frequency dependency of a material, impedance spectroscopy is 

commonly used, consisting in applying a weak oscillatory voltage and measuring the current. 

Impedance can be fitted against analytical formulas derived from circuit models (e.g. intracellular and 

extracellular resistance and membrane capacitance). Impedance spectroscopy is an accepted and 
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validated technique in different medical fields for diagnosis and monitoring purposes, as reviewed 

below.  

The investigation of the electrical properties of biological tissue has been initiated almost a century 

ago, with one of the first databases dating back to the early 20th century (Crile et al., 1922). This study 

analyzed mostly rabbits, examining the conductivity of different tissues and body liquids. Techniques 

to measure and analyze electrical properties have continued to develop, until a study (Schwan and 

Kay, 1957) which was one of the first to analyze the frequency-dependent specific resistance of in situ 

living dog tissues, and observing the different dispersions. By the end of the 1990’s, a literature survey 

(C. Gabriel et al., 1996) and an extensive database of measurements at different frequencies (S. 

Gabriel et al., 1996) were published by Gabriel et al. The literature survey included all the main 

tissues for which there were three of more literature reports. For most tissues, data was limited or non-

existent. The database, investigated the dielectric properties of permittivity and conductivity for 

different human and animal tissues at body temperature, for a frequency range between 10 Hz and 20 

GHz, using automatic swept-frequency and impedance analyzers. The tissues analyzed were: brain 

(grey and white matter), heart muscle, kidney, liver, lung, spleen, muscle (paravertebral cut across and 

along the fibers), uterus, skin, thyroid, testis, ovary and bladder. Measured tissues were from bovine 

origin, human post-mortem and human in-vivo. Gabriel et al. concluded that the measurements fell 

well within the values in the literature, and that for measurements on the low-frequency experimental 

set-up, electrode polarization errors affected the results below 1 kHz. Therefore, nowadays low-

frequency measurements still remain an open question.  

Isotropic and anisotropic tissues 

Isotropy (resp. anisotropy) is the property of being independent (resp. dependent) of the spatial 

direction when measuring a physical magnitude. Electrical properties such as permittivity and 

conductivity are usually dependent of the cell orientation in tissue. The fact that tissues are highly 

heterogeneous, with different sizes and functions, lead to significant differences in electrical 

conductivity (Grimnes, 2014). Considering tissue as an anisotropic medium implies that it must be 

considered as a volume conductor (i.e. 3-dimension conductivity tensor). Electrical anisotropy is 

related to the physiology of tissue, an example being bones and skeletal muscle, which support 

longitudinal tension, explaining why muscles are composed of fibers that are large longitudinal cells 

aligned in the same direction. This results in higher electrical conductivity along the length of the fiber 

(Miklavcic et al., 2006). In (Epstein and Foster, 1983), freshly excised dog skeletal muscle was 

measured for different frequencies. Over the entire frequency range, the dielectric properties of muscle 

were found to be significantly anisotropic, with the kHz band anisotropy ratios (perpendicular/parallel 

to the fiber axis) found to be ten times higher, and less so in the MHz band. 
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Temperature dependence of conductivity 

The ions mobility in an electrolyte solution depends on temperature. In general, conductivity 

increases with temperature as shown in (Kuyucak and Chung, 1994). Therefore, this must be taken 

into account if there are large variations in temperature between measurements as emphasized in 

(Baumann et al., 1997), where cerebrospinal fluid (CSF) conductivity was measured in seven patients 

and was found to be 23% higher at body temperature (37°C) than at room temperature (25°C).  

2.2 Electrophysiological activity 

This chapter provides a short primer to electrophysiology. Furthermore, the specific markers 

investigated in stereoelectroencephalography (SEEG, intracranial EEG) recordings to identify an 

epileptic zone are also described. General information about neurons is first presented, followed by the 

physiological electrophysiological patterns, and finally the pathological activity patterns found in 

epilepsy which are used to identify the epileptogenic zone (EZ) from recordings, either by visual 

inspect or using signal processing. 

2.2.1 Neuron 

From an anatomical perspective, a neuron is composed of four parts: the dendrites, the cell body 

(soma), the axons and the synapses, as shown in Fig. 2-2. 

 
Fig. 2-2. Anatomical structure of a neuron. The main components of a neuron are dendrites, the cell body (soma), 

the axon and synapses (adapted from (Grimnes, 2014), no permission requested). 

Neurons communicate with each other through action potentials, which are a transient phenomenon 

characterized by a drastic local depolarization of the membrane. When the total incoming post-

synaptic potential exceeds the firing threshold, an action potential is triggered. Membranes channels 

enable the regulation of extra/intracellular ionic concentrations (calcium, potassium and chloride), and 

their differential dynamics and properties underlie action potential dynamics (depolarization, 

repolarization and hyperpolarization) as shown in Fig. 2-3. 



10 

 

 
Fig. 2-3. Action potential time course. When the firing threshold is exceeded, a rapid depolarization occurs, 

followed by a repolarization and hyperpolarization phase of the transmembrane potential (Adapted from Plonsey and 

Barr, 2007). 

The firing threshold depends on the type of neuron. During the depolarization and repolarization 

phases, neurons cannot trigger other action potentials. The action potential propagates through the 

axon until the synapse, and the synapse transmits the signal from one neuron to another using a 

neurotransmitter that is emitted by the afferent neuron, diffuses into the synaptic cleft, and binds to 

postsynaptic receptors to create a postsynaptic potential. 

When considering macroelectrodes (as is the case in this thesis), the action potentials are not 

directly measured. It is admitted that the electric fields produced by an action potential can only be 

detected at proximity of ~10 µm from the source (Bédard et al., 2006). In fact, due to the large size of 

the electrodes, the measured signal represents mostly the contributions of post-synaptic potentials 

(Destexhe and Bedard, 2013).    

2.2.2 Brain rhythms 

Brain rhythms reflect the activity of large assemblies of neurons, i.e. a complex spatial summation 

of numerous post-synaptic potentials. One common non-invasive modality of recording brain rhythms 

is electroencephalography (EEG), which consists in recording neuronal activity from cortical sources 

using scalp electrodes. The EEG signals are generated from several neuron populations (synaptic 

activity of pyramidal cells), which are groups of neurons organized both in time and space. The sums 

of several populations of neurons generate different brain rhythms, that are signals transmitted 

between brain structures. Nevertheless, given the distance between cortical sources of neuronal 

activity and scalp electrodes, the EEG does not measure the action potentials but instead the 

synchronized oscillations of a large number of neurons (Nunez and Srinivasan, 2006). These 

oscillations are classified according to their dominant frequency. The principal rhythms are the 

following (Nunez, 1995; Silva et al., 2012): 
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 Delta (< 3 Hz): these oscillations are strongest in amplitude, are typically attributed to the 

thalamus, and are involved in different sleep states. 

 Theta (4-7 Hz): These waves are observed principally in the hippocampus and in the 

frontal cortex. They participate in the process of short-term storage of information also 

known as working memory, and in the regulation of emotions. 

 Alpha (8-13 Hz): They are historically the first waves to be observed by Hans Berger in 

1929, given their significant amplitude. These oscillations are related to awareness, visual 

attention, and inhibition of task-irrelevant networks.   

 Beta (15-30 Hz): These oscillations are associated with normal waking consciousness, and 

can be linked to anxiety or active focus. In the motor cortex, this rhythm is related with 

muscle contractions.   

 Gamma (> 30 Hz): This rhythm is common in the cortex, and is associated with cognitive 

processes such as perception. 

Intense research efforts are ongoing to understand how functional brain communication between 

cortical regions depends on these oscillations. One hypothesis is that cross-frequency couplings 

between different regions and rhythms could be a way of multiplexing and encoding information. 

Readers may refer to (Bonnefond et al., 2017) for additional information on this topic. 

2.2.3 Electrophysiological markers of epilepsy 

The investigation of EEG has played an essential role in the study of neurological diseases such as 

epilepsy. Some neurological disorders are associated with specific electrophysiological signatures 

(Schnitzler and Gross, 2005). These electrophysiological markers recorded by EEG/SEEG are used to 

detect neuronal dysfunction to ends of diagnosis. In epilepsy, beside ictal activity, some typical 

signatures that can be distinguished are spikes-wave events, high frequency oscillations (HFO) and 

after-seizure slow waves (Worrell et al., 2008). Several methods exist to define epileptic networks 

from the aforementioned electrophysiological markers (Bartolomei et al., 2008). Differences could be 

made between the regions that are lesional, those that are epileptogenic zones, the regions where the 

seizures starts (often referred to as the seizure onset zone, SOZ) and regions that are not considered to 

generate discharges but rather receive epileptiform activity (i.e. belonging to the propagation zone 

PZ). Another zone that could be classified is the irritating zone (IZ), a zone which is source of 

interictal epileptiform discharges (IED) (de Curtis et al., 2012; Marsh et al., 2010). It is important to 

determine cautiously the different structures with imaging and EEG investigations and for the 

definition of the surgery zones for resection. This is not always easy to determine, motivating the 

development of novel techniques. 



12 

 

Inter-ictal epileptiform discharges 

Inter-ictal epileptiform discharges (IED) are often observed in the EEG, and are believed to be 

associated with cognitive deficiencies (Ung et al., 2017). IED originate from abnormal neuronal 

synchronization and are characterized by spikes, poly-spikes and spike-waves as shown in Fig. 2-4. 

(de Curtis et al., 2012; Schulze-Bonhage et al., 2011). When such activity is sparse, it does not result 

in clinical symptoms. Nevertheless, IED spikes are not benign, and a higher IED occurrence correlates 

with longer epilepsy duration (Selvitelli et al., 2010). Furthermore, IED can disrupt cognitive 

processes such as visual word recognition and memory (Ung et al., 2017). 

 
Fig. 2-4. EEG inter-ictal epileptiform discharges. Monophasic spike, spike-wave, biphasic spike and poly-spike 

(Adapted from Bourien, 2003) 

An electrophysiological pattern associated with the EZ consists in rapid discharges called inter-ictal 

high frequency oscillations (inter-ictal HFO or fast ripples), with frequencies between 250 and 500 Hz. 

A number of studies have shown that favorable surgical outcome is associated with the resection of 

regions that generated fast ripples (Fujiwara et al., 2012). 

Ictal activity 

The proposed definition of seizure by the international league against epilepsy (ILAE) is a transient 

occurrence of signs and/or symptoms due to abnormal excessive synchronous neuronal activity. This 

seizure activity can be observed in the EEG and provides valuable information about the tissue. 

Important information about tissue can be gained by recording the regions generating seizures and 

their propagation pattern. During the interictal to ictal transition, it is sometimes observed a different 

kind of HFO, known as ictal HFO or fingerprint. This fingerprint is recognized as a biomarker 

representative of the seizure onset zone (SOZ) in focal seizures (Grinenko et al., 2018; Jirsch et al., 
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2006). Following the ictal HFO, another typical pattern of epileptic zones are rhythmic large 

amplitude spikes often observed in SEEG (Fisher et al., 2014). 

Post-ictal activity 

After the end of a seizure, there can be a post-ictal period during which patients may be confused, 

have problems remembering, or be disoriented. Post-ictal state denotes brain recovery from seizure, 

and is characterized by a polymorphic delta activity (slow waves), regional signal attenuation and 

activation of focal spikes. An elevation of cortical slow waves after seizures has been associated with 

anatomical and functional abnormalities, and when clearly present is highly correlated with the side of 

the SOZ (Jan et al., 2001; Yang et al., 2012). So far, there is only little literature regarding the seizure 

termination process, the mechanisms of which remaining largely unknown.  

2.3 Electrical stimulation 

Brain stimulation has been thoroughly investigated for diagnosis (e.g., pre-surgical functional 

stimulation for drug-refractory patients) and therapy (e.g., deep brain stimulation in Parkinson’s 

disease) for the last decades. Since neurons are excitable cells, their activity can be modulated by the 

application of extracellular fields. Therefore, when stimulating a nerve cell, the transmembrane 

voltage changes, which can result in an excitatory (increase of the membrane potential, facilitating 

action potentials generation) or inhibitory (decrease of the membrane potential, preventing the onset of 

action potentials) effects on neuronal activity (Malmivuo and Plonsey, 1995). The main two types of 

brain stimulation are electric and magnetic stimulation. Electric stimulation can be delivered non-

invasively or invasively through the use of intracranial electrodes, while magnetic stimulation is 

typically delivered through coils in which flows a high-intensity current. 

Chronaxie and Rheobase     

The relation between the current 𝐼 required to initiate an action potential and the duration 𝑇 of the 

pulse have been first derived experimentally by Lapique at the beginning of the 20th century. For 

clinical electrical stimulation applications, the analysis of the minimal couple ( 𝐼 − 𝑇) required to 

trigger action potentials in the targeted region is essential to evaluate the effects of stimulation. 

Importantly, the amount of charge induced in tissue depends on the current intensity and pulse 

duration (𝑄 = 𝐼 × 𝑇). An example of a current-time curve is shown in Fig. 2-5:  
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Fig. 2-5. Current-time curve, combination of stimulating current 𝑰 and the stimulus duration, that are just 

sufficient to reach the threshold level (adapted from Plonsey and Barr, 2007, no permission requested). 

The minimal value of current 𝐼𝑟ℎ that still produces a threshold value of transmembrane voltage, as 

the pulse duration tends to infinity, is called the rheobase. The rheobase depends upon factors such as 

the distance between the neuronal population of interest and the electrode. The chronaxie is defined as 

the minimal pulse duration 𝑇 which triggers action potentials with a current twice the 𝐼𝑟ℎ. Chronaxie is 

used for choosing the stimulus strength in a stimulation protocol (the minimum time required to reach 

transmembrane potential threshold). These concepts provide a guide for understanding why greater 

stimulus current can create an action potential despite being shorter in time, or why no action potential 

are observed when stimulating at low currents (Plonsey and Barr, 2007). 

Excitable tissues 

Excitable tissues are tissues sensitive to electrical stimulation. The goal of stimulation is often to 

trigger action potentials in axons, due to the depolarization of some portion of the axon membrane. 

The resulting induced activity depends on many factors, including, but not limited to, the electrical 

properties of local cell membranes and the transmembrane potential (difference between the 

extracellular and intracellular potential), orientation of the electric field with respect to the 

somatodendritic axis of cells, neuronal morphology (Grimnes, 2014). The most common excitable 

cells are muscular and neuronal cells. In the case of muscle tissue, the stimulating electric field in a 

cell induces a contraction that propagates over muscular tissue when the transmembrane threshold is 

reached. Similarly, in the case of neurons, if the membrane stimulus is not sufficient to bring the 

transmembrane potential to threshold, no action potentials are induced. If the excitatory stimulus is 

strong enough, the extracellular region is driven to more negative potentials (charge is transferred 

across the membrane through passive and active ion channels), which is equivalent to driving the 
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intracellular compartment of a cell to more positive potentials, which induces a spike that propagates 

over the axon and reaches other neurons (Malmivuo and Plonsey, 1995).  

Subsequently, the objective of stimulation is to induce an electric potential in the surrounding 

tissue to achieve a tissue response. In this thesis, bipolar stimulation is used. When stimulating with 

bipolar stimulation, current flows from the working electrode to the extracellular fluid surrounding the 

tissue, and finally to the counter electrode. Constant current stimulation induces a constant electric 

potential and electric field in the tissue during the duration pulse. The generated electric field induces 

depolarizing/hyperpolarizing (depending on the current sign and if considering the working/counter 

electrode, and of the relative orientation between the somatodendritic axis and electric field) of the 

surrounding axon membrane (Merrill et al., 2005; Plonsey and Barr, 2007). 

Subthreshold stimulation is sometimes used for producing the phenomenon of accommodation. A 

stimulus that produces subthreshold depolarization will reduce the number of axons that can be 

recruited and so increasing the threshold for action potentials. It is often desirable to activate one 

population of neurons without activating a neighboring population. This is sometimes achieved with 

subthreshold stimulation, provided that different populations may have different thresholds (Bikson et 

al., 2012; Nitsche and Paulus, 2009).  

Electrical stimulations used clinically are typically performed at intensities higher than 1 mA 

(inducing electric fields near the electrode ~100V/m). This level of stimulation can evoke pyramidal 

cells activity (Esser et al., 2005; Radman et al., 2009). Interestingly, it is has also been shown that 

interneuron activity can be induced at lower intensities (< 1 mA) (Wendling et al., 2016). 

Transcranial stimulation 

In terms of non-invasive electrical brain stimulation, transcranial direct current stimulation (tDCS) 

and transcranial alternating current stimulation (tACS) are increasingly used for research purposes, 

and are developing in terms of therapy. It is worth mentioning that tDCS and tACS use low-level 

electric fields, as compared to invasive electrical brain stimulation (e.g., ~1 V/m versus 50-200 V/m): 

it is therefore suspected that the principal mechanism of tDCS is the subthreshold modulation of the 

membrane potential or neurotransmitter release probability, which alters cortical excitability (Woods 

et al., 2016). tDCS has become an interesting tool to modulate cortical excitability and activity in 

epilepsy (Lafon et al., 2017; Nitsche and Paulus, 2009; Tecchio et al., 2018).  

Regarding magnetic stimulation, the most common stimulation modality is TMS, consisting in a 

short (~100 µs), strong (~ 1 T) magnetic stimulus, inducing an electric current in cortical tissue that 

triggers action potentials in cortical neurons. Depending on the stimulation frequency, TMS can 

induce increases/decreases in cortical excitability (Nitsche and Paulus, 2009). In this thesis work, we 

will focus on intracranial, electric stimulation of brain tissue. 
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2.3.1 Stereotaxic EEG procedure 

In order to perform intracranial electrical stimulation, electrodes have to be carefully implanted in 

multiple brain regions. This is achieved through a stereotaxic procedure, a neurosurgical intervention 

using a three-dimensional coordinate and an atlas to precisely implant the electrodes (Mercier et al., 

2012; Olivier et al., 2012; Talairach and Bancaud, 1973). The surgical procedure for implantation 

consists in three main parts: trajectory planning, implantation surgery and post-implantation phase.  

Trajectory planning 

Pre-surgical evaluation is conducted for defining the subsequent therapeutic approach, typically 

surgery. During this planning, when SEEG exploration is decided, the location and the trajectory of 

the electrodes are defined. During this assessment, the acquisition of preoperative signal/images is 

performed to evaluate possible epileptic zones and determine possible trajectories for the electrodes. 

Scalp video EEG is used to record seizures and detect possible implantation regions, followed by MRI 

scan with particular attention to the regions identified using EEG. This process leads to the generation 

of hypotheses about the localization of the EZ. Then, the planning of the electrode trajectories is 

defined by the target and the skull entry point. The major complication in electrode implantation is 

intracranial hemorrhage (Zuluaga et al., 2014), therefore extreme caution is required in the definition 

of the electrode trajectory to avoid any major vessel. 

Electrode implantation 

The surgical technique for electrodes implantation is performed under general anesthesia. The 

patient’s head is in a stereotactic frame, which is used as a three-dimensional coordinate system, as 

shown in Fig. 2-6.(a). The trajectories are defined as to reach the selected cortical targets and avoid the 

vessels. 
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Fig. 2-6. (a) Implanted stereotactic EEG electrodes and (b) postoperative CT of a patient with stereotactic EEG 

electrodes (courtesy of Dr. A. Biraben). 

For the implantation of each electrode, the removal of a circular piece of cranium is performed with 

a twist drill. Titanium hollow pegs, for the insertion and the fixation of the electrodes are then attached 

to the cranium. Finally, the electrode is inserted and advanced to the target, and is fixed to the peg by a 

plastic cap (Cossu et al., 2005; Munari et al., 1994).  

Postoperative phase 

A MRI/CT scan is done after electrodes implantation to define the actual position of each contact 

as shown in Fig. 2-6.(b). After that, the video SEEG recording begins with the purpose to record 

patient’s seizures. Finally, the patient undergoes a series of electrical stimulations with the purpose of 

inducing ictal activity and assist further in identifying the EZ.  

