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RESUME

Les propriétés électriques passives du myocarde jouent un role majeur dans la
propagation de I'impulsion cardiaque. L’anisotropie de ces propriétés est responsable de
la plus grande vitesse de propagation de I’impulsion suivant la direction des fibres, tandis
que leur altération peut provoquer un bloc de conduction fonctionnel et de graves
arythmies. La mesure des conductivités électriques cardiaques est habituellement
exécutée en injectant un courant connu dans le myocarde et en enregistrant le potentiel
produit par la diffusion de ce courant dans le tissu. Plusieurs techniques de mesure
utilisant des électrodes intracellulaires pour ’injection du courant ou pour la mesure de
potentiel sont rapportées dans la littérature. Nous avons développé une nouvelle méthode
qui utilise seulement des €lectrodes extracellulaires. Notre approche est inspirée de la
technique a quatre électrodes qui est constituée de quatre électrodes équidistantes et
alignées appliquées sur le myocarde : le courant est injecté par les deux électrodes
distales alors que la différence de potentiel est mesurée entre les électrodes centrales.
Nous avons modifié la technique a quatre électrodes en réduisant considérablement
I’espacement entre les électrodes et en variant la fréquence du courant de 10 a 10000 Hz
de fagon qu’a basse fréquence, le courant se propage dans domaine interstitiel et qu’a
haute fréquence, il se propage dans les deux milieux. Les modifications du module et de
la phase du potentiel sont reproduites avec un modeéle bidomaine de myocarde approprié
pour calculer les différentes conductivités. La combinaison d’une petite distance

interélectrode et d’'un modéle bidomaine est par conséquent, essentielle pour évaluer les
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propriétés intracellulaires, ce qui était impossible auparavant avec une grande distance

interélectrode et un modeéle monodomaine.

Un modele de tissu doit étre utilisé pour analyser les mesures de courant et de
tension et estimer les conductivités du myocarde. Nous décrirons deux modéles de
myocarde développés pour estimer ces propriétés. Premiérement, le tissu cardiaque est
représenté par le modéle bidomaine standard qui comprend une capacité membranaire;
deuxiémement, ce modéle est modifié en ajoutant une capacité intracellulaire
représentant une jonction intercalaire. Les solutions numériques sont calculées avec un
algorithme de transformée de Fourier rapide sans contrainte sur le ratio d’anisotropie des
domaines intracellulaires et interstitiels. Les paramétres bidomaines sont estimés avec un
algorithme de type “Shor’s r” modifié, en choisissant les paramétres qui générent la
différence minimale entre les potentiels simulés et les potentiels mesurés suivant I’axe

longitudinal et I’axe transverse dans toute la gamme de fréquences.

Un systéme de mesure complet composé d’un capteur, d’un circuit électronique et
d’un ordinateur est développé et testé sur des préparations de tissu canin. Le capteur est
composé de deux rangées orthogonales de quatre électrodes afin d’échantillonner les axes
longitudinal et transverse. Le capteur est constitué de 8 fils de platine-iridium (Pt-80%,
Ir-20%) avec un diamétre de 50 um insérés dans un treillis de nylon et encastrés dans la
résine d’époxyde. Les électrodes de chacune des rangées sont pratiquement équidistantes

avec une distance interélectrode d = 340um et sont plaquées avec du noir de platine pour
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diminuer I'impédance des électrodes et les effets des capacités parasites. Le circuit
électronique est composé d’une source de courant alternative isolée optiquement pour
minimiser les fuites de courant a la masse et d’un amplificateur d’instrumentation.
L’ordinateur est composé d'une carte d’acquisition avec un générateur de fonction
programmable et d’une carte d’oscilloscope pour controler le courant et mesurer les
potentiels. Les signaux de courant et de tension sont filtrés numériquement et traités pour
mesurer ’amplitude et la phase du rapport tension sur courant. Une procédure de
calibration avec trois solutions salines de conductivités connues est utilisée pour corriger

les mesures sur le myocarde.