2.3.2 Intracranial electrodes 

The primary objective of SEEG exploration is to record seizures in order to accurately define the 

organization of the EZ and thus the best resection aimed at suppressing seizures. In addition, 

intracranial electrodes offer the unique opportunity to perform electrical stimulation of explored brain 

region. Therefore, a crucial prerequisite to exploit fully the information provided by the recorded 

signals is to understand the biophysical phenomenon involved when intracranial electrodes are placed 

in brain tissue. In the following, I provide details about the models found in the literature to 

approximate the biophysical properties stimulation using intracranial electrodes.  
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Dipole approximation of the electric potential 

The simplest case for approximating the electric field/potential is considering the electrode with 

two active contacts as a dipole. Let us consider the bipolar electrodes as a point source, as shown in 

Fig. 2-7.(a). 

 
Fig. 2-7. Two-contacts seen as a dipole (a) The two dipole source with a constant current I and (b) Electric 

potential generated by a two bipolar electrode modeled by a dipole source. 

Assuming that the two electrodes can be considered as a dipole, using spherical coordinates and 

considering an arbitrary point in space, the total current is induced is (Bossetti et al., 2008): 

𝐼 = ∮ 𝐽𝑑𝐴 = 4𝜋𝑟2𝐽(𝑑) ⇒ 𝐽(𝑑) =
𝐼

4𝜋𝑑2
 

Using Ohm’s law, the linear relationship between the current density and the electric field is 

𝑱 =  𝜎𝑬, therefore the radial electric field and electric potential are respectively:  

𝐸𝑟  =
𝐼

4𝜋𝜎𝑑2
  

𝑉(𝑑) =
𝐼

4𝜋𝜎𝑑
 

𝑉(𝑑) is the electric potential for a point source, in the case of a dipole the total electric potential is:  
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𝑉 =
𝐼

4𝜋𝜎𝑑1
−

𝐼

4𝜋𝜎𝑑2
 

where 𝑑1 and 𝑑2 are the distance from each source to an arbitrary point in space. Considering this 

distance in Cartesian coordinates, and for 𝑟 > 𝑅:  

𝑉(𝑟, 𝑧) =
𝐼

4𝜋𝜎

(

 
1

√𝑟2 + (𝑧 − 𝑙+ℎ
2 )

2
−

1

√𝑟2 + (𝑧 + 𝑙+ℎ
2 )

2

)

  

This simple model is useful to visualize the approximate behavior of the electric potential in the 

space surrounding the electrode as shown in Fig. 2-7.(b). 

Electrode-electrolyte interface 

When a metal is placed inside a physiological medium, an interface forms between them. In metal 

electrodes, charge is carried by electrons while ions (present in the extracellular medium) carry charge 

in brain tissue. At the level of the electrode-electrolyte interface, the fundamental physical process is 

the transduction of charge carriers from electrons in the metal electrode to ions in the electrolyte. 

There are basically charge transfer mechanism in the electrode-electrolyte interface, non-faradaic 

(capacitive) charge transfer and faradaic reactions (Merrill et al., 2005). The non-faradaic charge 

transfer consists in several physical phenomena, the most important being that, when a metal electrode 

is placed in an electrolyte; charge redistribution occurs resulting in a plane of charge at the surface of 

the metal electrode. Another reason is that polar molecules, such as water, may have a preferred 

orientation at the interface so that the net orientation separates charges. When a current source is 

applied at the level of a pair of electrodes, an excess of negative charges is driven at one of the 

interfaces, which will attract cations in the solution toward the electrode and repel anions. At the other 

electrode, the opposite occurs. If the total amount of charge delivered is sufficiently small, only charge 

redistribution occurs, and there is no transfer of electrons as shown in Fig. 2-8. 
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Fig. 2-8.  (a) Ionic distribution at the electrode interface, showing a ion redistribution inducing a double layer. 

(b)Two-element electrical circuit mode for mechanism of ion redistribution and charge transfer at the electrode 

interface. 

In this case, the interface can be approximated as a capacitor. Charge may be transferred from the 

electrode to the electrolyte by faradaic processes of reduction and oxidation. In this case, electrons are 

transferred from the metal electrode to the electrolyte. Reduction occurs at the negative electrode (an 

electron is added during the reaction), and oxidation occurs at the positive electrode (an electron is 

removed during the reaction). Frequently, these reactions form products when charge cannot be 

recovered by reversing the current direction. A simple electric circuit model of the processes involved 

at the electrode-electrolyte interface is shown in Fig. 2-8 (b). The double layer capacitance Cdl 

represents non-faradaic physical phenomena, and the faradaic impedance Zf models the electron 

charge transfer in the interface.  

Pseudo-capacitive behavior of electrodes 

The term pseudo-capacitance is used to define certain electrodes materials. In electrochemistry, it 

is used to describe the behavior of some capacitive electrodes which there charge storage originates 

from different chemical reactions. While regular double layer capacitance arises from the potential-

dependence of the surface density of charges stored non-faradaically at the interfaces, pseudo-

capacitance is of faradaic origin (Brousse et al., 2015), and occurs when a fraction of the electrode 

surface (depending on the voltage) is covered by adsorbed material (Dymond, 1976). Other sources 
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are surface roughness, distribution of reaction rates, varying electrode thickness and non-uniform 

current distribution. 

To understand pseudo-capacitive behavior, we need to present briefly the concept of fractional 

calculus, which involves a class of differential operators with any real or complex order. The 

differential operator is generally defined as (Riemann-Liouville type) (Demirci, 2012): 

𝐷𝛼𝑓(𝑡) =
𝑑𝑛

𝑑𝑡𝑛

1

𝛤(𝑛 − 𝛼)
∫ (𝑡 − 𝜏)𝑛−𝛼−1𝑓(𝜏)𝑑𝜏

𝑡

0

 

where 𝛼 is the order of the differential operator, generally between 0 ≤ α ≤ 1, and 𝛤(∗) the gamma 

function. Fractional calculus has today several fields of application in mathematics including electrical 

networks, control theory, and chemical physics (Kilbas et al., 2006). In our case, we are interested in 

its application in electrochemistry of corrosion, which is closely tight to electrodes/electrolyte 

behavior.  

A pseudo-capacitance, or constant phase element (CPE), is not physically achievable with ordinary 

electric components, but it rather usually described as a frequency-dependent capacitance. The 

constant phase element is directly expressed in the Laplace domain as:  

 𝑍𝐶𝑃𝐸 = 1/𝐴𝑠𝛼 

which contains two independent parameters 𝐴 and the exponent α (fractional order of the 

differential equation). The equivalent circuit consists in modeling the electrode-electrolyte interface 

using a CPE. In this thesis, both the double layer model and the constant phase element are used to 

model the electrode/electrolyte effects. 

Redox reactions and platinum electrodes 

The electrochemically significant components of tissue fluids are water, 𝑁𝑎𝐶𝑙, 𝐻𝐶𝑂3−, 𝐶𝑂2 and 

organic material such as glucose and proteins. The following are some redox reactions that occur when 

a electrode is inside a tissue (Brummer and Turner, 1975; Llopis et al., 1959; Onaral and Schwan, 

1982): 

2𝐻2𝑂 → 𝑂2(𝑔) + 4𝐻+ + 4𝑒− (𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛) 

𝐶𝑙− + 𝐻2𝑂 → 𝐶𝑙𝑂− + 2𝐻+ + 2𝑒− (𝑠𝑎𝑙𝑖𝑛𝑒 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛) 

Oxidation at the anode is hazardous, since it produces gas and induces a change in local pH near 

the electrode. Saline oxidation (there are other possible reactions) would probably be harmful too, 

since 𝐶𝑙𝑂−is a strong oxidizing agent and is possibly physiologically toxic.  
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In this thesis, platinum/iridium (90/10) electrodes are used to stimulate brain tissue, so analyzing 

the reactions proper to platinum is important. The metal oxidation and dissolution of 𝑃𝑡 under anodic 

condition in 𝐶𝑙− are dangerous, since the dissolution products are powerful oxidizing agents.  

𝑃𝑡 + 4𝐶𝑙− → 𝑃𝑡𝐶𝑙4
2− + 2𝑒−(𝑚𝑒𝑡𝑎𝑙 𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛) 

Therefore, this emphasizes the precautions that have to be taken for the design of safe stimulation 

protocols that do not damage brain tissue (Merrill et al., 2005). 

Gliosis and impedance variation after implantation 

When a foreign body is introduced into the brain (or any other living tissue), reactions occur in the 

tissue, consisting in the attachment of proteins and cells directly to the electrode. This explains why, 

during the days after surgical implantation, electrode impedance increases (Grill and Mortimer, 1994), 

and stabilizes several weeks after implantation. Different tissue encapsulation models have been 

analyzed and tested in in-vivo in non-human primates, and the model presented below captures the 

most accurately the encapsulation tissue forming after implantation (Lempka et al., 2009): 
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Fig. 2-9. The electrode-electrolyte interface and tissue layer impedance equivalent circuit models (adapted from 

Lempka et al., 2009, no permission requested). 

Fig. 2-9. (a)‒(d) presents four models for the encapsulation tissue. These models follow a pattern of 

electrode component and tissue component as shown in Fig. 2-9. (a). The electrode component in Fig. 

2-9.(a) is modeled as a simple capacitance taking into account only ions redistribution. In other 

models, the electrode component is taken as a constant phase element, which takes into account some 

of the charge transfer effects on the electrode-electrolyte interface. The tissue components in all 

models are a combination of resistances and capacitances (or CPE). It is considered that the electric 

model in Fig. 2-9. (d). is the one with the smallest error. This model will be further developed in this 

thesis as an attempt to capture the properties of the encapsulation tissue.  

2.3.3 Charge delivery by current control 

Constant current stimulation is commonly used for the stimulation of brain tissue. This method is 

preferred over constant voltage, since the current injected by voltage-controlled methods is dependent 
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on the electrode’s impedance. As aforementioned, this impedance is dependent on the electrode-

electrolyte interface and on the encapsulation tissue forming within the days after implantation. On the 

other hand, the electric potential generated in the tissue during constant current stimulation is 

independent of intracranial electrodes impedance. Constant current stimulation is what will be used in 

this thesis.  

Tissue damage and electrode corrosion 

If the electrical stimulation intensity is too high, it has the potential harm the tissue or damage the 

electrode itself. Indeed, an electrode that suffers significant oxidation driven by electrode potentials 

that exceeds standard limits could be irreversibly damaged. Such corrosion can be reached with 

platinum/iridium electrodes (as is the case during clinical stimulation, 90% platinum and 10% iridium 

electrode are used) in an extracellular medium containing chloride. It must be noted that corrosion is 

an irreversible faradaic process. 

The mechanisms of tissue damage induced by stimulation are not completely understood, even if 

some hypotheses have been proposed (Merrill et al., 2005):  

1) Damage induced by a hyperactivity of neurons for an extended period of time. 

2) Creation of toxic electrochemical reaction products at the electrode surface. 

There is empirical data that support both theories, which means that they are not mutually 

exclusive. It is believed that the charge per phase and charge density are important factors for neuronal 

damage (McCreery et al., 1990). Charge per phase and charge density are related to the hyperactivity 

of neurons, provided that they determine the total change in the extracellular medium. Thus, when 

considering a stimulation protocol, the geometry of the electrode must be taken into account for charge 

density (i.e. typical microelectrode stimulations have less charge per phase with larger charge 

densities), as shown in Fig. 2-10. which provides the maximum threshold for safe stimulations. 
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Fig. 2-10. Charge per phase and charge density for safe stimulation (adapted from (Merrill et al., 2005), no 

permission requested). 

Charge-balanced waveforms 

Monophasic stimulation causes greater tissue damage at comparable levels of charge per phase 

than biphasic stimulation (Lilly et al., 1955; Mortimer et al., 1980, 1970). These studies showed that 

monophasic stimulation causes significantly greater tissue damage at 1µC/mm2 per phase than 

biphasic stimulation at levels up to 2µC/mm2 per phase. Nevertheless, biphasic stimulation is less 

efficient in terms of ability to evoke a physiological response.  

A stimulation protocol must be safe and efficient. Electrochemical reactions produced during 

stimulation damage the tissue, and there is evidence that a perfect symmetry of electrochemical 

reactions results in significantly decreased tissue damage. This symmetry of electrochemical reactions 

can be obtained using biphasic charge-balanced waveforms. Additionally, charge should be injected 

via non-faradaic process, to avoid injecting toxic materials into the tissue (Brummer and Turner, 

1975). 

Nowadays, typical clinical stimulation waveforms are biphasic, pulsed stimulation, with values of 

charge per phase of 1 µC/phase and charge density of 10 µC/mm2 per phase (in the safety limits as 

shown in Fig. 2-10), to achieve efficient initiation of action potentials. The advantage of this 

stimulation mode is to control the total charge delivered to the tissue, and that the form of the 

waveform transmitted to the tissue is not dependent on the electrode/electrolyte interface. 

2.4 Conductivity measurement techniques 

Several methods have been developed to estimate electrical conductivity. In the electrochemical 

industry, conductivity instrumentation is used for quality control purposes, such as surveillance of 

water quality and purity, or estimation of the total number of ions in a solution (Gray, 2005; Huggins, 

2002). The conductivity of ionic solutions depends on the concentration of the solution, the frequency 
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of the source, the mobility of the ions and the temperature. Measurements are performed with an 

alternating electric current I, using two electrodes cells immerged in a solution measure the voltage V 

as shown in Fig. 2-11 (Radiometer analytical, 2008). 

 
Fig. 2-11. Migration of ions in an electrolyte solution 

The medium resistance is given by: 

𝑅 =  𝑉 / 𝐼 

The constant of a 𝐾 cell is a factor that depends on electrodes geometry. It corresponds to the 

relationship between the conductivity σ and the resistance of the solution 𝑅. 

𝜎 =  𝐾 /𝑅  

The cell constant is given by the ratio between the distance between electrodes 𝑑 and the electrode 

area: 

 𝐾 = 𝑑/𝐴 

There are some mechanisms that influence measurements such as electrode polarization, 

contamination of electrode surface, geometry errors related to field border effects, frequencies 

variation, and cable capacitance/resistance. Several techniques can prevent some of these effects, 

depending on the type of current/tension applied, and of the properties of the material being measured. 

Two types of cells are commonly used to measure conductivity: 2-electrode cell and 4-electrode cells. 
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2-electrode cell 

This is the most simple and sufficient form for general industrial measurements, consisting in two 

electrodes: one applies an alternating current and one measures the tension. This measurement is 

altered by the impedance related to electrode/electrolyte interface phenomena.  

In this thesis, given that two electrode stimulating electrodes are used, it will be considered as a 2-

electode cell configuration.  

4-electrode cell 

These cells have two pairs of electrodes. One measures the current flowing through the solution; 

the other measures the voltage in the solution. The potential is measured in the presence of a weak 

current, so the effects related to the interface are negligible. This configuration is ideal for high 

conductivity measurements (Gray, 2005). In the area of medical applications, conductivity probes are 

not used, so other model-based methods are considered. 

 

Two main approaches to measure impedance are used in biomedical applications: impedance-based 

and imaging-based techniques. 

2.4.1 Impedance-based techniques 

These techniques use electrodes (non-invasive or invasive) to calculate impedance, and then use a 

model to identify the relationship between impedance and conductivity. Some approaches consider the 

use of non-invasive measurements (Ferree et al., 2000; Gutierrez et al., 2004; Khalil et al., 2014). 

However, they involve inverse problems in their model to account for the layers between the electrode 

contact and the targeted tissue. Invasive measurements provide a more accurate estimate of local 

conductivity; however they involve surgery for electrode implantation. In the following, we do not 

present an exhaustive review of all the techniques of impedance spectroscopy measurement with their 

advantages and drawbacks, but instead focus instead on the two most common methods to measure 

impedance. 

Current-Voltage method 

This method is based on Ohm’s law: a resistance is placed in series with the 𝑍𝑥  impedance that is to 

be measured as shown in Fig. 2-12. It is assumed that the same current that passes through 𝑅 passes 

through 𝑍𝑥. 
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Fig. 2-12. Basic current-voltage impedance measurement setup. 

The electric potential in  𝑅 is measured to calculate the current that passes through the 

impedance 𝑍𝑥. Measuring the electric potential in 𝑍𝑥, it results in: 

𝑍𝑥 =
𝑉1

𝑉2
𝑅 

In practice, a low-loss transformer is used instead of the resistance 𝑅 to prevent the effects caused 

by placing a low value resistor in the circuit, so a disadvantage of this setup is that the operating 

frequency range is limited by the transformer used in the probe (Dumbrava and Svilainis, 2008). 

Bridge method  

The bridge method uses a Wheatstone bridge, as shown in Fig. 2-13, and is based on Kirchhoff’s 

first and second laws to identify relationships between currents, voltages and impedances.  

 
Fig. 2-13. Wheatstone bridge setup 

When no current flows through the voltmeter 𝑉, the value of the unknown impedance is: 

𝑍𝑥 =
𝑍1

𝑍2
𝑍3 
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The advantages of this method are its high accuracy, wide frequency range coverage by using 

different types of bridges and low cost, however this method requires a manual balance and has a 

narrow frequency coverage if used with a single bridge (Kaatze, 2013).  

2.4.2 Imaging 

Imaging techniques appear especially appealing, since they are non-invasive approaches that could 

measure the dielectric properties of tissue. However, the accuracy of imaging-based techniques for the 

measurement of dielectric properties of living tissue is still under investigation.  

Diffusion tensor imaging 

Diffusion tensor imaging (DTI) is a technique based in magnetic resonance imaging (MRI), which 

measures the diffusion of water molecules for each direction of space. Interestingly, it has been shown 

that the electrical conductivity tensor of tissue can be computed form the water self-diffusion tensor, 

with a strong linear relationship between conductivity and diffusion tensor imaging eigenvalues (Tuch 

et al., 2001). Nonetheless, this relationship has not been thoroughly evaluated, and has not been 

evaluated for different frequencies. Therefore, its potential use for diagnostic remains unconclusive. 

DTI has also been used in a study measuring the electrical conductivities of freshly excised cortex in 

21 epilepsy surgery patients. Conductivity varied from patient to patient between 0.066 and 0.156 S/m. 

Of particular interest was the finding that focal cortical dysplasia tissue had increased conductivity 

(Akhtari et al., 2006). This study concluded that understanding how pathophysiological processes 

impact cortical conductivity on the one hand, and measuring it non-invasively on the other hand, could 

provide supplementary information in epileptic patients candidates to resective surgery. 

Magnetic resonance electrical impedance tomography 

A new imaging technique, combining electrical impedance tomography (EIT) and MRI, termed 

MREIT, has also emerged. Indeed, for conductivity imaging, MREIT has been proposed to overcome 

the inverse problem limitations of EIT. The physical principle is the following: an electrical current is 

injected in a conducting subject, which produces an electromagnetic field that can be measured by an 

MRI scanner. Using voltage measurements and magnetic field measurements, it has been shown that a 

conductivity tensor can be obtained non-invasively (Katscher et al., 2009; Seo et al., 2005). MREIT 

remains a technique under evaluation for non-invasive conductivity measurements. Applications of 

MREIT include the search brain abscess (Kim et al., 2015; Oh et al., 2013). In these studies, brain 

abscess was induced in healthy dogs, four electrodes were attached to the head and a 5 mA current 

was injected. Dogs were placed inside the MRI and relative conductivity ratios (before and after 

lesion) were computed. The study concluded that the increased conductivity of inflammation may 

provide evidence of injured tissues. However, these methods are not yet tested in humans given that 
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the required current level to achieve a good resolution is excessively high for being safely used in the 

head (Abascal et al., 2008). Thus, to our knowledge, MREIT is not yet been used for epilepsy.   

2.5 Conductivity in medicine 

Due to its possible application in diagnosis, the estimation of tissue conductivity has sparked 

interest in other areas of medicine such as oncology, muscles diseases and neurology, which we 

briefly review below. 

2.5.1 Oncology  

One feature of cancerous cells is indeed their lower cell membrane potential as compared to 

healthy adult cells, as shown in ovary cells immersed in culture media (Cone, 1974, 1970). As 

reported, healthy cells maintain a high concentration of potassium and a low concentration of sodium. 

In contrast, when cells are injured or cancerous, sodium and water flows into the cell, decreasing 

potassium and other ions concentration in the intracellular medium, resulting in decreased impedance 

(Muftuler et al., 2006, 2004). Along the same line, recent studies have shown differences in the 

dielectric properties of healthy and cancer tissue (Qiao et al., 2010; Sree et al., 2011) as measured with 

needle electrodes. Interestingly, both studies concluded that healthy tissue has higher conductivity than 

tumor tissue, given that cancer tissue has different electrical and metabolic properties due to 

abnormalities in structures.  

Other studies for breast cancer detection with conductivity made use of in-vivo imaging techniques. 

In a study using electrical impedance scanning in 181 breast cancer patients, potential differences in 

conductivity were investigated to ends of diagnosis (Daglar et al., 2016). Twelve true positive out of 

fourteen were malignant tumors, while seven out of eleven true negatives benign lesions, leading to 

the conclusion that breast electrical impedance measures could be useful to reduce the number of 

unnecessary follow-up and biopsy rates. Another study (Shin et al., 2015) used MRI in 50 previously 

biopsy-confirmed breast tumor and 40 normal subjects (90 subjects total). The conductivity estimation 

for malignant tissue was 0.89 S/m, while it was lower (0.56 S/m) for benign tissue. Taken together, 

these results suggest that conductivity mapping of breast cancers is feasible non-invasively using MRI, 

and that this method may provide a tool in improving diagnosis of breast cancer.  

Ex vivo electrical conductivity of healthy liver and metastatic tumor tissue has also been measured 

using the four-electrode method (Haemmerich et al., 2009; Laufer et al., 2010) and the coaxial contact 

probe technique (Peyman et al., 2015). All three studies found that tumor tissue conductivity was 

significantly higher over the entire frequency range measured, and concluded that the knowledge of 

dielectric properties of liver tissue may be useful for 1) tumor detection, and 2) optimization of the 

electroporation process for treatment planning procedures. 
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A study of particular interest measured resistivity on nine patients during brain tumor surgery (J. 

Latikka et al., 2001). Measurements were made along the same path planned for the surgery of deep 

brain tumors, using a monopolar needle electrode, and a 2 µA and 50 kHz sinusoidal current. Tumor 

conductivity values depended on the tumor type, varying between 0.10 and 0.43 S/m. The values of 

conductivity for grey matter where between 0.18 and 0.51 S/m and of white matter 0.20 and 0.31 S/m. 

All measurements were made near the tumor; therefore it is possible that not all measurements were 

made from healthy tissues.  

2.5.2 Muscle diseases 

In addition to oncology, electrical conductivity measures have been performed in the field of 

muscular diseases to attempt differentiating healthy and diseased tissue based on conductivity. A study 

used the four-electrode setup attached around the knee along with MREIT to measure conductivity in 

five healthy volunteers to differentiate bone and muscle (Jeong et al., 2014). Although MREIT still 

suffers from estimation errors inherent to inverse/forward problems, authors found conductivity values 

of 0.097 S/m for spongy bone, 0.029 S/m for cortical bone, 0.055 S/m for adipose tissues, and 0.125 

S/m for muscle, showing  conductivity differences between two types of bones, muscle tissues and 

body fluids (Kim et al., 2008; Woo et al., 2007). Another study attempted to detect neuromuscular 

disorders based on passive electrical material properties in ex vivo mice muscles, using electrodes 

plates to inject a 50 kHz current while recording voltage with needle electrodes (Li et al., 2015). 

Inherent passive electrical properties of muscle differed by disease type, providing evidence that such 

conductivity measurements could be relevant in muscular disease diagnosis. A few studies measured 

the bioelectrical impedance of muscular tissue for the diagnosis of sarcopenia (an age-related skeletal 

muscle loss), and were inconclusive (Rubbieri et al., 2014; Yamada et al., 2017). 

2.5.3 Neurology and epilepsy 

The measure of brain tissue conductivity for biomedical applications has been initiated in the 60s, 

especially for electrodes localization inverse problems (Laitinen and Johansson, 1967; Robinson, 

1962). These initial efforts aimed at characterizing brain tissue by measuring its impedance, which 

pointed at greater impedance values in white matter (WM), least in cerebrospinal fluid (CSF) and 

intermediate in grey matter (GM). A measure of the dielectric properties of bovine grey matter is 

shown in Fig. 2-14. for frequencies between 10 Hz to 20 GHz. It is interesting to note that 

conductivity is relatively constant between 0.1-100 kHz, while permittivity is highly frequency 

dependent. 
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Fig. 2-14. Permittivity and conductivity of brain tissue (gray matter). Three different experimental arrangements 

with overlapping frequency coverage are shown from bovine origin (Adapted from (S. Gabriel et al., 1996), no 

permission requested). 

As aforementioned, anisotropy depends mainly on fibers orientations. Brain tissue is composed of 

two different types of tissue: grey matter, consisting mostly in cell bodies such as neuronal cell bodies, 

glial cells and capillaries; and white matter, referring mainly to myelinated axons. White matter has a 

different conductivity whether it is considered in the longitudinal (along the axons) or transversal 

(perpendicular to the axons) direction, therefore it is considered to be significantly more anisotropic 

than grey matter. Anisotropic water diffusion in neural fiber is used for example in DTI (Beaulieu, 

2002) for the estimation of white matter anisotropy, and its influence on EEG/MEG forward/inverse 

problems (Güllmar et al., 2010) and estimating the effects of transcranial magnetic stimulation (De 

Lucia et al., 2007). Interestingly, results have shown that anisotropy has minor effects both on the 

position of the main locus of activation and its intensity. 

EEG and Bioimpedance 

Estimation of brain conductivity from scalp measurements presents challenges. The head is 

considered as a volume conductor, consisting of the skin, skull, CSF and brain tissues. Skull resistivity 

remains a complicated issue, since the skull consists three layers: two compact layers and the 

cancellous bone in between the compact layers. Further deep, there is the CSF, and finally the cortex 

(Nunez and Srinivasan, 2006), all these tissues having different conductivities. Furthermore, such 

estimations require source localization techniques, which are based on EEG and using the electrical 
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potential recorded at the scalp level to identify the location of brain neural activity. One issue is that 

the EEG inverse problem is ill-posed, and knowledge of conductivity is required for solving the so-

called EEG direct problem. Furthermore, it is plausible that brain lesions could have different 

conductivity values than healthy tissue, potentially leading to source reconstruction errors. 

The use of bioimpedance as a non-invasive technique to measure biophysical properties of tissue 

has been studied recently. Some studies consider bioimpedance spectroscopy as a possible technique 

for the diagnosis of brain damage caused by a cerebrovascular accident. For example, it has been 

demonstrated that, using scalp potential differences between left-right asymmetries between healthy 

and damaged tissues, intracranial hemorrhage could be diagnosed (Atefi et al., 2016; Cohen et al., 

2015; Seoane et al., 2015). In the specific case of epilepsy, it has been suggested that EIT could 

improve the accuracy of the localization of epileptic foci (Fabrizi et al., 2006). 

Ex-vivo, in-vivo and human studies  

A study has determined bidirectional conductivity (perpendicular and parallel to the surface of the 

neocortex and white matter) in freshly excised brain tissues obtained from n=15 pediatric epilepsy 

surgery patients (Akhtari et al., 2010). Conductivities were lower in patients with cortical dysplasia as 

compared to non-dysplasia etiologies. The study concluded that conductivity values differ 

significantly from patient to patient, with variable anisotropic and isotropic shapes depending on the 

type and proximity of the lesion observed with MRI. Even if ex-vivo measurements could be 

enlightening, electric fields in the brain during electric stimulation differ considerably between in-vivo 

and ex-vivo due to postmortem time and body temperature (Opitz et al., 2017).  

Deep brain stimulation (DBS) is an example of invasive method consisting in surgically implanting 

electrodes to stimulate specific brain nuclei. DBS is an established therapy for the treatment of 

Parkinson’s disease and other neuropsychological disorders. The spatial and temporal characteristics 

of the voltage distribution of intracranial electrodes have been characterized in an experimental study 

(Miocinovic et al., 2009) in the non-human primate brain. Stimulation parameters were constant 

voltage (0.3 V), and constant current (30 µA) pulses (500 µs cathodic pulse, 500 µs inter-pulse delay 

and 500 µs anodic pulse delay) delivered at 20 Hz. Microelectrodes positioned at various positions 

were used to spatially map the voltage induced by the intracranial electrodes. By varying the vertical 

and horizontal position of the microelectrode, multiple recordings were obtained and voltage 

distribution maps were constructed. Three features of the electrode and tissue medium had a 

substantial impact on the results: 1) electrode impedance, dictated by a voltage drop at the electrode-

electrolyte interface and the conductivity of the medium; 2) capacitive effects in stimulus waveform 

due to tissue capacitance; and 3) anisotropic tissue properties.  

In vivo measurements of human brain tissue conductivity at body temperature have also been 

conducted using focal current stimulation to measure the bioelectrical impedance and conductivity as a 

possible indicator of brain tissue epileptogenicity (Koessler et al., 2017). Conductivity measurements 
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were done in 15 epileptic patients using multicontact electrodes and a radiofrequency generator that 

injected an electric current at a 50 kHz frequency. Estimated conductivity values were 0.26 S/m for 

gray matter and 0.17 S/m for white matter. The study concluded that in vivo conductivity values could 

contribute to improve the accuracy of volume conduction models and refine the identification of 

intracerebral contacts, especially when located within the epileptogenic zone of an MRI-invisible 

lesion. Overall, there is conflicting data in the literature about the relevance of using electrical 

conductivity in diagnostic applications, motivating further efforts in that direction. 
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3 Problem Statement 

In the previous section, we provided an overview regarding the conductivity of living tissue, the 

challenges of measuring conductivity, as well as the strong interest of studying biophysical properties 

of tissue in medicine. Thus, the main problem that will be addressed in this thesis is the measurement 

of local brain conductivity using invasive electrodes and its possible diagnostic application. 

3.1 Local brain conductivity 

As it was analyzed in the state of the art (Section 2), designing stimulation based protocol for 

estimation of tissue impedance is a timely and important objective. This thesis has the objective of 

applying fundamental theoretical techniques for estimating local brain tissue conductivity using 

intracranial electrodes. 

3.1.1 Limitations of clinical stimulation 

First, stimulation protocols need a careful design avoid the damage of brain tissue. Clinical 

stimulators typically use charged-balanced constant current waveforms to minimize tissue damage, 

and do not permit other waveforms. Therefore, one major constraint is that our model will be based on 
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charged-balanced constant current waveforms to estimate local brain conductivity. Second, the 

electrodes used during stimulation are not the same electrodes than those used to estimate conductivity 

in measuring systems. Typical probe electrodes used to measure conductivity consist of two parallel 

plates, which have a cell constant (relating conductivity to the medium resistance) that is directly 

proportional to the distance separating the two plates and inversely proportional to their surface area. 

Electrodes used during stimulation are cylindrical electrodes which have a cell constant that depends 

on this specific geometry. This must be taken into account when estimating conductivity. Third, the 

waveforms used for pulsed stimulation have a low frequency spectra (< 1 kHz), implying that the 

estimated conductivity will be low-frequency conductivity. One issue is that low-frequency 

conductivity estimation can suffer from electrode polarization (S. Gabriel et al., 1996), which has to be 

taken into account in the solution to achieve reliable estimations. 

3.1.2 Limitations of materials and protocol 

The stimulation waveform must be sampled to observe the tissue response and estimate tissue 

conductivity. During clinical stimulations, the SEEG sampling system is in parallel with the 

stimulator. The SEEG system records the signals for analyzing epileptic markers. Electrophysiological 

signals are normally in the order of 100 µV, involving that the system does not need a large sampling 

range (typical values of sampling range of ±1 𝑚𝑉). This sampling range is significant lower than 

required for properly sampling the stimulation artifact, which will induce amplitude saturation. 

Furthermore, the sampling frequency is usually significantly lower (typical values of sampling 

frequencies of fs=2048 Hz) than needed to capture with enough details the stimulation artifact.  

Patient typically stays in the hospital during two weeks: they are admitted on Sunday night, and 

surgery is performed the following Monday. The patient is stimulated on the following days, and 

SEEG are analyzed to identify the EZ, which leaves only a few days to record tissue responses to 

stimulation.  

3.2 Proposed solution 

Based on the use of constant current biphasic pulse stimulations, we propose to estimate the 

resulting electric potential and electric field. The electric potential/field is estimated using an 

analytical approach, and also with a software for finding a numerical solution. From the electric field 

estimation, a relationship between the medium conductivity and resistance is derived using the specific 

geometry of the cylindrical electrode used during clinical stimulations (cell constant). Moreover, a 

model of electrode polarization is proposed. The electrode/electrolyte interface is modeled with a 

double layer capacitance and a charge transfer resistance. The system response to a constant current 

biphasic pulse is modelled and used to estimate the medium resistance and electrode/electrolyte 

interface. This provides an improvement of medium resistance estimation, and hence conductivity.   
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3.2.1 Ground truth 

In order to validate the electrode-medium model conductivity, calibrated saline solution were used 

as a ground truth. The electrode-medium double layer model reproduced the time course of the 

recorded stimulation artifact, and enabled us to estimate the resistance, and the conductivity of the 

calibrated solutions. Even if saline solutions are less complex than tissue (e.g., no anisotropies), it was 

used as a first validation of the developed method. Also, conductivity measurements could be 

calibrated and provided a link to bridge theory and experiment. Moreover, post-mortem conductivity 

measurements were performed in the brain of N=2 adults Sprague-Dawley rats. Stimulation was 

performed within a few minutes post-mortem within the right/left hemisphere, and was a first 

assessment of the stimulation waveform in actual tissue. Even if this experiment was performed post-

mortem (involving that no electrophysiological activity was present), this provided crucial insights 

into tissue properties. 

3.3 Patient studies 

Once that ground truth validation was completed, we moved on to the patient studies. Prior to 

acquiring patient data, hardware limitations had first to be resolved. To perform human recordings, an 

acquisition system was put in parallel of the stimulating system. Importantly, the recording system 

used had a high input range to capture the entire stimulation artifact without input saturation, and a 

high sampling rate to capture waveform details to estimate the biophysical parameters. 

3.3.1 Epileptic versus non-epileptic tissue 

Few studies have been performed regarding the electrical properties of epileptic tissue. 

Classification of epileptic tissue is still today a challenging task. Neurophysiological data must be 

analyzed in detail, and no obvious electrophysiological markers are recorded, stimulation must be 

performed to induce and analyze post-discharges. Our results demonstrate that clinically-relevant 

results are possible from intracerebral data recorded in epileptic patients. 
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4 Materials and Methods  

In this chapter, we introduce the modeling and experimenting methods used during the study. An 

electric potential model is presented and coupled with an electrode-electrolyte interface model, as an 

attempt to improve existing methods based on bioimpedance. A model-based method linking the 

characteristics of the stimulation current, physical properties of the electrode, with biophysical 

parameters (conductivity, double layer capacitance and faradaic resistance of the electrode-electrolyte 

interface) is presented. The proposed method is based on an analytical model of the resulting electric 

field, which enables an explicit calculation of conductivity from experimentally recorded signals.  

4.1  Electric field model 

There are two versions of Maxwell’s equations, namely microscopic and macroscopic 

formulations. The microscopic equations provide a good description for few charges and isolated 

currents. However, in a medium such as biological tissue, they are practically of no use since it is 

virtually impossible to know the position of all charges. In this case, the macroscopic version must be 

used. 
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4.1.1 Macroscopic fields in biological tissue 

All materials have conductive and capacitive properties, characterized by the electrical conductivity 

𝜎 and electrical permittivity 𝜀. Depending on the measurement scale, these values are space averaged 

over the tissue volume. In order to provide a perspective, a typical SEEG electrode contact is neighbor 

to approximately 106 cells (neurons and glia) (von Bartheld et al., 2016), therefore the dielectric 

properties and conductivity must refer to the average properties of tissue at this scale. Relative 

permeability of human tissues is very close to that of free-space, and magnetic properties can slightly 

vary depending on the tissue types and water content. An exception is blood containing hemoglobin, 

and when hemoglobin loses oxygen the magnetic properties changes (Buxton, 2013). This property is 

used in fMRI for measuring the information of magnetic susceptibility. Since permeability and 

magnetic susceptibility are not in the scope of our study, these magnetic properties of tissues will not 

be further discussed. 

Resistive and capacitive tissue   

The electric behavior of tissue is governed by the extracellular liquid ions conductivity and cell 

membranes dielectric properties. Since conductivity and permittivity differ considerably depending on 

frequency, the associated impedance that is measured varies as well. For the 1 kHz frequency band, 

conductivity is considered as quasi-static (low frequency conductivity), and it is therefore assumed 

constant in this frequency band (Ranta et al., 2017). The dielectric property of tissue is also an 

important issue. Indeed, at the cellular scale, the membrane capacity needs to be taken into account. A 

patch of brain tissue containing many conductively membranes with substantial capacitive properties 

can be described as a linear conductor with negligible capacitive properties, and can be modeled as a 

resistor in parallel with a capacitor (Nunez and Srinivasan, 2006). At low frequencies (< 1 kHz), most 

of the current is expected to bypass cells, i.e. tissue can be approximated as a simple conductor with 

negligible capacitive properties (quasi-static approximations) and follows simplified versions of 

Maxwell’s macroscopic equations (Bossetti et al., 2008; Nunez and Srinivasan, 2006; Plonsey and 

Heppner, 1967). 

Electrodes Geometry 

A typical SEEG electrode for human use is shown in Fig. 4-1. (DIXI medical, D08-15AM, 

Besancon, France).  
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Fig. 4-1. Illustration of a cylindrical electrode used clinically. (a) Image of a DIXI medical SEEG electrode, (b) 

diagram of a 15-contact electrode and (c) electrode geometry with radius 𝑹, isolation separation 𝒍 and height 𝒉. 

(Adapted from DIXI electrodes datasheet, no permission requested) 

Implanted SEEG electrodes have between 10-15 contacts. The metal used for the electrodes is 

usually platinum/iridium, with an isolation material between contacts. The contact electrode in the 

case of the specific model shown in Fig. 4-1 has a height ℎ = 2 𝑚𝑚, isolation separation 𝑙 = 1.5 𝑚𝑚 

and a radius 𝑅 = 0.4 𝑚𝑚. It is a sterile material and disposable after use. Such electrodes have CE 

marking certified by the European regulations for medical devices (LNE/G-MED 0459). 

4.1.2 Laplace Equation 

After this brief introduction on the model’s assumptions, we detail below the electric potential and 

electric field model. Our objective is to establish the equations governing the potential and electric 

field distribution induced by electrical stimulation when clinical intracerebral electrodes (fig. 4-1) are 

being used. First, we consider the differential version of Ampere’s law: 

𝛻 × 𝑩 = 𝜇0𝑱 + 𝜇0𝜀0

𝜕𝑬

𝜕𝑡
 

where 𝑬 and 𝑩 are the electric and magnetic fields, respectively; 𝑱 the current density; 𝜇0 and 𝜀0 

the electric permeability and permittivity of vacuum, respectively. Considering a steady state situation, 
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(meaning that there is no time dependence, i.e.  𝑬
𝑡

= 0) and given that the divergence of the curl for any 

vector field is null, (i.e.  ∙ ( × 𝑩)  =  0), we obtain that the divergence of the current density vector 

is zero: 

 ∙ 𝑱  =  0 

Following the general form of Ohm’s law, providing a linear relationship between the current 

density and the electric field  𝑱 =  𝜎. 𝑬, and assuming that grey matter is locally isotropic, we obtain: 

 ∙ 𝐸  =  0 

The scalar potential equation 𝑬 =  − ∙ 𝑉 is valid whenever magnetic induction is negligible, 

which is the case for electrophysiological applications (Nunez and Srinivasan, 2006). This leads to 

Laplace’s equation: 

�⃗⃗�2𝑉 = ∆𝑉 = 0 

where 𝑉 is the electric potential induced in brain tissue. Considering the geometry of SEEG 

electrodes, cylindrical coordinates (𝑟, 𝜃, 𝑧) is an appropriate choice to solve the partial differential 

equations (PDE). Given the rotational symmetry of the electrodes 𝑉(𝑟, 𝑧), the electric potential will be 

the same for all 𝜃 values in the [0, 2𝜋[ interval, simplifying further calculations. Hence, the Laplace 

equation in cylindrical coordinates writes as: 

�⃗⃗�2𝑉 =
1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑉(𝑟, 𝑧)

𝜕𝑟
) +

𝜕2𝑉(𝑟, 𝑧)

𝜕𝑧2
= 0 

One of the most common methods for solving PDE is the variable separation method. Separation of 

variables requires appropriate boundary conditions, initial conditions, and a region where the PDE is 

defined. Bearing this in mind, the general solution of the Laplace equation is first analyzed, followed 

by the boundary conditions. 