Des tissus canins, soit d’oreillette ou de ventricule, sont excisés puis perfusés dans
un bain de tissu avec une solution de Tyrode ou un mélange de Tyrode et de sang. Les
mesures obtenues sur les préparations perfusées avec la solution de Tyrode ne sont pas
stables et montrent une augmentation du module, ce qui refléte une diminution apparente
de la conductivité qui pourrait étre due a ’cedéme. En contrepartie, les mesures obtenues
avec perfusion de sang et de Tyrode sont stables. Le module du ratio diminue aux
fréquences supérieures, reflétant une augmentation apparente de la conductivité lorsque
plus de courant circule dans le domaine intracellulaire en court-circuitant la capacité
membranaire. La qualité de la reproduction des données expérimentales par le modéle
bidomaine standard est trés bonne de 10 Hz a 1000 Hz et I’ajout de la capacité de
jonction dans le second modéle améliore considérablement la qualité de la reproduction

au-dela de 2000 Hz. Un bolus d’Heptanol-I, une drogue qui découple les cellules, fait



tripler la résistivit¢ de jonction transverse. En général, la reproductibilité des
conductivités estimées est relativement bonne, avec des déviations standard variant entre
2 et 20% de leur moyenne respeciive. Dans toutes les préparations, les conductivités
bidomaines longitudinales (intracellulaire et interstitielle) sont plus grandes que les
conductivités transverses, tel qu’attendu. Aussi, les conductivités interstitielles
bidomaines sont supérieures a celles du milieu intracellulaire. La gamme des valeurs
obtenues pour les préparations d’oreillettes chevauchent en général celles des
préparations de ventricule pour la plupart des paramétres, suggérant que la variabilité
interindividuelle est plus importante que la variabilité due au type de tissu. Les

paramétres estimés sont dans la plage des valeurs physiologiques.

Une limitation actuelle de cette méthode est le temps de calcul nécessaire pour
évaluer les huit parametres (5 a 12 heures sur une station de travail SGI/R4000, 100
MHz) ce qui €limine toute possibilité de traitement en temps réel. Un nouveau protocole
de mesure assisté par ordinateur utilisant plusieurs fréquences simultanément ou un
balayage rapide en fréquence pourrait diminuer le temps d’acquisition pour saisir un

changement rapide des propriétés électriques passives.

En conclusion, les expériences montrent que cette technique est capable de
discriminer le domaine interstitiel du domaine intracellulaire et qu’elle peut étre utile
pour mesurer éventuellement les modifications des conductivités produites par la

médication, I’hypoxie et I'ischémie. Aussi la petite surface de mesure peut déterminer les
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ABSTRACT

The passive electrical properties of the myocardium play a major role in the
propagation of the cardiac impulse. The anisotropy of these properties accounts for the
faster velocity of the impulse along the fiber direction, whereas their alteration can lead
to functional block and severe arrhythmias. The measurement of cardiac electrical
conductivities is usually performed by injecting a known current in the myocardium and
by measuring the potentials produced by the diffusion of the current in the tissue.
Different measurement techniques have been proposed which use intraceliular electrodes
for either current injection or potential measurements. We have developed a new method
which uses only extracellular electrodes. Our approach is derived from the four-electrode
technique which consists of four equidistant and aligned electrodes applied over the
myocardium: current is injected between the two outer electrodes while the potential
difference is measured between the two inner electrodes. We modified the four-electrode
technique by reducing significantly the interelectrode spacing and by changing the
frequency of the current from 10 to 10000 Hz so that it flows in the interstitial domain at
lower frequencies and in both interstitial and intracellular domains at higher frequencies.
The alteration of modulus and phase of the measured potential are then fitted with
appropriate bidomain myocardial models to compute the different conductivities. The
combination of small interelectrode spacing and bidomain modeling is thus essential to
assess the intracellular properties, which was not possible previously with larger spacing

and monodomain modeling.
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A tissue model must be used to analyze the current and voltage measurements and
to estimate the myocardial conductivities. We describe two myocardial models developed
to estimate these properties. Firstly, the cardiac tissue is represented by a standard
bidomain model which includes a membrane capacitance; secondly, this model is
modified by adding an intracellular capacitance representing the gap junctions.
Numerical solutions are computed with a Fast Fourier Transform algorithm without
constraining the anisotropy ratios of the interstitial and intracellular domains. Bidomain
parameters are estimated by fitting, with a modified Shor's r-algorithm, the simulated
potentials to the potentials measured along the longitudinal and transverse axes for

different frequencies (10-10000 Hz).

A complete measurement system, consisting of a probe, an electronic circuit and a
computer, was developed and tested in canine tissue preparations. The probe consists of
two orthogonal rows of four electrodes in order to sample both the longitudinal and
transverse axes of the myocardial fibers. The probe comprises 8 platinum-iridium
(Pt-80%, Ir-20%) wires with a diameter of 50 um inserted through a nylon mesh and cast
into epoxy resin. The electrodes of each row are nearly equidistant with an interelectrode
distance 4 ~0.340 mm and are plated with platinum-black to reduce the impedance of the
electrodes and the effects of stray capacitances. The electronic circuit is composed of a
floating alternating current source optically isolated to minimize current leakage to

ground and an instrumentation amplifier. The computer comprises a data acquisition
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board with a programmable function generator and an oscilloscope board to measure the
potentials and to control the current source. The current and voltage signals are digitally
filtered and processed to measure both the amplitude and the phase of the voltage-to-
current ratio. A calibration procedure using three saline solutions of known conductivities

is used to correct the myocardial measurements.

Canine atrial and ventricular tissues were excised and perfused in a tissue bath
with either a Tyrode solution or mixture of blood and Tyrode. The voltage-to-current
ratios measured in preparations perfused with Tyrode were not stable and showed an
increase of the modulus, reflecting an apparent decrease of conductivity that could be due
to edema. In contrast, the measurements obtained with the blood-Tyrode perfusion were
stable. The modulus of the ratio decreased at higher frequencies, reflecting the apparent
increase of conductivity as more current was shunted through the membrane capacitance
into the intracellular domain. The goodness-of-fit of the standard bidomain model was
very good from 10 to 1000 Hz, and the inclusion of the gap junction capacitances in the
second model improved significantly the goodness-of-fit above 1000-2000 Hz. A bolus
of Heptanol-1, a drug which uncouples the cells, produced a three fold increase of the
transverse bidomain junction resistivity. In general, the reproducibility of the estimated
conductivity values was quite good, with standard deviations that ranged between 2 to
20% of their respective means. In all preparations, the longitudinal bidomain
conductivities (intracellular and interstitial) were higher than the transverse ones, as

expected. Also, the interstitial bidomain conductivities were higher than the intracellular
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ones. The ranges of values obtained for the atrial preparations generally overlapped those
for ventricular preparations for most parameters, suggesting that inter individual
variability was more important than tissue type variability. The estimated parameters

were in the physiological range.

A present limitation of this method is the long computer time necessary to
evaluate the eight parameters (5 to 12 hours on a SGI/R4000, 100 MHz work station)
which precludes on-line analysis. A new computerized measurement protocol using
multiple simultaneous frequencies or a rapid frequency sweep could also reduce the

acquisition time so as to capture rapid changes of the passive electrical properties.

In conclusion, the experiments show that this technique is able to discriminate the
interstitial domain from the intracellular one. This technique can be useful to measure the
modifications for conductivities produced by medication, hypoxia and ischemia. Also,
the small sensing area can determine the electrical properties of tissue in specific regions
responsible for conduction abnormalities such as reentry or functional block so as to

investigate the mechanisms of cardiac arrhythmias.
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CHAPITRE 1 : INTRODUCTION

Les maladies du cceur ont une trés grande prévalence en Ameérique du Nord et en
Europe. Malgré ’avénement de nouveaux médicaments de plus en plus efficaces, de
pacemakers plus sophistiqués et des nouveaux traitements comme |'angioplastie et
I’ablation radio fréquence, les maladies du cceur demeurent une des principales causes de
décés. Les personnes traitées pour une maladie cardiaque autrefois mortelle récidivent
plus souvent, d’ou [I'importance de la recherche pour mieux comprendre

I’électrophysiologie de notre pompe vitale.