Method of separation of variables 

Considering the region where the PDE is defined as ℜ = { |𝑟| > 𝑅, 𝑧 ∈ ℝ}. Using the method of 

variables separation, the general solution to the Laplace equation takes the form:  

 

𝑉(𝑟, 𝑧) = 𝑓(𝑟)𝑔(𝑧) 
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1

𝑓(𝑟)
(
𝜕2𝑓(𝑟)

𝜕𝑟2
+

1

𝑟

𝜕𝑓(𝑟)

𝜕𝑟
) +

1

𝑔(𝑧)

𝜕2𝑔(𝑧)

𝜕𝑧2
= 0 

This equation reduces to two ordinary differential equations of the form: 

{
𝑔′′(𝑧) − 𝑘2𝑔(𝑧) = 0

𝑓′′(𝑟) +
1

𝑟
𝑓′(𝑟) + 𝑘2𝑓(𝑟) = 0

 

The general solution for the 𝑧 axis is: 

𝑔(𝑧) = 𝑎1𝑒
𝑘𝑧 + 𝑎2𝑒

−𝑘𝑧 

where 𝑎1 and 𝑎2 are constants. Such a solution, when considering a specific boundary condition, 

causes 𝑔(𝑧) to vanish for 𝑧 → ∞, which makes physical sense (meaning 𝑘2 > 0, for avoiding 

trigonometric solutions that do not converge towards to zero). For the 𝑟 axis, the ordinary differential 

equation is a Bessel equation of order zero and the general solution is:   

𝑓(𝑟) = 𝑏1𝐽0(𝑘𝑟) + 𝑏2𝑌0(𝑘𝑟) 

where 𝐽0 and 𝑌0 are the so-called order zero Bessel’s function of the first and second kind. 

Therefore, the general solution writes under the form: 

𝑉(𝑟, 𝑧) = (𝑎1𝑒
𝑘𝑧 + 𝑎2𝑒

−𝑘𝑧)(𝑏1𝐽0(𝑘𝑟) + 𝑏2𝑌0(𝑘𝑟)) 

Constant values could be in principle computed from the boundary and initial conditions. However, 

the analytical knowledge of the boundary conditions is typically (if at all) difficult to obtain. 

Boundary conditions 

As stated before, we aim to identify the solution to the Laplace equation in the region ℜ =

{|𝑟| > 𝑅, 𝑧 ∈ ℝ}. In this case, the boundary of this region is the border of the electrode, i.e. 𝑟 = 𝑅. The 

Dirichlet problem consists of finding a solution to the Laplace equation in the region ℜ such that the 

solution is equal to a given function in the boundary of this region. Taking into account the cylindrical 

geometry of the electrodes used in intracranial stimulations, the boundary function is not given. In the 

case where the boundary function is not known, there is still one possibility for solving the Laplace 

equation when the normal derivative of the boundary function is known (Neumann boundary 

condition). In our case, this corresponds to identifying the potential of a field in the boundary. 

However, the normal derivative of this boundary function is also unknown. As a consequence, the 
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finite-element method is often used to solve such PDEs to compute the electric field distribution with 

complex boundaries conditions. 

4.1.3 Assumptions of the electric potential model 

Hereafter, we present a novel electric potential model taking into account electrodes geometry. We 

first consider a differential ring, assumed as a point source so that a differential current 𝑑𝐼 induces an 

electric potential 𝑑𝑉(𝜌)  =  𝑑𝐼/4𝜋𝜎𝜌, where 𝜌 is the distance from the differential ring as shown in 

Fig. 4-2.  

 

 
Fig. 4-2.(a) Cylindrical electrode with differential ring, accounting for the electrode geometry and (b) differential 

ring electric potential contribution, measured in a point 𝑷, induced by a normal current density 𝑱.  

Assuming the differential ring at a distance ‖𝑂𝑃⃗⃗⃗⃗ ⃗⃗ ‖ from point 𝑃 = (𝑟, 𝑧), and expressing the 

differential current as: 

𝑑𝐼 =  𝐽 2𝜋𝑅𝑑𝜉 

We can then integrate the contribution of each differential ring along the electrode length: 
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𝑉1 = ∫  
𝐽 2𝜋𝑅

4𝜋𝜎√𝑟2 + (𝑧 − 𝜉)2
𝑑𝜉

𝑙
2
+ℎ

𝑙
2

=
𝐼

4𝜋𝜎ℎ
[𝑠𝑖𝑛ℎ−1 (

𝑧 − 𝑙
2

𝑟
) − 𝑠𝑖𝑛ℎ−1 (

𝑧 − 𝑙
2
− ℎ

𝑟
)] 

Considering the same expression for the second contact, and using the superposition principle, the 

total electric potential induced by both contacts is: 

𝑉(𝑟, 𝑧) =  
𝐼

4𝜋𝜎ℎ
[𝑠𝑖𝑛ℎ−1 (

𝑧 − 𝑙
2

𝑟
) − 𝑠𝑖𝑛ℎ−1 (

𝑧 − 𝑙
2
− ℎ

𝑟
) + 𝑠𝑖𝑛ℎ−1 (

𝑧 + 𝑙
2

𝑟
) − 𝑠𝑖𝑛ℎ−1 (

𝑧 + 𝑙
2
+ ℎ

𝑟
)] 

where ℎ is the height of the electrode. Applying the gradient operator on the electric potential leads 

to the electric field components in cylindrical coordinates: 

𝐸𝑟(𝑟, 𝑧) =
𝐼

4𝜋𝜎ℎ𝑟

[
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This approximation provides an analytical expression of the electric field and potential, while 

taking into account the electrode geometry. 

Electrical resistance and conductivity 

As a reminder, conductivity is an electrical property that characterizes materials, including 

biological tissues. We are interested in estimating brain tissue electrical conductivity during 

stimulation. A relationship between conductivity and the medium resistance is needed in order to 

estimate conductivity. For an arbitrary geometry, the medium resistance can be expressed as a function 

of the electric field as: 

𝑅𝑚 =
𝑉

𝐼
=

∫𝑬 ∙ 𝑑𝑙

∮ 𝑱 ∙ 𝑑𝑆
=

∫𝑬 ∙ 𝑑𝑙

∮ 𝜎𝑬 ∙ 𝑑𝑆
 

From this expression, the solution’s resistance only depends on medium geometry and 

conductivity 𝜎. In the general case, it is however challenging to derive an analytical expression for the 

resistance given that the surface and line integrals must be solved. Using the aforementioned 
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cylindrical electric potential  𝑉(𝑟, 𝑧), we can derive an approximation of the medium electrical 

resistance. Assuming that the electric potential difference measured is approximately equal to the 

difference between the potential at the border of the first electrode (at 𝑟 = 𝑅) and the potential in the 

border of the second electrode, the cylindrical model leads to: 

𝑉(𝑧) =  
𝐼

4𝜋𝜎ℎ
[𝑠𝑖𝑛ℎ−1 (

𝑧 − 𝑙
2

𝑅
) − 𝑠𝑖𝑛ℎ−1 (

𝑧 − 𝑙
2
− ℎ

𝑅
) + 𝑠𝑖𝑛ℎ−1 (

𝑧 + 𝑙
2

𝑅
) − 𝑠𝑖𝑛ℎ−1 (

𝑧 + 𝑙
2
+ ℎ

𝑅
)] 

We used the mid-point of the electrode 𝑧 = ±
1

2
(𝑙 + ℎ), in order to estimate the medium resistance. 

Deriving an analytical expression would involve solving an integral along the z-axis, to obtain a mean 

electrical potential value. Therefore, this simplification was made (i.e. taking the electrode’s mid-point 

electric potential) since solving this integral analytically was not possible. 

 ∆𝑉 = 𝑉 (
1

2
(𝑙+ℎ)) −  𝑉 (−

1

2
(𝑙+ℎ)) 

∆𝑉 =
𝐼

2𝜋𝜎ℎ
[2𝑠𝑖𝑛ℎ−1 (

ℎ

2𝑅
) + 𝑠𝑖𝑛ℎ−1 (

𝑙 +
ℎ
2

𝑅
) − 𝑠𝑖𝑛ℎ−1 (

𝑙 +
3ℎ
2

𝑅
)] 

From this expression, the medium resistance is: 

 𝑅𝑚 =
1

2𝜋𝜎ℎ
[2𝑠𝑖𝑛ℎ−1 (

ℎ

2𝑅
) + 𝑠𝑖𝑛ℎ−1 (

𝑙 +
ℎ
2

𝑅
) − 𝑠𝑖𝑛ℎ−1 (

𝑙 +
3ℎ
2

𝑅
)] 

This expression provides the relationship between the resistance of the medium, the electrode 

geometry and the volume conductor property. It can be noted that the resistance will decrease when 

the radius or the height of the electrode increases. Moreover, the resistance 𝑅𝑚 will increase if the 

separation between the contacts is increased. Similarly, it will increase when the medium conductivity 

sigma decreases.   

4.1.4 Finite-element method 

Another method for solving PDEs is the finite-element method (FEM). An approximation of the 

equations can be constructed using different types of discretization. These are numerical versions of 

the original PDEs: 

�⃗⃗�2𝑉 =
1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑉(𝑟, 𝑧)

𝜕𝑟
) +

𝜕2𝑉(𝑟, 𝑧)

𝜕𝑧2
= 0 
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 The numerical solution is an approximation of the original solution. This method is commonly 

known as the finite element method (FEM). The electric potential 𝑉 can be approximated by 

approximated using linear combinations of basis function:  

𝑉 ≈ ∑𝑣𝑖𝜓𝑖

𝑖

 

where 𝜓𝑖 are the basis functions and 𝑣𝑖 the coefficients of the function that approximate the electric 

potential. By translating continuous equations into discrete functions, the system integral will be 

approximated with discrete sums, and derivatives will be approximated by differences. The boundary 

condition is also an important factor when using FEM: the continuous boundary region must be turned 

into a discrete mesh, and the choice of the mesh has to be carefully considered. The FEM was solved 

using Comsol Multiphysics AC/DC module (Comsol, Stockholm, Sweden), that is a finite-element 

solver software for multi-physics problems, as shown in Fig. 4-3. 

 
Fig. 4-3. Comsol Multiphysics FEM solver (a) mesh (b) Electric potential. 

The system’s topology was discretized as shown in Fig. 4-3.(a), considering a small mesh around 

the electrode surface and larger mesh in the outside border. The outside border is “far away” from the 

electrode, so the boundary condition for the potential is considered to be equal to zero. The boundary 

conditions for the electrode contacts are considered to be of constant normal current density with a 

value of:  
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𝐽𝑛 =
±𝐼

2𝜋ℎ𝑅
 

The normal current density depends if it is inward or outward to the electrode surface 

(positive/negative). Outside the electrode contacts, the normal current density of the insulating part of 

the electrodes is considered to be zero. Finally the system is considered to be homogenous and 

isotropic with conductivity equal to 𝜎 = 0.35 𝑆/𝑚. Once the system was discretized and the boundary 

conditions were imposed, the electric potential was solved as shown in Fig. 4-3.(b). Comsol was used 

as a benchmark to validate the analytical model presented in this chapter (see also Section 5. Results). 

4.2 Electrode-electrolyte interface: an electric circuit model 

When a metal is placed into a physiological medium (electrolyte), charge is carried by ions in the 

electrolyte (Merrill et al., 2005). In order to understand how the waveform of the delivered electric 

stimulus is altered by the biophysical properties of brain tissue, we introduce a model of the complex 

processes taking place during electrical stimulation of excitable tissue. This model enables the 

estimation of electrical conductivity from the recorded brain tissue response, while accounting for the 

contribution of the electrode-electrolyte interface to this response. 

Double Layer (DL) model 

The first model studied here considers the electrode/electrolyte interface as the contribution of a 

double layer capacitance and faradaic impedance. The configuration with two electrode contacts is 

presented in Fig. 4-4 (a). 
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Fig. 4-4. (a) Graphic representation of the equivalent electric circuit (b) Two-electrode double layer circuit model, 

where Rm models the medium resistance. 

This model includes two electrode/electrolyte interfaces, assuming that charge is redistributed 

parallel to the electrode surface (double layer capacitance), and that charge is injected from the 

electrode to the medium through Faradaic processes of reduction/oxidation. The tissue is modeled as a 

resistive medium. Using this model, we find the circuit model as shown in Fig. 4-4 (b).  

 Constant phase element (CPE) model 

The behavior of metal electrodes when immerged into an electrolyte is better described by a 

pseudo-capacitance (Dymond, 1976), adding both the phenomena of redox reaction and double layer 

electrostatic storage within a single element. The electrode electrolyte circuit model is shown in Fig. 

4-5.  

 
Fig. 4-5. Working and counter electrode modelled as a CPE, and the medium modelled as a resistance. 
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We remind that the constant phase element in the Laplace domain takes the form 𝑍𝐶𝑃𝐸 = 1/𝐴𝑠𝛼, 

with the exponent 0 ≤ 𝛼 ≤ 1, and 𝐴 the pseudo-capacitance parameter (equal to the capacitance when 

𝛼 = 1). 

4.2.1 Electric circuit model solutions 

To solve the corresponding differential equation, we used the Laplace transform. Considering the 

double layer model, the potential between the working and counter electrodes in the Laplace domain 

is: 

𝑉𝐷𝐿(𝑠) =  [𝑅𝑚 +
2𝑍𝑓

(1 + 𝐶𝑑𝑙𝑍𝑓𝑠)
] 𝐼(𝑠) 

where 𝐼(𝑠)  =  𝐿{𝑖(𝑡) }, 𝑖(𝑡) being the stimulating current waveform. Considering next the CPE 

model, the Laplace transform of the voltage between the working and counter electrodes is:  

𝑉𝐶𝑃𝐸(𝑠) = [𝑅𝑚 +
2

𝐴𝑠𝛼
]𝐼(𝑠) 

The time domain expression of the electric potential depends on the chosen stimulating waveform. 

Biphasic constant current pulse 

As depicted in the State-of-the-Art section, biphasic current stimulation (as illustrated in Fig. 4-6) 

is typically used in clinical stimulation to avoid charge accumulation that may subsequently lead to 

tissue damage. The biphasic constant current stimulation pulse is shown in Fig. 4-6. 

 
Fig. 4-6. Constant current biphasic stimulation waveform. 

Mathematically, this waveform could be written as: 
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𝑖(𝑡)  =  𝐼[𝑢(𝑡) –  2𝑢(𝑡 − 𝑇) +  𝑢(𝑡 − 2𝑇)] 

where 𝑢(𝑡) is the Heaviside function, 𝐼 is the current amplitude, and 𝑇 is the pulse width. The 

Laplace transform of this waveform is: 

 𝐼(𝑠)  =  
𝐼

𝑠
(1 –  2𝑒−𝑠𝑇  +  𝑒−2𝑠𝑇) 

Using this waveform, the electric potential for the double layer model is defined as: 

𝑉𝐷𝐿(𝑠) =  [𝑅𝑚 +
2𝑍𝑓

(1+ 𝐶𝑑𝑙𝑍𝑓𝑠)
] [

𝐼

𝑠
(1 − 2𝑒−𝑠𝑇 + 𝑒−𝑠2𝑇)] 

With the inverse Laplace transform, the analytical expression of the resulting electric potential is 

obtained in the time domain: 

𝑣𝐷𝐿(𝑡) = 𝐼 {𝑢(𝑡) [𝑅𝑚 + 2𝑍𝑓 (1 − 𝑒
− 𝑡

𝐶𝑑𝑙𝑍𝑓)] − 2𝑢(𝑡 − 𝑇) [𝑅𝑚 + 2𝑍𝑓 (1 − 𝑒
− (𝑡−𝑇)

𝐶𝑑𝑙𝑍𝑓)] + 𝑢(𝑡 − 2𝑇) [𝑅𝑚 + 2𝑍𝑓 (1 − 𝑒
−(𝑡−2𝑇)

𝐶𝑑𝑙𝑍𝑓)]} 

In the following, we will use this waveform (stimulation artefact) to estimate biophysical 

parameters, typically the electrical conductivity that is a key parameter. For illustration, we present in 

Fig. 4-7, a representative stimulation artifact for values of Cdl = 0.7 μF, Zf = 1.5 kΩ, Rm = 1 kΩ and I = 

0.2 mA. 

 
Fig. 4-7. Simulated Electric potential induced in brain tissue in response to a single biphasic stimulation pulse of 

intensity 0.2 mA. This waveform was generated for Cdl = 0.7 μF, Zf = 1.5 kΩ, and Rm = 1 kΩ. 
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Importantly, waveform discontinuities are related to the medium resistance, while the exponential 

part of the waveform is related to electrode polarization. The Fourier transform of the waveform is 

equivalent to evaluating the Laplace transform at the imaginary axis 𝑠 = 𝑗𝜔 = 𝑗2𝜋𝑓 (if its region of 

convergence contains the imaginary axis). Therefore, the corresponding Fourier transform is: 
   

𝑉𝐷𝐿(𝑓) =  [𝑅𝑚 +
2𝑍𝑓

(1+ 𝐶𝑑𝑙𝑍𝑓𝑗2𝜋𝑓)
] [

𝐼

𝑗2𝜋𝑓
(1 − 2𝑒−𝑗2𝜋𝑓𝑇 + 𝑒−𝑗4𝜋𝑓𝑇)] 

The Fourier transform of the biphasic constant current pulse is illustrated in Fig. 4-8. 

 
Fig. 4-8. Fourier transform of the biphasic constant current stimulating waveform. 

 

As observed in figure 4.8, the main lobe is found within the 1 kHz band, while the side lobes are at 

least 14 dB below the main lobe, showing that most of the signal energy is located within the 1 kHz 

band. This result justifies the use of the quasi-static approximations. We next study the stimulation 

response signal waveform in the CPE model. The electric potential in the Laplace domain is expressed 

as:  

𝑉𝐶𝑃𝐸(𝑠) = [𝑅𝑚 +
2

𝐴𝑠𝛼
] [

𝐼

𝑠
(1 − 2𝑒−𝑠𝑇 + 𝑒−𝑠2𝑇)] 

Applying the inverse Laplace transform, we obtain the electric potential expression: 

𝑣𝐶𝑃𝐸(𝑡) = 𝐼 {𝑢(𝑡) [𝑅𝑚 +
2𝑡𝛼

𝐴𝛤(𝛼+1)
] − 2𝑢(𝑡 − 𝑇) [𝑅𝑚 +

2(𝑡−𝑇)𝛼

𝐴𝛤(𝛼+1)
] + 𝑢(𝑡 − 2𝑇) [𝑅𝑚 +

2(𝑡−2𝑇)𝛼

𝐴𝛤(𝛼+1)
]}  
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where 𝛤(∙) is the gamma function. A comparison between the double layer model and the constant 

phase element model is shown in Fig. 4-9. The values used for the CPE model were: 𝛼 = 0.81, 

𝐴 = 4.1 µ𝐹/𝑠(1−𝛼)𝑐𝑚2 and conductivity 𝜎 = 0.1 𝑆/𝑚. 

 
Fig. 4-9. Double layer and constant phase element model comparison. 

Both DL and CPE models reproduce the time course of the electric potential for both positive and 

negative phases. Considering the in-vivo medium, an assumption of the model is that the amplitude of 

the stimulation artifact at the level of the tissue is considerably higher than the level of background 

activity. Indeed, the background electric potential generally varies between 10 μV and 1 mV. During 

the electrical stimulation measurement, electric potential ranges from several 100 mV to several volts. 

Considering this assumption, the contribution of sources from neuronal activity were neglected in the 

Laplace equation. 

4.1.1 Derivation of the model for other waveforms 

The most common waveform used during clinical stimulation is the biphasic pulse. Since the 

chronaxie time for neural stimulation depends on the stimulation waveform, exploring other 

waveforms could also be interesting for studying tissue properties (Cantrell and Troy, 2008; Foutz and 

McIntyre, 2010; Sahin and Tie, 2007).  
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Zeta biphasic pulse 

The shape of the stimulating pulse may induce electrolytic damage to tissue, especially if it is a 

monopolar waveform. So, for clinical applications, waveforms must respect one major constraint: to 

be charged balanced. The zeta biphasic pulse as shown in Fig. 4-10.(a) is an appropriate candidate as 

suggested in (Millar and Barnett, 1997). This waveform will be tested in the saline solutions (see 

Section 5. Results) for analyzing its potential for estimating conductivity and electrode-electrolyte 

parameters.   

 
Fig. 4-10. (a) Zeta biphasic pulse stimulation waveform (b) Triangular biphasic stimulation waveform. 

The zeta biphasic waveform starts with a discontinuity and then linearly declines until reaching 

negative amplitude, and writes as:  

𝑖(𝑡) = [𝑢(𝑡) − 𝑢(𝑡 − 2𝑇)][𝐼 −
𝐼

𝑇
𝑡] 

Therefore, the electric potential in the Laplace domain is: 

𝑉(𝑠) = [𝑅𝑚 +
2𝑍𝑓

(1 + 𝐶𝑑𝑙𝑍𝑓𝑠)
] [𝐼

𝑠𝑇 − 1

𝑠2𝑇
(1 − 𝑒−𝑠2𝑇) +

2𝐼

𝑠
𝑒−𝑠2𝑇] 

Finally, with the inverse Laplace transform, the time domain expression for the zeta stimulation is: 

𝑣(𝑡) = 𝐼 {𝑢(𝑡) [(𝑅𝑚 + 2𝑍𝑓) (1 −
𝑡

𝑇
) +

2𝐶𝑑𝑙𝑍𝑓
2

𝑇
(1 − 𝑒

−
𝑡

𝐶𝑑𝑙𝑍𝑓) − 2𝑍𝑓𝑒
−

𝑡
𝐶𝑑𝑙𝑍𝑓]

− 𝑢(𝑡 − 2𝑇) [(𝑅𝑚 + 2𝑍𝑓) (1 −
(𝑡−2𝑇)

𝑇
) +

2𝐶𝑑𝑙𝑍𝑓
2

𝑇
(1 − 𝑒

−
(𝑡−2𝑇)
𝐶𝑑𝑙𝑍𝑓) − 2𝑍𝑓𝑒

−
(𝑡−2𝑇)
𝐶𝑑𝑙𝑍𝑓 ]} 

The zeta waveform using the double layer parameters, 𝐶𝑑𝑙 = 1.5µ𝐹 and 𝑍𝑓 = 10𝑀Ω  and 

conductivity 𝜎 = 0.1 𝑆/𝑚 is shown in Fig. 4-11.  
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Fig. 4-11. Double layer model for zeta waveform. 

Triangle biphasic pulse 

Another possible waveform (instead of stimulating with an abrupt discontinuity, as is the case with 

the zeta biphasic pulse), is to use a triangle biphasic pulse as shown in Fig. 4-10.(b). This waveform 

has a slower dynamic that may be interesting for brain stimulation (Foutz and McIntyre, 2010). 

𝑖(𝑡) = 2𝐼 {𝑢(𝑡)
𝑡

𝑇
 –

2

𝑇
𝑢 (𝑡 −

𝑇

2
) [𝑡 −

𝑇

2
] +

2

𝑇
𝑢 (𝑡 −

3𝑇

2
) [𝑡 −

3𝑇

2
] −

1

𝑇
𝑢(𝑡 − 2𝑇)[𝑡 − 2𝑇]} 

Solving the circuit with this waveform, we get: 

𝑣(𝑡) = 𝐼 {𝑢(𝑡) [(𝑅𝑚 + 2𝑍𝑓)
𝑡

𝑇
+

2𝐶𝑑𝑙𝑍𝑓
2

𝑇
(1 − 𝑒

− 𝑡
𝐶𝑑𝑙𝑍𝑓)]

− 2𝑢 (𝑡 −
𝑇

2
) [(𝑅𝑚 + 2𝑍𝑓) (

(𝑡−𝑇/2)

𝑇
) −2𝐶𝑑𝑙𝑍𝑓

2 (1 − 𝑒
−

(𝑡−𝑇)
𝐶𝑑𝑙𝑍𝑓)]

+ 2𝑢 (𝑡 −
3𝑇

2
) [(𝑅𝑚 + 2𝑍𝑓) (

(𝑡−
3𝑇
2

)

𝑇
) +

2𝐶𝑑𝑙𝑍𝑓
2

𝑇
(1 − 𝑒

−
(𝑡−

3𝑇
2 )

𝐶𝑑𝑙𝑍𝑓 )]

− 𝑢(𝑡 − 2𝑇) [(𝑅𝑚 + 2𝑍𝑓)
(𝑡−2𝑇)

𝑇
+

2𝐶𝑑𝑙𝑍𝑓
2

𝑇
(1 − 𝑒

−
(𝑡−𝑇)
𝐶𝑑𝑙𝑍𝑓) − 2𝑍𝑓𝑒

−
(𝑡−𝑇)
𝐶𝑑𝑙𝑍𝑓]} 
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The resulting triangular waveform using the double layer parameters, 𝐶𝑑𝑙 = 1.5µ𝐹 and 𝑍𝑓 =

10𝑀Ω and conductivity 𝜎 = 0.1 𝑆/𝑚 is shown in Fig. 4-12.  

 
Fig. 4-12. Double layer model for a triangular waveform. 

This waveform was studied in DBS for optimization of battery life, which is a real challenge for 

implanted stimulators (Foutz and McIntyre, 2010). 

4.2.2 Limitations of the model 

Our model has the advantage of taking into account the electrode/electrolyte interface for 

estimating conductivity. To our knowledge, this has never reported in the literature. Indeed, in most 

studies, conductivity is estimated at higher frequencies where the impact of electrode polarization is 

less important. Still, our approach has some limitations. The first is that the model was developed 

using the quasi-static approximation, typically used for low frequencies (< 1 kHz) such as the 

frequency range in EEG (Bossetti et al., 2008; Plonsey and Heppner, 1967). The stimulation artifact, 

as depicted before, has most of its energy below this frequency. However, there is still some energy in 

the side lobes at higher frequencies, which means that some dielectric effects could eventually be 

measured. The second limitation of this model is that, in the following days after implantation, the 

encapsulation tissue response to an unknown body (the electrode), also referred to as the gliosis 

process, challenges the estimation of conductivity.  
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Dielectric properties of tissue model 

Brain tissue can be modeled as a medium with its associated conductivity and permittivity. 

Conductivity is related to resistance, and permittivity is related to the capacitance. Using spatially 

lumped circuit elements to describe a spatially distributed environment is an approximation and a 

limitation of the model. Nevertheless, this model can still provide some insight into the physical 

phenomena occurring during stimulation, evaluating mean values of the spatially distributed 

environment. Therefore, we can model the capacitive and resistive characteristic of tissues with an 

electric circuit (e.g. tissue resistance 𝑅𝑚 parallel to the tissue capacitance 𝐶𝑚) as shown in Fig. 4-13. 

 
Fig. 4-13. Electric circuit model, with 𝑪𝒎 accounting for the tissue capacitance. 

Adopting this model, the Laplace expression for the electric potential is: 

𝑉𝑚(𝑠) =  [
2𝑍𝑓

(1 + 𝐶𝑑𝑙𝑍𝑓𝑠)
+

𝑅𝑚

(1 + 𝐶𝑚𝑅𝑚𝑠)
] 𝐼(𝑠) 

Hence, the time domain electric potential using a biphasic constant current pulse 𝑖(𝑡)  =

 𝐼[𝑢(𝑡)–  2𝑢(𝑡 − 𝑇)] is:  

𝑣𝑚(𝑡) = 𝐼 {𝑢(𝑡) [2𝑍𝑓 (1 − 𝑒
− 𝑡

𝐶𝑑𝑙𝑍𝑓) + 𝑅𝑚 (1 − 𝑒
− 𝑡

𝐶𝑚𝑅𝑚)] − 2𝑢(𝑡 − 𝑇) [2𝑍𝑓 (1 − 𝑒
− (𝑡−𝑇)

𝐶𝑑𝑙𝑍𝑓) + 𝑅𝑚 (1 − 𝑒
− (𝑡−𝑇)

𝐶𝑚𝑅𝑚)]} 

This expression features two exponential functions, with two different time constants, 𝜏1 = 𝐶𝑑𝑙𝑍𝑓 

modeling the electrode/electrolyte interface and 𝜏2 = 𝐶𝑚𝑅𝑚 modeling the tissue. 

Gliosis and encapsulation tissue 

As aforementioned, within the days following electrodes implantation, an encapsulation tissue 

starts forming around the electrode, which increases impedance locally. The model proposed for the 

encapsulation tissue is shown in Fig. 4-14 (Lempka et al., 2009).  
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Fig. 4-14. Encapsulation tissue model, as proposed in Section 2, Chapter 2.3.2. 

The first CPE is used to model the electrode-electrolyte interface, 𝑅𝑚 accounts for the tissue 

resistance, and the ∆𝑅 parallel to CPE represents the encapsulation tissue. Using the Laplace 

transform, we obtain an analytical expression for the response to stimulation by a biphasic pulse: 

𝑣(𝑡) = 𝐼 {𝑢(𝑡) [𝑅𝑚 +
2𝐾𝑒𝑡𝛼𝑒

𝛤(𝛼𝑒+1)
+ 2𝐾𝑡𝑡

𝛼𝑡𝐸𝛼𝑡,𝛼𝑡+1 (−
𝐾𝑡

∆𝑅
𝑡𝛼𝑡)] − 2𝑢(𝑡 − 𝑇) [𝑅𝑚 +

2𝐾𝑒(𝑡−𝑇)𝛼𝑒

𝛤(𝛼𝑒+1)
+ 2𝐾𝑡(𝑡 − 𝑇)𝛼𝑡𝐸𝛼𝑡,𝛼𝑡+1 (−

𝐾𝑡

∆𝑅
(𝑡 − 𝑇)𝛼𝑡)]}  

where 𝐸𝛼,𝛽 (∙) is the Mittag-Leffler function (Kexue and Jigen, 2011; Liang et al., 2015) defined 

as: 

𝐸𝛼,𝛽 (𝑧) = ∑
𝑧𝑘

𝛤(𝛼𝑘 + 𝛽)

∞

𝑘=0

 

On the one hand, this model is more accurate, since it accounts for the gliosis formed the days 

following implantation. On the other hand, one drawback is that each time that a new component is 

added to the model, it becomes increasingly challenging to proceed to an accurate estimation of model 

parameters. Therefore, a compromise between model complexity and parameters estimation must be 

made to account for the major physical phenomena while relying on reliable approximations. 

4.2.3  Bioimpedance calculation 

Bioimpedance is a commonly used method to study the biophysical parameters of tissue due to its 

simplicity. Impedance is the ratio between voltage and current, therefore, by definition, bioimpedance 

is the measured root mean square (rms) electric potential 𝑉𝑟𝑚𝑠, divided by the 𝐼𝑟𝑚𝑠 root mean squared 

current:  

𝑍𝑏𝑖𝑜 =
𝑉𝑟𝑚𝑠

𝐼𝑟𝑚𝑠
=

√1
𝑇 ∫ 𝑣2(𝑡)𝑑𝑡

𝑡0+𝑇

𝑡0

√1
𝑇 ∫ 𝑖2(𝑡)𝑑𝑡

𝑡0+𝑇

𝑡0
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Bioimpedance measurements are normally performed using sinusoidal waveforms. In this case, the 

values are easily related to the maximum amplitude of the waveform: 

𝑍𝑏𝑖𝑜 =
𝑉𝑟𝑚𝑠

𝐼𝑟𝑚𝑠
=

𝑉𝑚𝑎𝑥

√2
⁄

𝐼𝑚𝑎𝑥

√2
⁄

=
𝑉𝑚𝑎𝑥

𝐼𝑚𝑎𝑥
 

As mentioned in Section 2, Chapter 2.5.3, bioimpedance is used as a simple technique to measure 

biophysical properties of tissue. In this thesis, bioimpedance results are presented, to illustrate the 

tissue impedance evolution the days after implantation, as a way to quantify the evolution of the 

encapsulation tissue between patients.  

The method to calculate bioimpedance from a biphasic pulse is slightly different than the sinusoidal 

case. The biphasic constant current bioimpedance is however more challenging to compute than for 

sinusoidal waveforms. The 𝐼𝑟𝑚𝑠 and 𝑉𝑟𝑚𝑠, are calculated during a whole period 𝑇𝑠𝑡𝑖𝑚 = 1
𝑓⁄  as shown 

in Fig. 4-15.   

𝐼𝑟𝑚𝑠 = √
1

𝑇𝑠𝑡𝑖𝑚
∫ 𝑖2(𝑡)𝑑𝑡

𝑡0+𝑇𝑠𝑡𝑖𝑚

𝑡0

= √
1

𝑇𝑠𝑡𝑖𝑚
∫ 2𝐼2𝑑𝑡

2𝑇

0

= 2𝐼√𝑇𝑓 

 

Fig. 4-15. Biphasic constant current stimulation waveform (blue) and recorded artifact (red) during one period.   

The value 𝑉𝑟𝑚𝑠 is derived with the observation: 
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𝑉𝑟𝑚𝑠 = √
1

𝑇𝑠𝑡𝑖𝑚
∫ 𝑣𝑜𝑏𝑠

2(𝑡)𝑑𝑡
𝑡0+𝑇𝑠𝑡𝑖𝑚

𝑡0

 

Importantly, bioimpedance does not include the phase information, since only the amplitude is 

taken into account.  

4.3 Model validation methodology: in vitro, in vivo and in 

clinico 

In the following, we detail the methodology we proposed to experimentally validate the model we 

developed. Model validation is made at three different levels, from in vitro (saline solutions calibrated 

in electrical conductivity), in vivo (rodents) and in clinico (drug-refractory epileptic patients).  

4.3.1 Methodological choices for experimental validation 

Regarding the model validation based on human data, it is worth noting that typical SEEG/EEG 

systems use sampling frequencies between 512 and 2048 Hz. These frequencies are certainly sufficient 

to record physiological brain activity, but are too low compared to the stimulation artifact time (which 

is sub-ms). In order to compare the actual human brain tissue response to that simulated with the 

model, the sampling frequency must be dramatically increased.  

 

Furthermore, clinical SEEG acquisition systems are typically designed for the acquisition of 

electrophysiological for signals up to ~100 µV. Since stimulation artifacts (depending on the 

stimulation current) are on the order of ~1 V, standard SEEG hardware is not an appropriate technical 

solution to record stimulation-evoked responses. Given these limitations of standard SEEG acquisition 

systems, we investigated the possibility of an alternative technical solution.  
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Fig. 4-16. Biopac MP36, acquisition systems (Biopac, CA, USA). 

After reviewing various commercially available electrophysiological acquisition systems, we 

identified the Biopac acquisition system (Biopac MP36, Biopac, CA, USA) as an adequate solution as 

shown in Fig. 4-16. This system enables the acquisition of signals at a fairly high sampling rate (up to 

100 kHz), offering the possibility to record the brain tissue response to brief biphasic pulses with 

unprecedented detail. The Biopac has 4 available input channels and has isolated human-safe (DC 

coupled) input amplifiers. The MP36 satisfies the medical safety test standards affiliated with 

IEC60601-1, and is designated as Class I type BF medical equipment. It also satisfies the medical 

electromagnetic compatibility (EMC) test standards affiliated with IEC60601-1-1-2 and is CE marked. 

Therefore, this device was appropriate not only appropriate for in vitro/in vivo experiments, but also 

for human use. Consequently, the Biopac system was chosen, and was used in parallel to the 

EEG/SEEG acquisition system.  

We defined a common stimulation protocol for all modalities, which was: Biphasic constant current 

pulses of 𝐼 = 0.2 𝑚𝐴, 𝑇 = 1 𝑚𝑠 (per phase), with a frequency 𝑓 = 5 𝐻𝑧 during 𝑇𝑡𝑟𝑎𝑖𝑛 = 5𝑠. The 

intensity value used was the lowest available on the clinical stimulator, in order to avoid input 

saturation. This protocol was repeated at least twice. Once the train of pulses was fully delivered for 

different brain regions, the signal processing was done in Matlab (The Mathworks, USA).     

4.3.2 Parameter estimation  

A commonly used estimator is the minimum mean squared error estimator (MMSE), based on the 

error between the estimated parameter and the actual parameter value as the basis for optimality. 

MMSE estimators are chosen in practice for their simplicity over optimal Bayesian estimators (Kay, 

1993). We consider  𝛽 the parameters vector, 𝑣𝑜𝑏𝑠(𝑡) the observation and 𝑣(𝑡;𝛽) our model. The error 

function is defined as:  

𝑓(𝑡; 𝛽) = 𝑣(𝑡; 𝛽) − 𝑣𝑜𝑏𝑠(𝑡) 
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The minimum mean squared error estimator is: 

�̂� = min
𝛽

𝐸(𝑓(𝑡; 𝛽)2) 

In the case where the model is linearly proportional to the parameters, 𝑣(𝑡;𝛽)  =  𝐻 𝛽, the 

estimator is straightforward: 

�̂� = (𝐻𝑇𝐻)−1𝐻𝑇𝑣𝑜𝑏𝑠 

For the model defined in the last chapter, the observation is modeled by a function that is a 

nonlinear combination of model parameters 𝛽 = [𝑅𝑚; 𝐶𝑑𝑙; 𝑍𝑓]. In general, the squared error function is 

defined as: 

𝐽(𝛽) =  ∑𝑓(𝑡; 𝛽)2 

The estimated parameters are those that minimize 𝐽(𝛽) with lower and upper bounds for the 

parameters. The MATLAB function used for solving this problem is lsqnonlin, which solves the 

nonlinear least-squares problem of the form: 

𝑚𝑖𝑛
𝛽

‖𝑓(𝑡; 𝛽)‖2
2 

with lower and upper bounds on the components of 𝛽. This function uses trust region as an 

optimization algorithm, that is a modification of Newton’s method (Sorensen, 1982). The best-fit 

parameters are often assumed to be the ones that minimize the sum of squared residuals. The lsqnonlin 

function returns the non-linear minimum squared residual (NLMS Residual) that is the squared 2-

norm of the residual at the minimized parameters solution. This value is portrays a goodness of fit, and 

will be used to illustrate the quality of the estimation. 

The parameters 𝑍𝑓, 𝑅𝑚 and 𝐶𝑑𝑙 were fitted to experimental data. Regarding the fitting procedure, 

we used a nonlinear approximation to estimate model parameters. To achieve this estimation, we 

searched for mean range values of 𝑍𝑓 , 𝐶𝑑𝑙 available in the literature. For 𝐶𝑑𝑙, we found a range for the 

capacitance per unit of area between 10 and 20 µF/cm2 (Merrill et al., 2005). Other studies consider 

mean values between 20-40 µF/cm2 with maximum values reaching 60 µF/cm2 (Łukaszewski, 2016). 

Given the electrode geometry used in our experimentation, we found a total surface of 0.0503 cm2, 

which gives in values of double layer capacitance between 0.5-3 µF. Lower and upper bound for Rm 

were used, given that the conductivities we are studying for brain tissue conductivities are between 

0.05 and 0.4 S/m (Koessler et al., 2017; Latikka et al., 2001). 
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One critical point is the possibility that our function to optimize has multiple local minima, which 

can be studied using the Hessian matrix of 𝐽(𝛽) (of second partial derivatives) that should be positive 

semidefinite in the interior of our set of parameters (Nocedal and Wright, 1999). As an example, we 

decided to use a calibrated waveform from saline solutions recordings at 0.2 𝑆/𝑚, and then to 

compute the error function 𝑓(𝑡; 𝛽). We computed the logarithm of the summed squared error for 

different conductivities as shown in Fig. 4-17. Interestingly, the function is convex in the region of 

interest, and has only one local minimum with a conductivity value of 0.2 S/m consistent with the 

value to be estimated. 