Le myocarde normal se contracte de fagon rythmique, synchrone et uniforme. La
contraction du tissu musculaire est provoquée par la propagation du potentiel d’action
initiée par le naeud sinusal, d’abord dans les oreillettes puis dans les ventricules [1]. Les
meécanismes des troubles du rythme cardiaque sont de deux types : soit un probléme
d’automaticité (tachycardie de type sinusal, parasystole ventriculaire ...), soit un trouble
de la conduction (bloc unidirectionnel avec réentrée, tachycardie ventriculaire,
fibrillation). Dans ma thése, je veux apporter un nouvel outil de recherche sur les troubles
du rythme provoqués par un trouble de la conduction causé par une anomalie des

propriétés électriques passives du myocarde.

La propagation d’une impulsion cardiaque implique un circuit local comprenant

quatre éléments fonctionnels : a) les canaux membranaires qui s’ouvrent pour faire entrer



le courant d’excitation dans la cellule, b) la conductivité intracellulaire, c) la capacité
membranaire, et d) la conductivité interstitielle. Tous ces éléments déterminent la vitesse
de propagation d’un potentiel d’action dans la fibre musculaire et aussi le bloc de cette
propagation [2]. La vitesse de propagation d’un potentiel d’action peut étre modifiée de
deux facons : en changeant soit les propriétés actives de la membrane soit les propriétés

électriques passives du tissu [3].

Les propriétés actives de la membrane (forme du potentiel d’action, durée de la
période réfractaire, potentiel de repos, perméabilité de la membrane aux différents ions,
etc.) sont liées a la dynamique non linéaire du potentiel d’action. Par ailleurs, les
propriétés électriques passives, sous seuil, (les conductivités des milieux intracellulaires
et interstitiels le long des fibres et perpendiculaire aux fibres, la capacité et la résistance
membranaire, etc.) dépendent de la microstructure et de la composition ionique du

myocarde.

Un exemple de I’influence des propriétés passives est la vitesse de propagation
qui est preés de trois fois supérieure suivant la direction des fibres que celle transverse aux
fibres [4,5,6,7]. Clerc [7] estime ainsi que dans le milieu interstitiel, la résistivité
transverse est 2.7 fois supérieure a la résistivité longitudinale et que dans le milieu
intracellulaire, la résistivité transverse est 9.4 fois plus grande que la résistivité
longitudinale. II attribue la différence de vitesse de conduction a cette anisotropie des

résistivités intracellulaire et interstitielle. L’influence de la conductivité des jonctions sur



la vitesse de propagation et la forme du potentiel d’action (Vm et 7,,) est montrée par

des simulations numériques [8] ainsi que par des expériences utilisant I’Heptanol-I,
connu comme étant un découpleur intracellulaire. Ainsi, une couche de myocarde canin
sous-perfusée soumise a un traitement d’Heptanol-I par Balke et coll. [9] montre un
ralentissement de la vitesse de conduction transverse et longitudinale attribuable a une
augmentation simultanée de la résistivité des jonctions car I’Heptanol-I ne modifie ni
I’amplitude du potentiel d’action, ni le taux maximum de dépolarisation [9]. Delmar et
coll. [10], ont aussi obtenu un bloc de conduction transverse complet en sous-perfusant
une fine tranche d’épicarde de mouton avec une solution de Tyrode contenant de

I’Heptanol.

La cartographie d’activation cardiaque permet d’illustrer la propagation des fronts
d’activation endo- et épicardiques ainsi que les blocs de conduction a I’aide de cartes de
lignes isochrones. Elle permet d’identifier la position des obstacles, mais ne donne
qu’une information limitée sur les caractéristiques électriques du tissu. Le but de ce
travail est d’élaborer une technique de mesure des conductivités intracellulaire et
interstitielle du tissu cardiaque suivant les axes longitudinal et transverse aux fibres.
L’instrument de mesure devra étre apposé simplement a la surface du tissu et ne

nécessiter aucune chambre expérimentale particuliére.