 
Fig. 4-17. Logarithm of sum of squared error for different parameter conductivities. 
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4.3.3 Saline solutions calibration 

The first experimental signals used for validation were obtained from saline solutions, which have 

the advantage of providing a ground truth (defined conductivity). It should be noted that the 

electrode/electrolyte parameters could not be calibrated, and only an order of magnitude can be 

known. The production of these calibrated solutions was made using the following steps. First, we 

need to express conductivity as a function of the concentration of sodium chloride that was added to 

distilled water. Distilled water does indeed conduct electricity, and the conductivity depends on the 

level of purity (e.g.: pure water, ultra-pure water). Considering the ISO 3696:1987 norm, the 

maximum contaminant (ions) conductivity level in purified water at 25 °C is 0.5 mS/m 

(https://www.iso.org/standard/9169.html). This value is several orders of magnitude lower than the 

values used during experimentation, so distilled water conductivity, due to contaminant ions are 

neglected. When sodium chloride is placed in water, there are strong forces of attraction between the 

water molecules and the ions of sodium and chlorine. Water molecules are highly polar; the positive or 

hydrogen end of the water molecule tends to attach itself to the negative chlorine ion, while the 

negative or oxygen end of the water molecule tends to attach itself to the positive sodium ion as shown 

in Fig. 4-18, which changes the electrical properties of the solution (Grimnes, 2014). 

 
Fig. 4-18. Sodium hydrated by water, giving the property of conducting electricity. Positive and negative ions are 

free to migrate (Adapted from (Grimnes, 2014)). 

The molar conductivity is defined as: 

Λ =
σ

c
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where 𝛬 is the molar conductivity, 𝜎 is the conductivity, and c is the electrolyte concentration. The 

Debye-Hückel-Onsager law states that, for strong electrolytes at low concentrations:  

Λ = Λ∞ − K√c 

where 𝛬∞ is the molar conductivity at an infinite dilution given by Kohlrausch’s law (Atkins et al., 

2018). For a NaCl solution: 

 𝛬∞ = 126.45 
𝑆×𝑐𝑚2

𝑚𝑜𝑙
 

𝐾 is a constant that depends on quantities such as temperature, ionic charges, dielectric constant 

and viscosity of the solvent. For NaCl at 25°C, this constant is equal to: 

𝐾 ≅ 60.2 
S×cm2

mol×√M
 

In our experimentation, we used 0.05g of NaCl dissolved in 100 ml of H2O, which gives a 

concentration c = 0.0086 M. Hence, the molar conductivity of NaCl is: 

𝛬𝑁𝑎𝐶𝑙 = 126.45 
𝑆×𝑐𝑚2

𝑚𝑜𝑙
− 60.2 

𝑆×𝑐𝑚2

𝑚𝑜𝑙×√𝑀
× √0.0086 𝑀 = 120.88

𝑆 × 𝑐𝑚2

𝑚𝑜𝑙
 

Resulting in an electrical a conductivity of: 

𝜎 = 𝑐 × 𝛬𝑁𝑎𝐶𝑙 ≅ 0.10 
𝑆

𝑚
 

This value is in agreement with the values found in the Chemistry and Physics Handbook (Rumble, 

2017). In order to validate the electrode/electrolyte model, a clinical electrode (DIXI Microtechniques, 

Besançon, France) was placed into a solution with different calibrated electrical conductivities (4 

solutions with electrical conductivity values of 0.10, 0.20, 0.39, and 0.57 S/m, respectively). We used 

a clinical-grade stimulator (S12X, Grass Technologies, Natus Neurology Inc., USA) to deliver 

biphasic, charge-balanced pulse electrical stimulation as shown in Fig. 4-19.  



66 

 

 

Fig. 4-19. Grass Technologies S12X Cortical stimulator system (Natus Neurology Inc.,USA). Constant-current 

biphasic stimulator. 

We used an intensity 𝐼 = 0.2 𝑚𝐴 stimulating current (the lowest available on this stimulator, to 

avoid input saturation as aforementioned) and a pulse length of  𝑇 = 1 𝑚𝑠 per phase (total pulse 

length of 2 ms). A Biopac acquisition system was used to record the electric potential induced in the 

solution during stimulation. For values higher than 0.6 S/m, errors due to electrode polarization 

become significant, so this method is limited to values lower than 0.6 S/m. 

4.3.4 Ex vivo rat brain  

We performed post-mortem conductivity measurement in the brain of N=2 adults 3 month-old 

Sprague-Dawley rats euthanized using a CO2 gradient in accordance with the European Communities 

Council Directive of 24 November 1986 (86/609/EEC). The skull surface was immediately removed 

post-mortem and a human intracranial SEEG electrode (ref D08-15AM) was implanted vertically in 

the rat brain to deliver local, pulsed biphasic stimulation. Stimulation was performed within a few 

minutes post-mortem in order to avoid post-anoxic tissue degeneration. Stimulation parameters were 

𝐼 = 0.2 𝑚𝐴 for current intensity, and 𝑇 = 1 𝑚𝑠 per phase for the pulse length. Both hemispheres were 

stimulated. As in the case of our calibrated saline solutions, a Biopac acquisition system was used to 

record the induced electric potential. 

4.3.5 In clinico experiment in drug-refractory epileptic patients 

Stimulation data was recorded from 𝑁 = 7 epileptic patients undergoing SEEG in the context of 

pre-surgical evaluation at La Timone Hospital, Marseille. The seven patients/legal representatives 

gave informed consent for data acquisition, which involved electrical stimulation intensity that was 
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significantly lower than that typically used during clinical stimulation sessions in SEEG (i.e., 0.2 𝑚𝐴 

vs 1-4 mA). Let us mention that this intensity value of 0.2 𝑚𝐴 was chosen to avoid input saturation 

and to minimize stimulation-induced neuronal changes in brain tissue. Visual inspection of the 

recorded signals confirmed that, at this level of stimulation, no epileptiform discharges were observed 

in any patient. The material used was a cortical neurostimulator (Inomed, Medizintechnik GmbH, 

Emmendignen, Germany, Art. No. 504 196), for direct cortical and subcortical stimulation, with a 

current range of 0.2 − 25 𝑚𝐴, pulse duration from   to 50 µ𝑠 − 2 𝑚𝑠. The cortical stimulator was 

connected to a digital switching matrix (Natus Europe GmbH, Robert-Koch-Str. 1, Planegg, 

Germany). The material configuration is shown in Fig. 4-20. In this configuration, the Biopac system 

was connected in parallel (very high input impedance). A custom touchproof– DB9 was designed and 

built in-house to connect the Biopac to the multiplexer.  
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Fig. 4-20. Configuration setup for recording in-clinico signals. (a) Schematic diagram showing the 

stimulation/sampling system used for the recording signals in patients with intracranial electrodes . (b) A picture that 

was taken at the La Timone hospital (Marseille) when I participated to the data acquisition. The monitor (left) shows 

SEEG signals recorded during the low-intensity stimulation protocol we elaborated to test our conductivity-estimation 

method in human. 

The digital switching matrix (multiplexer) was used for connecting the electrodes to the EEG 

amplifier and in parallel to the cortical stimulator. The connection diagram is depicted in Fig. 4-21. It 

must be noted that there is a 500 Ω resistance between the cortical stimulator and the patient. This 

resistance must be taken into account in the estimation. 
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Fig. 4-21. Digital switching matrix internal circuit diagram (Natus Europe GmbH, Planegg, Germany). A 500 Ω 

resistance is present between the constant current stimulator and the patient. 

The patients were stimulated between 1 and 9 days after implantation. The stimulation day after 

implantation is shown in Tab. 4.1. 

SEEG and Electrophysiological recordings 

Electrophysiological recordings featured epileptic markers that are routinely used by neurologists 

to determine if an electrode contact is in the grey or white matter (amplitude and rhythms) and also if 

 

STIMULATED PATIENTS – DAY OF TESTING POST-SEEG SURGERY 

Patient Day after implantation 
Number of stimulated 

regions 

PAT 1 1 7 

PAT 2 8 8 

PAT 3 9 24 

PAT 4 3 36 

PAT 5 7 18 

PAT 6 5 23 

PAT 7 8 29 

Tab. 4.1. Stimulation day after implantation for the different 

patients tested. 

 

 

 

1 7  
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the region is epileptic or healthy (epileptic markers). The selection of stimulated regions was done 

based on the visual inspection of SEEG data in addition to neuroimaging data (pre-implantation MRI 

and post-implantation CT). Patients were stimulated between 1 and 9 days after implantation (see Tab. 

4.1). The epileptic markers chosen for qualitative evaluation of the region were pre-ictal activity 

(spikes occurring just before seizure), and fast-onset activity, as shown in Fig. 4-22. 
   

 
Fig. 4-22. Fast-onset activity occurring at the beginning of a seizure. This electrophysiological marker has long 

been considered as a hallmark of epileptic regions. This provides a way to assess potential conductivity differences 

between epileptic and healthy tissue.  

During the seizure, sustained rhythmic spikes are observed in some contacts, as shown in Fig. 4-23.  
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Fig. 4-23. Sustained rhythmic spikes during a seizure, also referred to as ictal activity. 

Finally, post-ictal slow waves are also found in some electrodes contacts after seizures as shown in 

Fig. 4-24. 

 
Fig. 4-24. Slow waves after seizure. 

Epileptogenicity index 

Brain regions generating seizures can be visually identified from SEEG signals when onset high-

frequency oscillations (ictal HFOs) are observed. A quantitative way of measuring the epileptogenicity 

of brain structures, using intracranial electrodes, is the epileptogenicity index (EI) (Bartolomei et al., 
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2008) which was also computed for subsequent analysis of potential correlation with conductivity 

values estimated from the model proposed in this thesis. 

In brief, the Epileptogenicity Index (EI) is a normalized quantity (ranging from 0 to 1) computed 

from bipolar SEEG signals. It was developed in collaboration between the Rennes and Marseille 

Epilepsy units (Bartolomei et al., 2008). The basic idea of the EI is to combine, in a single index, i) the 

propensity of a considered brain structure to generate a rapid discharge and ii) the delay of 

involvement of this structure with respect to seizure onset. It was designed to provide a normalized 

value (in the range [0, 1]) which reflects the normal (EI=0, the structure is not involved in the seizure 

process) or epileptogenic (EI=1, the structure generates a rapid discharge early in the seizure process) 

nature of brain regions explored by SEEG.   

Technically, the EI is estimated using a two-stage procedure. First, for given brain structure Si, the 

signal energy ratio ER between high ( and ) and low ( and  frequency bands) over a sliding 

window. Second, a change-point detection algorithm (Basseville and Nikiforov, 1993) is used to 

automatically determine the time instant Ndi when ER abruptly increases. A high value of EIi 

corresponds to a case where structure Si generates a rapid discharge (high ER value) and is early 

involved in the seizure process (Ndi close to N0). In contrast, a late involvement of structure Si and/or 

slower ictal activity leads to lower EIi  value.  
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5 Results 

Results obtained with the developed models and experiments are presented in this chapter. First of 

all, the results for the electric potential model are introduced and compared to Comsol Multiphysics 

(considered as the gold standard) for validation. We then present the results for calibrated saline 

solutions and ex-vivo rat experimentation. The main results, in-clinico signals and estimation are 

introduced, with the analysis of potential conductivity differences between healthy and epileptic 

region correlations and the evolution of the encapsulation tissue the days following implantation. 

5.1  Electric potential analytical model and Comsol 

The electric potential distribution of a typical SEEG electrode computed using the analytical model 

is presented in Fig. 5-1 (a). In order to evaluate the accuracy of the electric potential obtained with our 

model, we computed a numerical solution (FEM) to the PDEs (Maxwell equations) using Comsol 

Multiphysics (Comsol, Stockholm, Sweden). Since Comsol Multiphysics provides a “gold standard” 

estimation of the electric field distribution induced by the two electrode contacts, we used it to validate 

our cylindrical electric model. The electric field distribution computed using Comsol Multiphysics is 

presented in Fig. 5-1 (b). 
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Fig. 5-1. Electric potential distribution of an SEEG electrode. (a) Computed with the cylindrical model (b) 

computed using Comsol multiphysiscs. The electric potential distribution appears qualitatively in agreement with the 

analytical model. 

As depicted, both model and numerical solutions are in qualitative agreement. This result was 

confirmed by the difference map (Fig. 5-2) showing a high similarity between the electric field 

distributions as computed from the proposed analytical model and from the numerical simulation 

performed using Comsol. The difference between these two field distributions was calculated as 

follows: 

𝑒(𝑟, 𝑧)[%] = 
(𝑉𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐(𝑟, 𝑧) − 𝑉𝐶𝑜𝑚𝑠𝑜𝑙(𝑟, 𝑧))

max (𝑉𝐶𝑜𝑚𝑠𝑜𝑙)
× 100 

where 𝑉𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐 is the analytic function and 𝑉𝐶𝑜𝑚𝑠𝑜𝑙 is the dependent variable for the numerical 

solution. The difference between both models is the highest at the electrode’s contact, with values 

lower than 20%.  
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Fig. 5-2. Difference map of the electric potential distribution. The difference between the electric calculation from the 

cylindrical model and from Comsol Multiphysics is presented as a percentage. Model errors are the highest close to electrode 

contacts.  

Interestingly, at a distance of 1 mm from the electrode, the error between the two estimations 

remains on average less than 5%, while being considerably faster to compute, confirming the 

advantage of the presented analytical model as compared to FEM-based methods. This high level of 

quantitative agreement confirms that model assumptions are reasonable. 

5.2  Saline solution experimentation 

Saline solutions were prepared for testing the stimulation waveform and estimating the parameters 

using the calibrated solutions as ground truth. This experiment also enables checking the acquisition 

system that would be used for the ex-vivo and in-clinico experimentation. Conductivity was calibrated 

using a precise volume of water along with the precise amount of salt measured with a high-precision 

scale (precision of 100 µg). Four different solutions within the same range of conductivity values than 

human brain tissue (0.1-0.6 S/m) were used. The recorded time course of the electric potential during a 

stimulation pulse depends on electrical conductivity, as can be seen in Fig. 5-3. 
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Fig. 5-3. Time course of the induced electric potential in each saline solution following a biphasic, charge-balanced 

pulsed stimulation at 0.2 mA, 1 ms per phase. Increasing conductivity decreases the amplitude of the electric potential 

time course.  

As detailed in Section 4, waveform discontinuities convey information on electrical conductivity. 

Since conductivity is inversely proportional to medium resistance, the medium resistance decreases 

when conductivity increases. The double layer (DL) model and the constant phase element (CPE) 

model results are presented hereafter. For each solution, the model was used to estimate conductivity 

and electrode-electrolyte parameters (capacitance of the double layer and faradaic impedance) using 

the aforementioned estimation/optimization procedure. The agreement between the DL and CPE 

models on the one hand, and with experimental recordings in saline solutions on the other hand, is 

compared in Fig. 5-4. 
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Fig. 5-4. Agreement of the double layer and CPE models with recorded signals in saline solutions. Superimposed 

time course of simulated (double layer model, red; and CPE model, green) and experimentally recorded (blue) electric 

potentials for four different conductivity values: (a) 0.10 S/m, (b) 0.20 S/m, (c) 0.39 S/m, and (d) 0.57 S/m. 

Both DL and CPE models reproduce accurately the time course of the experimentally recorded 

potential for both positive and negative phases. One difference is that, in the discharging phase, the 

CPE model performs better than the DL model. We therefore estimated unknown parameters for the 

DL, based on the experimental recordings, which are presented in Tab. 5.1. Notably, electrical 

conductivity was computed from the estimated electrical resistance value (Tab. 5.1). On average, the 

DL-based estimation of electrical conductivity was within 10% of the ground truth value. The CPE 

model was presented, since it is frequently used in the literature for modeling metal electrodes 

interfaces. Importantly, this model effectively had a non-linear minimum squared residual (NLMS 

Residual) that was lower than the DL model. However, the CPE model is less intuitive, given that it is 

not common to use pseudo-capacitance in electric circuits. Therefore, in the remainder of this thesis, 

only DL model estimations will be presented. 
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Zeta and triangle waveforms 

Historically, physicians and researchers primarily used biphasic constant current rectangular pulses. 

Recent studies suggest that non-rectangular waveforms may have certain advantages over traditional 

rectangular waveforms (Foutz and McIntyre, 2010). In Section 4, we modeled the zeta and triangle 

waveform as an attempt to perform parameter estimations using other waveforms. These waveforms 

were tested in the saline calibrated solutions (solution calibrated at 𝜎 = 0.1 𝑆/𝑚). The observation and 

estimated DL model signal waveform are shown in Fig. 5-5. 

 

 
Fig. 5-5. Observation (saline calibrated solution of σ = 0.1 S/m) and double layer model for (a) Triangular 

waveform and (b) zeta waveform. 

The parameters estimation for triangle and zeta biphasic waveforms is shown in Tab. 5.2. The 

estimated values using the different waveforms are equivalent. Furthermore, conductivity estimation 

 

SALINE SOLUTIONS PARAMETERS ESTIMATION 

Resistance 

(Ω) 

Double layer capacitance 

(µF) 

Faradaic impedance 

(Ω) 

Conductivity 

(S/m) 

Calibrated Solution (σ = 0.10) 

2079.5 ± 20.9 1.209 ± 0.040 1652.6 ± 92.1 0.110 ± 0.001 

Calibrated Solution (σ = 0.20) 

1161.2 ± 15.3 1.344 ± 0.033 1676.1 ± 83.6 0.217 ± 0.003 

Calibrated Solution (σ = 0.39) 

720.2 ± 10.1 1.449 ± 0.032 1623.4 ± 66.1 0.392 ± 0.007 

Calibrated Solution (σ = 0.57) 

552.9 ± 8.4 1.435 ± 0.036 1486.9 ± 47.5 0.563 ± 0.014 

 

Tab. 5.1. Parameter estimation using the double layer model. Estimations were performed from the experimental 

recordings carried out in each of the four calibrated saline solutions and the ex-vivo rat brain. 
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was consistent with the value of the calibrated solution. Nevertheless, the values of the 

electrode/electrolyte interface are not the same as the ones shown in Tab. 5.1. This might be because a 

different electrode and solution was used for this experimentation. It is worth noting that these 

waveforms will inject half of the charges as compared to the typical constant current pulse (for same 

values of 𝐼), provided that the charge injected is the area below the waveform. 

5.3 Ex-vivo rat brain  

Ex-vivo experimentation was done in two Sprague-Dawley rats. The signal and the model fit are 

shown in Fig. 5-6. 

PARAMETERS ESTIMATION TRIANGLE AND ZETA BIPHASIC PULSE 

Calibrated Solution (σ = 0.10 S/m) 

Resistance 

(Ω) 

Double layer 

capacitance 

(µF) 

Faradaic impedance 

(MΩ) 

Conductivity 

(S/m) 

Zeta waveform  

2011.7 ± 20.1 1.5167 ± 0.043 9.9639 ± 0.013 0.115 ± 0.0013 

Triangle waveform 

2084.6 ± 4.7 1.4998 ± 0.051 9.9889 ± 0.013 0.111 ± 0.0004 

Tab. 5.2. Parameter estimation using the double layer model. Estimations were performed from the 

experimental recordings carried out in the calibrated solution, using zeta and triangular biphasic 

waveforms. 
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Fig. 5-6. Time course of the induced electric potential in the brain of a Sprague-Dawley rat and DL model. 

The experimental and simulated waveforms are in very good qualitative and quantitative 

agreement. Estimated conductivity values presented in Tab. 5.3. are lower than values reported for 

grey matter in the literature, possibly because conductivity decreases post-mortem (J. A. Latikka et al., 

2001; Schmid et al., 2003). Given that the electrodes were implanted without a precise knowledge of 

the exact anatomical position of the contacts, it is also possible that electrodes were located in the 

white matter, accounting for the lower conductivity. Interestingly, we observed a lower conductivity in 

the left hemisphere than the right hemisphere, possibly due to the fact that hemispheres were recorded 

one after the other, involving post-mortem changes in the biophysical properties of tissue between 

recordings. 
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5.4 In-clinico acquisitions in drug-refractory epileptic 

patients 

As mentioned previously, SEEG data was collected from a total of 𝑁 = 7 epileptic patients 

admitted for pre-surgical evaluation at the University Hospital of La Timone, Marseille (service of Pr. 