Au chapitre 2, une revue des différentes techniques de mesure des propriétés

électriques passives du tissu cardiaque (et quelques applications sur le muscle



squelettique) nous permettra de déterminer que l’approche la plus appropriée est la
technique a quatre électrodes extracellulaires et équidistantes. La technique de base
consiste a apposer quatre électrodes équidistantes sur le tissu cardiaque et d’injecter un
courant connu par les deux électrodes excentriques, tandis que la différence de potentiel
modulée par les caractéristiques électriques du tissu est mesurée par les deux électrodes
centrales. Plonsey et Barr [11] ont théoriquement montré la possibilité de mesurer les
conductivités intracellulaire et interstitielle en utilisant une combinaison de mesures
suivant ’axe longitudinal et transverse aux fibres avec deux distances interélectrodes
particuliéres. Cependant, leur solution analytique n’est valide que si le ratio des
conductivités intraceilulaires et interstitielles est le méme suivant les trois axes du tissu,

ce qui n’est physiologiquement pas réaliste [5,6,7].

Au chapitre 3, nous présentons les aspects théoriques de notre méthode qui est
basée sur 'utilisation d’un courant sinusoidal sur une plage de fréquence de 12 Hz a
10 kHz avec une faible distance interélectrode (340 um). Le changement de fréquence du
courant pouvant alors se substituer 4 une variation de la distance interélectrode. La
distribution de potentiel dans un modéle de tissu tridimensionnel, bidomaine et
anisotrope, sans contrainte du ratio d’anisotropie, est calculée numériquement par la
méthode de la transformée de Fourier spatiale. Ce modéle est adapté a I'utilisation du
courant alternatif et inclus une capacité intracellulaire. L’évaluation des conductivités du
tissu cardiaque se fait en ajustant les propriétés passives du modéle qui minimisent Ia

différence entre les mesures expérimentales et celles simulées par le modéle sur toute la



plage de fréquence et suivant les deux axes de mesure. Le capteur comporte huit
électrodes disposées selon deux quadruplets d’électrodes équidistantes alignés selon deux

axes orthogonaux.

Au chapitre 4, des mesures expérimentales sont obtenues sur des tissus cardiaques
in vitro. Nous décrivons les éléments nécessaires pour un systéme de mesure tel que : les
microélectrodes métalliques et leur traitement pour diminuer leur impédance, les
spécifications techniques du circuit électronique, la mise au point du montage in vitro et

I’analyse des mesures par les différents modéles.



CHAPITRE 2 : LES METHODES DE MESURE D’IMPEDANCE

2.1 NOTIONS RELATIVES AUX TISSUS BIOLOGIQUES

2.1.1 LE MODELE DE CABLE

Le modéle de cable est une représentation électrique simple, en une dimension,
des fibres qui ont une géométrie cylindrique tel que les fibres musculaires ou nerveuses.
Le modéle de cdble permet d’étudier la propagation de ’excitation dans ces fibres et peut
étre utilisé pour le muscle cardiaque en choisissant de petits muscles papillaires [12] de
géométrie cylindrique. Les équations qui régissent ce modéle peuvent étre adaptées pour

représenter les conditions des phénomeénes passifs.

Le modéle de cable est développé a partir de la théorie des circuits électriques.
En supposant une symétrie axiale, ceci permet une représentation unidimensionnelle [13].
La Figure 2.1 illustre les composantes électriques discrétes d’un cable composé par un
réseau d’unités de longueur Ax (cm). Les milieux intracellulaire et interstitiel y sont
représentés par les résistances ( 7,Ax,7,Ax) et sont séparés par une membrane qui permet
le passage du courant transmembranaire i Ax d’un milieu a I’autre. La double couche
lipidique de la membrane est représentée par une capacité membranaire (c,Ax) et la
conduction ionique membranaire par une résistance membranaire (7, / Ax) en paralléle;

i, et i, sont respectivement les courants interstitiels et intracellulaires. En faisant tendre



Ax vers 0, nous pouvons passer d’un réseau de résistances aux équations analytiques.