F. Bartolomei). Electrical stimulation was delivered to several brain regions considered healthy or 

epileptogenic, on the basis of electrophysiological markers of epileptiform activity.  

5.4.1 Detailed analysis 

The results for the first patient stimulated are presented below. This patient is presented to illustrate 

qualitatively the agreement between the recorded signals and the model. This patient (male, age 7 

years old) was stimulated the day immediately after electrode implantation. The stimulation signal 

waveform and reconstructed model waveform are illustrated in Fig. 5-7.(a).  

 
Fig. 5-7. (a) Signal waveform and DL model for the first stimulated patient. (b) Two different electrodes signal 

waveforms illustrating the amplitude difference. 

 

RAT  BRAIN PARAMETERS ESTIMATION 

Resistance 

(Ω) 

Double layer 

capacitance 

(µF) 

Faradaic 

impedance 

(Ω) 

Conductivity 

(S/m) 

Right Rat Brain Hemisphere 

1255.1 ± 61.5 0.546 ± 0.046 1631.2 ± 145.2    0.119 ± 0.006 

Left Rat Brain Hemisphere 

1825.7 ± 39.4 0.522 ± 0.024 1598.0 ± 77.2 0.080 ± 0.002 

Tab. 5.3. Parameter estimation using the double layer model. Estimations were performed from 

the experimental recording carried out in the ex-vivo rat brain. 
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It is observed that the model is not as good qualitatively as compared to the calibrated solutions. 

Waveform discontinuities are less pronounced that in the calibrated solutions, suggesting that tissue 

capacitive effects may be present. Two different stimulated regions are shown in Fig. 5-7 (b), one 

from TP3-TP4 (epileptogenic) and A9-10 (healthy grey matter). The amplitude difference in the 

recorded response to constant current stimulation is related to their different conductivity. The 

difference between signals recorded at the A9-10 and TP3-TP4 contacts reveal that TP3-TP4 has a 

higher medium resistance than A9-10, hence a smaller conductivity. Estimated conductivity values for 

the different regions are shown in Tab. 5.4.  

An example of patient data is shown in Fig. 5-8, where seven electrode contacts (labeled A4-5, A9-

10, CR4-5, B’3-4, TP1-2, B1-2 and TP3-4, referring to each pair of contacts) from different regions 

are highlighted. Estimated values of conductivity are presented for each electrode along with 

corresponding electrophysiological recorded signals. 

 

PARAMETER ESTIMATIONS FOR EACH STIMULATED BRAIN REGION 

 

Electrode 
Resistance 

(Ω) 

Double layer 

capacitance 

(µF) 

Faradaic impedance 

(kΩ) 

Conductivity 

(S/m) 

A4-5 686.3 ± 27.4 0.647 ± 0.011 1.526 ± 0.049 0.315 ± 0.013 

A9-10 694.2 ± 29.2  0.742 ± 0.017 1.867 ± 0.117   0.311 ± 0.014 

CR4-5 1120.1 ± 46.3 0.598 ± 0.009 1.824 ± 0.054 0.193 ± 0.008 

B’3-4 1066.4 ± 43.6 0.631 ± 0.015 1.410 ± 0.046 0.202 ± 0.009 

T’1-2 1014.3 ± 35.9 0.728 ± 0.018 1.247 ± 0.046 0.213 ± 0.008 

B1-2 1007.8 ± 31.6 0.551 ± 0.006 2.027 ± 0.054 0.214 ± 0.007 

T’3-4 1075.4 ± 42.7 0.689 ± 0.019 1.263 ± 0.056 0.201 ± 0.008 

Tab. 5.4. DL model parameter estimation for the seven stimulated brain region. 
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Fig. 5-8. Electrophysiological activity of an epileptic patient recorded in healthy and epileptic regions, with 

comparison of estimated conductivity. 

 For A4-5 and A9-10, normal electrophysiological activity characteristic of grey matter was 

observed, and estimated conductivity values were 0.32 S/m. The signal recorded from the CR4-5 

electrode contact had a low-amplitude electrophysiological activity, typically seen in white matter, 

with an estimated conductivity value of 0.17 S/m. Electrode contacts B’3-4, TP1-2, B1-2 and TP3-4 

displayed epileptic activity, with spikes and high frequency oscillations. Interestingly, for these 

electrodes, lower conductivity was estimated as compared to A4-5 and A9-10, which were electrodes 

located in healthy brain tissue. Estimated values of DL capacitance and faradaic impedance were 

between 0.55-0.75 µF and 1.2-2.1 kΩ, respectively, and did not depend on the epileptogenicity of 

recorded brain regions. Since the electrode-electrolyte interface depends on factors such as local ions 

redistribution and charge transfer, there is no reason a priori that epileptogenic regions have 

significant differences in the values of 𝑍𝑓 and 𝐶𝑑𝑙  as compared to healthy regions.  

Stimulation of all contacts along one electrode 

For one patient, we stimulated the entire length of the electrode (all contacts along this electrode). 

This electrode was situated in a region where pathological activity and healthy activity were present. 

The most intern electrodes were located in the parahippocampus gyrus (electrodes OT1-4), followed 

by a junction and white matter (electrodes OT4-7), then the occipito-temporal sulcus (electrodes OT7-

10), another junction (electrodes OT10-12), and finally the inferior temporal gyrus (electrodes OT12-

13). The onset of a seizure is shown for the electrodes OT1-12, along with the conductivity (Fig. 5-9) 

for these electrodes. 
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Fig. 5-9. Epileptic seizure recorded in each contact of one whole electrode and estimated conductivity values. 

Fast-onset and sustained rhythmic spikes are observed in the para-hippocampus gyrus (OT1-4) and 

in the occipito-temporal sulcus (OT7-10), electrodes in the junction and in the white matter are not 

considered to have significant activity and finally the contact in the inferior temporal gyrus (OT12-13) 

has physiological activity. Interestingly, it is observed that the electrodes in the para-hippocampus 

gyrus occipito-temporal sulcus grey matter has lower conductivity that the electrode in the inferior 

temporal gyrus.  

Furthermore, we present in Tab. 5.5 the normalized epileptogenicity index (see in section 4.3 for 

definition). Higher values of epileptogenicity index (EI) means that the tissue is more epileptogenic. 

Interestingly, for grey matter, EI values are inversely correlated to conductivity. 
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5.4.2 Post-implantation encapsulation tissue 

As shown in Section 2, Chapter 2.3.2, when a foreign body is introduced in brain tissue, an 

encapsulation tissue that starts developing during the days following implantation. Since stimulation 

sessions did not occur at a fixed day (depending on the neurologist and patient availability), it was not 

possible to have stimulations that were completely consistent in terms of post-surgery testing timing. 

This resulted in stimulation waveforms that varied from patient to patient, as shown in Fig. 5-10. 

 

WHOLE ELECTRODE ANALYSIS 

Contact Localization GM/WM/J Normalized EI 
Epileptogenicity       

Classification 

Conductivity  

(S/m) 

    

OT1-2 Para-hippocampus gyrus GM 1 EZ 0.164 

OT2-3 Para-hippocampus gyrus GM 1 EZ 0.201 

OT3-4   Para-hippocampus gyrus GM 1 EZ 0.212 

OT4-5  J 0.85 NEZ 0.187 

OT5-6  WM 0.6 NEZ 0.184 

OT6-7  J 0.55 NEZ 0.176 

OT7-8 Occipito-temporal sulcus GM 1 EZ 0.167 

OT8-9 Occipito-temporal sulcus GM 1 EZ 0.173 

OT9-10 Occipito-temporal sulcus GM 0.3 EZ 0.178 

OT10-11  J 0.1 NEZ 0.220 

OT11-12  J 0.1 NEZ 0.314 

OT12-13   Inferior temporal gyrus GM 0 NEZ 0.351 

Tab. 5.5. Localization, classification, EI and conductivity of one patient entire electrode.  
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Fig. 5-10. Recorded stimulation waveforms for 4 different patients. Patients were stimulated different days after 

implantation (D+X, where X is the number of days between surgery and stimulation). 

Stimulation waveforms increase in amplitude during the days following implantation, which 

translated into higher impedance. The encapsulation tissue then adds up to the total medium resistance, 

which biased the estimation. Waveforms are qualitatively different, as can be seen within patients 

stimulated over 3 days post-surgery, where slower dynamics and higher amplitude probably due to 

effects of the encapsulation tissue. These differences will result in higher bioimpedance as shown in 

Fig. 5-11(a), and induce errors in the model, as shown in Fig. 5-11.(b). 

 
Fig. 5-11. (a) Mean value of the bioimpedance as a function of the post-implantation day. It is observed that the 

value of bioimpedance increases the days following implantation. (b) Non-linear mean square residual for different 

patients. The residual increases as a function of the post-implantation day. 
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As illustrated, when conductivity estimation is performed several days after implantation, higher 

values of impedances are expected which will cause a decrease in conductivities, as shown in. Fig. 

5-12. 

 
Fig. 5-12. Conductivity estimation as a function of the day after implantation, emphasizing how the estimated 

conductivity decreases during the days after implantation. 

These values make it difficult to compare the results between different patients. Nevertheless, in 

the results analysis, the biased values of conductivity will be compared between patients in the group 

analysis. A possible future prospect could be the use of encapsulation tissue impedance values as a 

function of the post-surgery number of days, and adapt them to the model. 

Encapsulation tissue model 

As described in the section 4 (Gliosis and encapsulation tissue), an option to understand the 

stimulation artifact during the days following implantation is modeling this encapsulation tissue. 

Considering the model proposed by (Lempka et al., 2009), the encapsulation tissue model was 

implemented as shown in Fig. 5-13 and Fig. 5-14. This model fits well the stimulation artifact, 

especially those that are stimulated more than 3 days after implantation. It must be noted that this 

method has more parameters (6 parameters) than the DL (3 parameters), which means a higher 

computational cost and a more difficult optimization problem for parameter identification. 
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Fig. 5-13. Encapsulation tissue circuit model as described in section 4, Gliosis and encapsulation tissue (violet) 

compared to the patient observation (blue) for: (a) Patient 1 (PAT1), (b) Patient 2 (PAT2), (c) Patient 3 (PAT3) and 

(d) Patient 4 (PAT4) 

These results open a new possibility for analyzing the gliosis process during the days following 

implantation, and possibly to find differences between regions that have different types of gliosis. 
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Fig. 5-14. Encapsulation tissue circuit model as described in section 4, Gliosis and encapsulation tissue (violet) 

compared to the patient observation (blue) for (e) Patient 5 (PAT5), (f) Patient 6 (PAT6) and (g) Patient 7 (PAT7). 

5.5 Statistical analysis 

In the following, results from experimental data are analyzed in the perspective of classifying 

healthy vs. epileptogenic regions. This is a challenging issue per se. As described in Section 2, 

Chapter 2.2.3 and Section 4, Chapter 4.3.5, there are several electrophysiological patterns (epileptic 

markers) found in SEEG recordings that characterize epileptic activity. The pathological activities that 

will be considered for classification are: 

 inter-ictal activity (e.g. spikes and spike-wave),  

 ictal fast onset, 

 sustained rhythmic spikes (during seizures), 

 Slow-wave activity (after seizures). 

The classification performed was to arrange the electrodes in two groups on the basis of 

electrophysiological markers. The first group was the electrodes contacts that did not display any 
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epileptic markers (regions considered healthy, i.e. NEZ). The second was the group of electrode 

contacts that displayed pathological activity, and are the ones to be considered in the EZ. The 

propagation zones were not differentiated from the EZ, which will be a perspective for future studies 

to add the propagation zones to the statistical analysis. 

5.5.1 Single patient-level analysis 

The statistical analysis per patient is divided in two parts: the first two patients are analyzed, and 

then the last five. This distinction is made since the first two patients were stimulated in fewer regions 

than the last five, which limits a proper statistical analysis. The reason is that the two first patients 

were the very first to be stimulated in an experimental setup that was never done before, and consisted 

in a “proof-of-principle” regarding our method.  

Patients 1-2 (PAT 1-2) 

PAT 1 was recorded the day following implantation of SEEG electrodes, and seven regions were 

recorded. From electrophysiological recordings, electrodes, three electrodes were classified in non-

epileptogenic zones (NEZ), and four electrodes were in regions generating significant epileptiform 

activity. PAT 2 was recorded eight days after implantation, and seven regions were stimulated. From 

SEEG signals, it was evaluated that 4 electrode contacts were in classified as NEZ, while 3 electrode 

contacts where as EZ, as shown in Fig. 5-15. 

 
Fig. 5-15. Classification of conductivity using electrophysiological recordings (binary differentiation) (a) Patient 1 (b) 

Patient 2. 

Interestingly, we observe lower values of conductivity for the second patient, which is consistent 

with the fact that stimulation was delivered eight days after implantation, giving time to the 

encapsulation tissue to form and locally increase tissue impedance (and therefore, to decrease 
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conductivity). Given the small number of stimulated regions for the first two patients, no further 

statistical test was performed at the single patient level.   

Patients 3-7 (PAT 3-7) 

For patients 3-7, there was a sufficient number of stimulated regions, which gave us the 

opportunity to perform a statistical analysis. The conductivity computed for each class of electrode 

contacts (i.e., EZ versus non-EZ) for these patients is shown in Fig. 5-16. 

 

 
Fig. 5-16. Boxplot of the conductivity as a function of the classification of electrode contacts (EZ versus NEZ) for 

patients 3-7 using electrophysiological recordings.   
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 The difference in electrical conductivity between EZ and NEZ electrode contacts was compared 

using the parametric Student’s t-test, which compares two independent samples following a normal 

distribution. A standard p-value < 0.05 was considered to be statistically significant. The number of 

stimulated regions, number of NEZ and EZ after classification, along with p-values for the different 

patients, are shown in Tab. 5.6. For 4 out of 5 patients, conductivity was significantly decreased in EZ 

regions (p < 0.05), which illustrates the consistency and magnitude of this conductivity decrease in 

epileptogenic tissue, even at the single patient level. 

5.5.2 Group analysis 

A group analysis was performed by pooling together electrode contacts sorted according to their 

type (epileptogenic zone: EZ versus non-epileptogenic zone: NEZ), along with the estimated electrical 

conductivity. The total number of NEZ stimulated regions was 68, and EZ stimulated regions was 76. 

It must be noted that, for an unbiased comparison, the post-surgery delay before testing should be 

rigorously identical between patients, which is not the case here. 

The estimated conductivity values for the different patients were combined, and the mean and the 

standard error of the mean (SEM) for the two groups (NEZ/EZ) were calculated as shown in Fig. 5-17. 

 

NUMBER OF NEZ/EZ AND P-VALUES FOR PATIENT 3-7 

Patient ID 
Number of stimulated 

regions 
NEZ EZ 

t-test 

p-value 

  

PAT 3 24 9 15 0,0104 

PAT 4 36 18 18 0,0041 

PAT 5 18 6 12 0,0166 

PAT 6 23 13 10 0,0174 

PAT 7 29 15 14 0,1428 

     

Tab. 5.6. Number of NEZ/EZ after classification and t-test for patient 3-7. 
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Fig. 5-17. Mean conductivity and standard error of the mean (SEM) for the group analysis (145 stimulated 

regions, NEZ = 68 and EZ = 76). 

Results show a more widespread distribution for conductivity values estimated from NEZ as 

compared with those obtained in EZ. A higher mean value was also for the NEZ values. By 

performing a Student t-test as previously, we obtained a p-value of  𝑝 = 0.00017, confirming that the 

conductivity decrease in epileptogenic regions is statistically significant. 

5.5.3 Parameters sensitivity analysis 

System inputs (model parameters) uncertainties raise questions regarding their effect over the 

outputs (signal waveform). Quantifying the effects of changes in parameters values onto the output is 

of key importance. This is generally achieved using sensitivity analysis and uncertainty analysis. A 

sensitivity analysis quantifies the incertitude of the output of a system as a function of the inputs, using 

sensitivity indices that are a measure of the influence of the input on the outputs. There are different 

methods to perform a sensitivity analysis, and the choice depends on different factors. The two main 

groups are called local and global sensitivity methods. Local sensitivity focuses on parameters in a 

small region of parameter space. In this thesis, global sensitivity analysis approach will be used, 

provided that it enables exploring wide regions of input parameters. The most popular family of global 

sensitivity is the variance-based approach, which aims to identify statistically the part of variability in 

the output that corresponds to the input. Nevertheless, these methods are considered to be 
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computationally costly (M. Sobol, 1990; Saltelli, 2008). The first order sensitivity index 𝑆𝑖 measures 

the main effect of the input variable on the output and is defined as: 

𝑆𝑖 =
𝑉𝑎𝑟[𝔼(𝑌|𝑋𝑖)]

𝑉𝑎𝑟[𝔼(𝑌)]
 

where 𝑌 is the output and 𝑋𝑖 one of the parameters. The second order sensitivity index 𝑆𝑖𝑗 measures 

the interaction effect of two inputs together on the output and is defined as: 

𝑆𝑖𝑗 =
𝑉𝑎𝑟[𝔼(𝑌|𝑋𝑖, 𝑋𝑗)] − 𝑉𝑎𝑟[𝔼(𝑌|𝑋𝑖)] − 𝑉𝑎𝑟[𝔼(𝑌|𝑋𝑗)]

𝑉𝑎𝑟[𝔼(𝑌)]
, ∀ 𝑖 ≠ 𝑗  

The high dimensional model representation (HDMR) method is a set of tools to calculate variance 

based sensitivity indices very efficiently (Li et al., 2003; Rabitz et al., 1999). In the following, we use 

the GUI-HDMR toolbox (a freely available Matlab toolbox with graphical user interface), which 

computes HDMR for a given model (Ziehn and Tomlin, 2009). The model for the electric potential 

measured between the electrodes takes the form: 

𝑣 = 𝑓(𝑅𝑚, 𝐶𝑑𝑙, 𝑍𝑓) 

The medium resistance 𝑅𝑚 and brain tissue interface parameters 𝐶𝑑𝑙 , 𝑍𝑓 are the model inputs that 

were used to calculate the sensitivity indexes and the systems output 𝑣 was the electric potential. For 

computing the sensitivity indices using the toolbox, two files must be created by the user: the first 

includes the rescaled inputs and the second the corresponding output values. The input values were 

computed for the expected values of medium resistance and electrode-electrolyte interface, the same 

range of values as used in the parameters estimation (medium resistance for conductivities between 

0.05-0.4 S/m, double layer capacitance for values between 0.5-3 µF and faradaic resistance values 

1000-100000 Ω). The output file was created uniformly sampling the electric potential (time-domain) 

in five points using the corresponding input ranges.  

The computed first order sensitivity indexes for the three parameters of our model (1: 𝑅𝑚, 2: 𝐶𝑑𝑙 

and 3: 𝑍𝑓) are the following: 

 𝑆1 = 0.8774 ; 𝑆2 = 0.0678 ; 𝑆3 = 0.1939 

It results that 𝑅𝑚 is the parameter with the main effect, followed by 𝑍𝑓 and finally 𝐶𝑑𝑙. We also 

calculated the second order sensitivity index:  

𝑆12 = 0.1298 ; 𝑆13 = 0.2434 ; 𝑆23 = 0.0106 
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 𝑅𝑚 and 𝑍𝑓 are the two inputs that, together, have more pronounced impact on the output. Overall, 

𝑅𝑚 is the most important model parameter, consistently with the fact that this parameter directly 

depends on tissue conductivity. 

5.6 Conductivity estimation variability 

It is important to test the possible variability of the estimated conductivity, to observe its 

limitations when considering a stimulation protocol. In this thesis, we hypothesized that the dielectric 

properties of tissue did not vary during the time of stimulation (~3 minutes). Changes in neuronal 

activity may induce variations in the extracellular space and subsequently some changes in tissue 

conductivity, typically in our case where stimulation is applied for a few minutes. The question is thus 

to what extent this neuronal activity can modify estimated conductivity values. 