Figure 2.1 Modéle de cdble

Une série d’équations régissent la propagation du potentiel d’action dans un cédble
[11,14] et sont vérifiés expérimentalement. Dans le cadre des études des propriétés
passives du tissu cardiaque, le modeéle de cdble est surtout utilisé avec des préparations
qui comportent des mesures intracellulaires et extracellulaires [7,12,15]. Le modéle de
cdble a été extrapolé en deux dimensions avec le modéle de disque qui considére
cependant une symétrie radiale par rapport au site d’injection du courant intracellulaire
[14,16]. Les nouveaux modéles de cdbies numériques tiennent compte de la
discrétisation des cellules et des jonctions intercalaires afin reproduire le comportement

de la propagation de 1’onde [8].

2.1.2 MILIEUX MONODOMAINE, BIDOMAINE, ISOTROPE ET ANISOTROPE

Les techniques standard de mesure de conductivités de matériaux utilisent une

approche macroscopique différente de celle du modéle de cable qui ne permet pas de



distinguer le milieu intracellulaire du milieu interstitiel. On attribue le qualificatif de
monodomaine a une structure formée d'un domaine uniforme et continu. Le
monodomaine est utilisé pour décrire des matériaux inertes tels que des conducteurs
métalliques et des solutions électrolytiques homogeénes. Par contre, la structure du
myocarde est qualifiée de bidomaine car elle est composée d’un domaine intracellulaire
et d’'un domaine interstitiel de conductivités différentes, séparés en tout point par une
membrane. Un milieu est qualifié d’isotrope quand il posséde les mémes propriétés dans
toutes les directions. Le muscle cardiaque a une structure anisotrope car il posséde des
conductivités électriques différentes suivant les axes orthogonaux. L’axe de plus grande
conductivité est orienté suivant la direction des fibres et les axes de plus faible

conductivité suivant les directions transverses aux fibres [7].

2.2 EVALUATION DES PARAMETRES PASSIFS DU TISSU

Il n’est pas aussi simple de mesurer la conductivité du tissu cardiaque que celle
d’un fil de cuivre. La premiére difficulté est causée par la complexité de la structure
conductrice du tissu biologique dont la modélisation demande des artifices
mathématiques. La deuxiéme difficulté est provoquée par une impédance d’électrode
créée par I’interface entre le tissu et les électrodes de mesure [17,18,19,20], ce qui exige
des artifices électroniques dans les cas ou les électrodes sont trés petites. La conduction
électrique du tissu est ionique alors que celle du métal est électronique, ce qui forme une

région de diffusion des ions [21] & I’interface métal-électrolyte.



Il existe différentes fagons de mesurer les paramétres de conductivité d’un tissu,
mais le principe général est d’injecter un courant d’intensité et de forme connue (courant
alternatif ou continu, onde carrée etc.) et de comparer la réponse du tissu a un circuit
électrique équivalent qui modélise la diffusion du courant dans le tissu. Les techniques
de mesure se sont raffinées au gré des nouvelles technologies disponibles (électrodes,
micro-électronique, systémes d’acquisitions, traitement numérique) et avec la nature des
parameétres a mesurer. Les techniques pour mesurer les propriétés électriques
microscopiques utilisent surtout des micropipettes pour accéder au milieu intracellulaire

et interstitiel afin d’y injecter du courant ou de mesurer le potentiel [15,16,22].

2.2.1 LES METHODES BASEES SUR LE MODELE DE CABLE

Le modéele de cable est considéré comme étant bidomaine, isotrope et uniforme
[23]). L’approche par courant alternatif est fréquemment utilisée pour I’analyse de
"impédance avec ce modele. La technique est expérimentalement difficile bien que
’analyse en fréquence soit relativement simple. L’utilisation du courant sinusoidal
produit une réponse du tissu en régime permanent, ce qui n’est pas le cas avec une
réponse a un échelon. Le sinus étant une harmonique pure, il permet de mesurer la phase
entre le courant injecté et la tension produite par la diffusion du courant dans le tissu et de

vérifier que ce dernier n’induit pas de distorsion dans le signal.
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Une méthode pour étudier les propriétés en courant alternatif d’une fibre
musculaire consiste a utiliser deux électrodes intracellulaires, I’une qui injecte le courant
et une autre qui mesure la réponse en tension produite par le tissu. L’impédance globale
de la membrane est généralement représentée par un modéle électrique comprenant une
combinaison de résistance en paralléle avec un condensateur [14,22,24]. Pour Freygang
et coll. [25], I’injection d’un courant alternatif par chacune des extrémités d’une fibre de
Purkinje entourée par une huile de silicone permet de mesurer la conductivité
intracellulaire de la fibre en utilisant un modéle électrique intracellulaire issu du modéle

de céable.

Weidmann [12] utilise deux grandes électrodes extracellulaires a chacune des
deux extrémités d’un mince faisceau de la cavité interne ventriculaire isolée dans un bain
de silicone. La fibre est irriguée aux deux extrémités par une solution de Tyrode. Un
échelon de courant sous-liminaire est appliqué dans le milieu extracellulaire aux
extrémités du faisceau par un circuit isolé de la masse. Les mesures de potentiel sont
faites avec deux micropipettes Ling-Gérard intracellulaires ou extracellulaires. L’auteur
montre qu’une distance entre les électrodes d’injection de courant de quelques constantes
d’espace permet au courant de se séparer entre les milieux intracellulaire et interstitiel,
car 4 mi-chemin de chacune des électrodes de stimulation, les potentiels intracellulaire et
interstitiel sont égaux. Il utilise aussi un protocole provoquant des potentiels d’action
monophasiques pour déterminer le rapport entre les conductivités intracellulaires et

interstitielles. Ce protocole utilise le modéle de cable et permet d’estimer les
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conductivités intracellulaire et interstitielle, la constante d’espace, la résistance et
capacité membranaire spécifique et la constante d’espace. Chapman et coll. [15]
reprennent le protocole de Weidmann [12] sur des trabécules de cceur de grenouille pour
déterminer la conductivité intracellulaire. La conductivité du cytoplasme est déterminée
par mesure intracellulaire, ce qui permet d’évaluer la résistivité des jonctions par simple
soustraction de la résistivité cytoplasmique a la résistivité intracellulaire. En augmentant
la fréquence d’excitation sous-liminaire injectée par les extrémités de la fibre, ils mettent
en évidence la diminution de la constante d’espace et sont capables d’évaluer la valeur de

la capacité de jonction.

En 1976, Clerc [7] utilise le montage de Weidmann [12] et effectue des mesures
de conductivité sur une préparation de trabécule de veau orienté suivant la direction
longitudinale et transverse aux électrodes de courant. Ceci lui permet d’utiliser le modéle
de cible selon une seule direction a la fois et d’obtenir les conductivités intracellulaires et

interstitielles suivant chacune des directions.

2.2.2 LES METHODES AVEC ELECTRODES EXTRACELLULAIRES

Plusieurs techniques ont été développées pour mesurer I'impédance avec des
électrodes extracellulaires afin d’éviter les problémes techniques relatifs aux électrodes
intracellulaires. Les techniques couramment utilisées pour faire des mesures d’impédance

sur du tissu biologique utilisent principalement deux ou quatre électrodes. Dans tous ces
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cas, le tissu est modélisé comme étant une structure homogéne et macroscopique.

La méthode a4 deux électrodes la plus commune pour mesurer |’impédance
complexe du tissu est celle du pont d’impédance en courant alternatif (10 Hz a 1 Mhz)
qui utilise la méme paire d’électrodes pour injecter le courant et mesurer le potentiel.
L’avantage majeur de cette technique est sa haute résolution et sa grande précision, mais
I'impédance des électrodes peut poser des problémes si elle n’est pas négligeable. La
mesure est la somme de la tension produite par I'échantillon et celle produite par le
passage du courant dans les électrodes [20]. Cette technique est utilisée par Schwan et
Kay [26] qui sont souvent cités pour leurs mesures sur différents types de tissu [27].
L’impédance du tissu cardiaque est mesurée en piquant un fin cathéter dans le muscle
muni de deux larges électrodes distantes d’environ 34 mm centre a centre. La résistivité
du tissu est évaluée a 956 Q-cm a une fréquence de | kHz avec un modéle uniforme
monodomaine et isotrope [26]. Dans les conditions ou la miniaturisation des électrodes et
la basse fréquence sont requises, la tension générée par le passage du courant dans les
électrodes génére une tension de polarisation de I’ordre de grandeur du signal mesuré, et

rend caduque la méthode a deux électrodes.