To address this issue, we applied a bootstrap method on available recordings consisting of 3 trains 

of 25 pulses separated by 30 sec to 1 min. From these 75 tissue responses, we randomly selected 25 

responses and computed the average conductivity from this reduced sampling. The results as shown in 

Fig. 5-18 (10 trials, 4 pairs of electrode contacts) indicate that: 

1) The estimated conductivity is highly stable when pulse responses are randomized, 

2) The variance remains low. The average conductivity values estimated over the 25 

responses is identical to that estimated over the 75 responses. 

Consequently, these results show that conductivity can be estimated reliably from a limited number 

of pulses, and that it is independent from the occurrence times of pulses occurring over the ~3-minute 

recording. 

Therefore, and although we cannot rule out the possibility that changes of neuronal activity are 

induced by low-intensity periodic biphasic stimulation, results suggest that the impact of this 

stimulation protocol on conductivity estimation is very low. 

 



96 

 

 
Fig. 5-18. Bootstrap method applied to available recordings. Re-samples were obtained from 25 responses 

randomly selected in the initial set of 75 responses recorded over a few minutes. (a) Electrode A9-10 is in the grey 

matter, (b) electrode CR4-5 is in the white matter, (c) electrode Bp3-4 is in the epileptogenic zone (EZ) and (d) 

electrode Tp3-4 is in the epileptogenic zone. 

5.7 Electrolyte electric potential offset 

During stimulation, electric current implies a flow of ions in the solution. When the stimulation is 

sufficiently long, the electric properties of the conductive medium will change. Indeed, when a train of 

charge-balanced biphasic pulses is applied to an electrolyte, an electric potential offset is induced in 

the electrolyte caused by electron transfer processes (Kumsa et al., 2016). It is suggested that the 

increase is due to the fact that charge delivered by some electron transfer reactions cannot be 

recovered and will with time change the properties in the system. This offset was observed in the 

saline calibrated solution experimentation as observed in Fig. 5-19. (a). 
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Fig. 5-19. Electrolyte electric potential offset (a) stimulation train in calibrated saline solution (σ=0.1 S/m) and (b) 

stimulation train in a patient. 

It is worth noting that we did not observe this effect during stimulation in patients. Strikingly, in 

most patients, the offset starts being positive the first two pulses, but then becomes negative after ~0.5 

seconds as shown in Fig. 5-19.(b). Interestingly, plotting the offset without the stimulation waveforms 

for different electrode contacts as shown in Fig. 5-20 (a), it is observed that the final negative value of 

offset varies between different electrodes. Furthermore, considering two stimulation trains 

(consecutive, ~30 seconds between trains), the offset between trains are slightly different, a slower 

response (going negative after ~1s) and values less negative as shown in Fig. 5-20. (b). 

At this stage, we do not have a clear explanation of this effect, which could be related to 

physiological processes. Still, this was not the objective of this thesis and it was not studied in depth. 

As mentioned in the discussion, it could open a perspective for future work aimed at correlating the 

potential offset with the epileptogenic property of the underlying tissue. 

 
Fig. 5-20. Offset for different electrodes contacts in a patient (a) First stimulation train and (b) second stimulation. 



98 

 

  



99 

 

6 Discussion 

In the previous chapter, results about conductivity (calibrated solutions and brain tissue) and the 

correlation between non-epileptogenic and epileptogenic zone were presented. These results showed 

that: 1) it is possible to estimate the conductivity of a solution using intracranial electrodes and 

biphasic stimulation, 2) the stimulation artifact can be recorded from patient suffering of drug-resistant 

epilepsy and that conductivity can be estimated from these stimulation artifacts, and 3) a difference in 

conductivity between non-epileptogenic and epileptogenic tissue can be established. 

An originality of our approach is that we demonstrate that the characteristics of the stimulation 

artifact (typically discarded since deemed as not exploitable), can be used to gain further knowledge of 

the biophysical properties of brain tissue. Considering the stimulation artifact, an analytical model of 

the electric potential generated by the intracranial electrodes was derived, which is original since, in 

most cases, numerical methods are used to model electric fields or potentials. Moreover, we coupled 

this electric potential model with an electrode-electrolyte interface model, which is not frequently 

used, even if it is important for low-frequency conductivity estimation. 

The biophysical model was tested using 1) saline solutions calibrated for electrical conductivity, 2) 

rat brain tissue, and 3) intracerebral data recorded in epileptic patients during pre-surgical evaluation. 

Each step of validation was used as a possibility to systematically validate the method. 
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It should be noted that the patient stimulation waveform has to be sampled at a higher sampling 

frequency and higher input range than those used in clinical SEEG sampling systems. This was a 

major problem during this thesis, provided that an appropriate sampling system must be placed in 

parallel to the stimulator, which induces experimental challenges for acquiring the data. 

6.1 Conductivity estimation 

As reviewed in the state of the art (Section 2), the electrical properties of biological tissue can be 

analyzed using impedance techniques. However, these approaches do not account for the electrode 

geometry, and therefore values of impedance cannot be compared between different electrodes. In this 

thesis, the choice of focusing on conductivity instead of impedance provides more insights into tissue 

electrical properties. 

Tissue anisotropy is an important issue when studying conductivity, and our hypothesis of an 

isotropic tissue is an approximation. Considering a tissue with a 3-D conductivity tensor would be 

more rigorous. That being said, supposing tissue as isotropic is an assumption widely used in bio-

electromagnetism methods (i.e.: EEG inverse problems) and in our specific study dealing with 

epilepsy, we focused mainly on the cerebral cortex where anisotropy is much less pronounced (De 

Lucia et al., 2007). Nevertheless, let us mention that analyzing the influence of anisotropic tissue 

conductivity on the electric field distribution could be investigated using numerical solutions (i.e. 

COMSOL Multiphysics), and this approach would be associated with a significantly higher 

computational cost. 

One major limitation of existing invasive measures of brain tissue conductivity is the lack of 

account for the biophysical processes occurring at the electrode-brain tissue interface and for 

interaction mechanisms between the electric field and the brain tissue itself (S. Gabriel et al., 1996). 

As emphasized by our results, notably regarding the impact of the electrode-electrolyte interface on 

the simulated response, such mechanisms have to be considered to provide accurate estimates of low-

frequency conductivity.  

Brain tissue conductivity for biomedical applications has been previously mainly investigated using 

in-vivo scalp EEG (Baysal and Haueisen, 2004; Gonalves et al., 2003), freshly excised ex-vivo samples  

(Akhtari et al., 2006; S. Gabriel et al., 1996), in-vivo animal intracranial studies (Logothetis et al., 

2007) and in-vivo human intracranial studies (Koessler et al., 2017; Latikka et al., 2001). Results are 

not consistent between these studies, possibly due to the differences related to post-mortem changes in 

tissue, problems related to EEG scalp inverse/forward problems, changes in temperature, or electrode 

polarization and stimulating frequency. Our method provides conductivity estimates that are in the 

range of 0.3 S/m and 0.1 S/m for in vivo (grey matter) and post-mortem experiments, respectively, 

which are close to those reported in the literature (Koessler et al., 2017; Latikka et al., 2001; 
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Logothetis et al., 2007). It is worth noting that these results could be obtained using our new model 

accounting for the electrode-tissue interface for low-frequency stimulation. 

Regarding the contribution of sources of cellular activity to conductivity estimates, they indeed 

contribute to the recorded response. We neglected this contribution since, under our stimulation 

conditions, the stimulation artifact is on the order of ~1 V for a background activity that is typically in 

the order of magnitude of ~100 µVs. Therefore, we made the assumption that background activity is 

negligible and hence those sources were not considered in our model. 

Previous work has shown that carefully designed low-intensity stimulation can specifically activate 

GABAergic interneurons and not pyramidal cells (Wendling et al., 2016), which might cause changes 

in the extracellular space and tissue conductivity over time. In order to account for this possible bias, 

we performed conductivity estimations using randomly resampled segments of data (see Section 5.4). 

The estimated conductivity was highly stable when pulse responses were randomized. Therefore, it 

could be assumed that the stimulation does not changes the conductivity over the 3 minutes during 

which the tissue is stimulated and supports further the interest for the method developed in this thesis. 

Furthermore, we can conclude that only a very limited number of pulses need to be delivered to 

provide reliable conductivity estimation, making possible whole-brain conductivity estimates during 

SEEG session in a very short time.  

It has been shown that the cerebrospinal fluid (CSF) has a higher conductivity than brain tissue (S. 

Gabriel et al., 1996). This can be problematic given that some electrodes could overestimate the 

conductivity if an excess of CSF is around the electrode. It could be interesting to do a manual 

inspection of the MRI for each patient, to observe if the electrodes contacts were located within or 

crossing the border of CSF-filled spaces such as ventricles of surgical cavities. This may explain 

unexpected conductivity values. 

6.2 Relationship between electrical conductivity and 

pathophysiological processes 

Conductivity has increasingly attracted attention for analyzing tissue properties and as discussed in 

previous sections, it has been studied in different medical fields such as oncology and muscular 

diseases. In a typical clinical setting in epilepsy surgery units, electrical conductivity is not measured 

during SEEG recordings since the first focus of invasive stimulation sessions is to map epileptogenic 

networks based on the analysis of after-discharges elicited by stimulation such as cortico-cortical 

evoked potentials (Prime et al., 2017). An advantage of our approach is the use of stimulation 

parameters compatible with standard clinical stimulations performed during presurgical evaluation. 

Therefore, this opens the possibility to assess, at the same time, electrophysiological data and tissue 

conductivity. 
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The results shown in Section 5 illustrate a significant difference in terms of electrical conductivity 

between healthy and epileptogenic tissues. Two previous studies attempted to identify differences 

between epileptic tissue, one using DTI and the other using intracranial electrodes. The DTI study 

measured the electrical conductivities of freshly excised cortex in 21 epilepsy surgery patients 

(Akhtari et al., 2006), and conductivity varied between patients from 0.066 to 0.156 S/m. Interestingly, 

focal cortical dysplasia tissue had increased conductivity as compared to epileptogenic tissue without 

focal cortical dysplasia, leading to the conclusion that understanding how pathophysiological 

processes impact conductivity could provide supplementary information in epileptic patients candidate 

to surgery. It must be noted that these results compared the focal cortical dysplasia (a malformation of 

the cortex) and epileptogenic zones of excised cortex samples. Healthy tissue was not used in the 

comparison. Nevertheless, the estimated values of epileptogenic tissue found in this study are similar 

to those presented in this thesis.  

 In the study based on intracranial recordings (Koessler et al., 2017), conductivity measurements 

were performed in 15 epileptic patients using a radiofrequency current generator injecting a high 

frequency sinusoidal waveform, leading to conductivity values of 0.26 S/m for gray matter, and 0.17 

S/m for white matter. This study concluded that conductivity was slightly higher than in the EZ (0.29 

S/m) than in the GM (0.26 S/m). A possible explanation for the difference between these results and 

the one presented in this thesis is that the stimulation frequency used to calculate the impedance is 

high (50 kHz), which is beyond the quasi-static approach. Indeed, differences in the results could 

come from tissue capacitive effects that cannot be neglected at these frequencies. 

Another interesting study (Ridley et al., 2017), used sodium MRI to measure the total sodium 

concentration surrounding the SEEG electrodes. In this study, 10 drug-refractory epileptic patients 

candidates for surgery were studied using a new MRI technique (Madelin and Regatte, 2013), that 

uses sodium instead of hydrogen to create the image. Using this technique, the authors found a 1) 

chronic sodium concentration augmentation in epileptogenic zones, and 2) acute diminution of sodium 

concentration during seizures. These results show that possible ionic alterations (hence conductivity 

alterations) could reflect on potential clinically relevant division of pathological cortex. 

6.3 Future prospects and extensions of this work 

The influence of tissue heterogeneity is an interesting aspect that was not investigated in this thesis, 

since we used the isotropy hypothesis to develop an analytical framework. It has indeed been reported 

that heterogeneous tissue could alter the electric field spatial distribution by up to 10 %, depending on 

the anatomic region where the electrode were placed (Aström et al., 2012). Such errors are especially 

important in regions surrounded by multiple fibers such as the subthalamic area. Another possible 

extension of this work would be to consider the tissue as a heterogeneous medium, notably at the 

border between grey matter and white matter. In this case, the border of the white/grey matter would 
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be considered as a medium with two different conductivities (bi-conductivity medium), which could 

eventually help to determine the white/grey matter junctions using intracranial electrodes. 

Another interesting development would be to study the evolution of electrode-tissue interface 

parameters during the days following SEEG electrode implantation (Grill and Mortimer, 1994; 

Polikov et al., 2005; Riistama and Lekkala, 2006), possibly reflecting CSF infiltration post-surgery but 

also gliosis forming around the electrode (Lempka et al., 2009; Yousif et al., 2008). We presented in 

this thesis a model of encapsulating tissue, which could be used to measure the impedance of the 

encapsulation tissue, and improve the estimation of conductivity even of the presence of this tissue. It 

would be possible to study the evolution of the electrode-electrolyte interface over several days within 

the same patients, which would involve a slightly more time-consuming follow-up but could provide a 

better view on the evolution of the electrode-tissue interaction. 

Furthermore, another possible direction would be to link specifically changes in brain tissue 

conductivity with pathophysiological mechanisms. For example, since electrical conductivity is 

proportional to ions mobility in tissue, we could establish links between changes in ionic concentration 

regulation, electrical conductivity and pathophysiological processes (Cone, 1970; Emin et al., 2015). 

Exploring further the potential difference in electrical conductivity between healthy and epileptogenic 

tissue would lead, if confirmed, to insights into pathophysiological processes underlying this 

difference (Emin et al., 2015; Kadala et al., 2015; Raimondo et al., 2015). Investigating the potential 

role of changes in ionic concentration regulation within the extracellular medium on the electrical 

conductivity with biophysical modeling would be an appropriate direction to verify this possibility. 

Further analyzing the different regions, differentiating the propagation zones from the epileptogenic 

zones and their correlation with conductivity is another perspective of this work. 
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7 Conclusion 

We have proposed a novel method to estimate the biophysical properties of the brain tissue, and 

more specifically electrical conductivity. In this model-based approach, we account for the electric 

potential and field induced by the stimulation electrode, and also for the electrode-electrolyte interface 

characteristics, to accurately describe the brain tissue response to pulse stimulation. From this fitting 

of the recorded response, the model provides access to biophysically relevant parameters, notably the 

electrical conductivity which can be further used for diagnosis.  

The proposed method was validated using in in vitro and ex vivo settings. We obtained excellent 

matching results for saline solutions and good results for the ex-vivo data (small difference between 

right and left hemisphere). In addition, clinically-relevant results were obtained from intracerebral data 

recorded in epileptic patients. The main advantages of this model-based method are its accuracy, low 

computational cost, and compatibility with stimulation hardware and parameters routinely used in 

clinics, making it immediately applicable.  

In this thesis, it was found a conductivity decrease of brain tissue conductivity for epileptic patients 

(𝑁 = 7). This tendency must be validated with a larger sample of patients,  to confirm this. Electrical 

conductivity estimation could lead to the development of novel markers of “abnormal brain tissue” 

which can complement the analysis of SEEG intracerebral recordings classically performed prior to 
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surgery. For improving the statistical comparison between different groups, it would be more 

appropriate to stimulate all patients the same day after electrode implantation (ideally the day after 

implantation) to reduce the effect of encapsulation tissue. 

We also studied the evolution of the stimulation artifact during the days following implantation. In 

this thesis, a model-based solution for the effect related to the implantation tissue was introduced, but 

conductivity estimation has not yet been confirmed using this method. This represents a promising 

future perspective to extend this work. Furthermore, considering tissue as a heterogeneous medium is 

an aspect that has not been studied in this thesis, and it could be fruitful to introduce a model for 

heterogeneous medium, to determine grey/white matter junction. 
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Glossaries 

EZ: Epileptogenic zones 

NEZ: Non-epileptogenic zone 

EEG: Electroencephalography 

MEG: Magnetoencephalography 

SEEG: Stereotactic electroencephalography 

CSF: Cerebrospinal fluid 

DTI: Diffusion tensor 

MRI: Magnetic resonance imaging 

EIT: Electrical impedance tomography 

MREIT: Magnetic resonance electrical impedance tomography 

LFP: Local field potential 

ILAE: International league against epilepsy 

IED: Inter-ictal epileptiform discharges 

HFO: High frequency oscillations 

SOZ: Seizure onset zone 

PZ: Propagation zone 

IZ: Irritating zone 
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tDCS: Transcranial direct current stimulation 

tACS: Transcranial alternating current stimulation 

TMS: Transcranial magnetic stimulation 

DL: Double layer 

CPE: Constant phase element 

WM: White matter 

GM: Grey matter 

PDE: Partial differential equations 

FEM: Finite element method 

RMS: Root mean square 

MMSE: Minimum mean squared error 

NLMS: Non-linear minimum squared residual 

EI: Epileptogenicity index 

HDMR: High dimensional model representation 

SEM: Standard error of the mean 
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Titre : Modèle biophysique pour la mesure de la conductivité cérébrale et apport diagnostique. 

Mots clés : Conductivité électrique, stimulation intracrânien, interface électrode-électrolyte, 
épilepsie. 

Résumé : Objectif : Nous avons cherché à 
fournir une estimation précise de la 
conductivité électrique des tissus cérébraux 
humains en clinique, en utilisant une 
stimulation pulsée locale de faible intensité.  

Méthodes : À l'aide de l'approximation 
quasi-statique des équations de Maxwell, nous 
avons établi un modèle analytique du champ 
électrique généré par les électrodes 
intracérébrales stéréotaxiques-EEG (SEEG). 
Nous avons couplé ce modèle de champ 
électrique avec un modèle de l'interface 
électrode-électrolyte pour fournir une 
expression analytique explicite de la 
conductivité du tissu cérébral basée sur la 
réponse enregistrée du tissu cérébral à la 
stimulation.   

Résultats: Nous avons validé notre modèle 
biophysique en utilisant i) des solutions salines 
calibrées en conductivité électrique, 

ii) des tissus cérébraux de rat, et iii) des 
données électrophysiologiques enregistrées en 
clinique chez sept patients épileptiques au 
cours de la SEEG. Nous avons trouvé une 
possible correlation entre la conducitivé et le 
caractere epileptique du tissu.  

Conclusion: Cette nouvelle méthode basée 
sur un modèle offre une estimation rapide et 
fiable de la conductivité électrique des tissus 
cérébraux en tenant compte des contributions 
de l'interface électrode-électrolyte. 

Signification: Cette méthode surpasse les 
mesures standard de bioimpédance. 
L'application pour le diagnostic est envisagée 
puisque les valeurs de conductivité diffèrent 
fortement lorsqu'elles sont estimées dans le 
tissu cérébral sain versus hyperexcitable. 

 

Title: Biophysical model for measurement of brain tissue conductivity and diagnostic 
applications. 

Keywords: Electrical conductivity, intracranial electrodes, electrode-electrolyte interface, 
epilepsy. 

Abstract: Objective: We aimed at providing 
an accurate estimation of human brain tissue 
electrical conductivity in clinico, using local, low-
intensity pulsed stimulation. 

Methods: Using the quasi-static 
approximation of Maxwell equations, we derived 
an analytical model of the electric field 
generated by intracerebral stereotactic-EEG 
(SEEG) electrodes. We coupled this electric 
field model with a model of the electrode-
electrolyte interface to provide an explicit, 
analytical expression of brain tissue conductivity 
based on the recorded brain tissue response to 
pulse stimulation.  

Results: We validated our biophysical model 
using:  i) saline solutions calibrated in electrical 

conductivity, ii) rat brain tissue, and iii) 
electrophysiological data recorded in clinico 
from two epileptic patients during SEEG.  

Conclusion: This new model-based method 
offers a fast and reliable estimation of brain 
tissue electrical conductivity by accounting for 
contributions from the electrode-electrolyte 
interface.  

Significance: This method outperforms 
standard bioimpedance measurements since it 
provides absolute (as opposed to relative) 
changes in brain tissue conductivity. 
Application for diagnosis is envisioned since 
conductivity values strongly differ when 
estimated in the healthy vs. hyperexcitable 
brain tissue. 

 
 