A mi-chemin entre la technique par pont d’impédance et la technique 4 quatre
électrodes, nous avons la technique a quatre électrodes avec pont d’impédance [20].
L’échantillon est déposé dans une cellule cylindrique entre deux grandes électrodes de

polarisation controlées par un pont d’impédance, la tension est mesurée par deux
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électrodes extracellulaires introduites a travers la paroi de la chambre [20,28]. L’analyse
de Pimpédance du modéle est faite en courant alternatif en ajustant ses parameétres aux

mesures expérimentales dans un plan de phase [29,30].

La technique a quatre électrodes diminue considérablement I'influence de la
tension de polarisation sur les mesures car le courant injecté par les deux électrodes
excentriques ne passe pas par les deux électrodes de mesure centrales. La méthode de
mesure de Rush et coll. [31] est basée sur la technique a quatre électrodes alignées
équidistantes. La distance interélectrode est de seulement S mm et ['utilisation d'un
courant continu est désormais possible. Leurs mesures sont faites a la surface ou dans le
tissu avec un quadruplet aligné suivant la direction des fibres puis transverse a la
direction des fibres. La solution analytique du modéle permet de déterminer la résistivité
du tissu suivant chacun des axes longitudinal et transverse aux fibres, mais ne tient pas

compte du caractére bidomaine du tissu.

Plonsey et Barr [11] ont étudié |’application de Ia technique a quatre électrodes
pour un milieu bidomaine et anisotrope. Une mesure avec électrodes rapprochées de
I’ordre de la constante d’espace permet d’évaluer les conductivités interstitielles
longitudinales et transverses du tissu tandis que les électrodes éloignées de plusieurs
constantes d’espaces permettent au courant d’entrer dans les cellules pour évaluer une
combinaison des conductivités intracellulaires et interstitielles. La mesure croisée permet

d’estimer les paramétres suivant les deux axes. Leur conclusion montre que la mesure
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des résistivités suivant chacun des axes n’est pas directe mais est interprétée a partir du

comportement d’un modéle qui dans leur cas posséde un ratio d’anisotropie constant.

Bien que notre sujet de recherche concemne le tissu cardiaque, des travaux
intéressants sur le muscle squelettique permettent de confirmer I’effet du bidomaine sur
les mesures extracellulaires. Gielen et coll. [32] appliquent la méthode de Rush et
coll. [31] sur le muscle squelettique. Une distance interélectrode réduite a 0.5 mm et
Iutilisation d’un courant alternatif dans une gamme de 10 Hz a4 20000 Hz met en
évidence le comportement structurel du muscle squelettique. La résistivité et la phase
varient avec la fréquence, alors qu’elles sont presque invariantes avec une distance
interélectrode de 3 mm. Gielen et coll. [33] reproduisent le comportement de la
conductivité du tissu squelettique en fréquence a I’aide d’un modéle anisotrope
monodomaine dans un champ unidimensionnel longitudinal puis transverse. Cependant,
I’expression de la conductivité suivant chacun des axes est dépendante de la fréquence en
tenant compte de la structure intracellulaire et interstitielle des fibres squelettiques
séparées par une membrane complexe. Rothet coll. [34,35] remanient le modéle de
Gielen et coll. [33] et éliminent la variable qui tient compte de la position des électrodes
dans les équations analytiques pour y introduire la notion de fréquence spatiale et
temporelle. Cette approche explique I’expression complexe du muscle squelettique par
une mesure avec la technique a quatre électrodes. lls reproduisent grossiérement les
mesures de Gielen et coll. [32] en introduisant un ensemble de paramétres dans leurs

modeles. Les travaux sur le muscle squelettique de ces auteurs n’ont jamais, a notre
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connaissance, débouché sur une évaluation des paramétres électriques passif du tissu avec

les derniers modéles développés.

Les récents travaux sur le tissu cardiaque [30,36,37] n’ont pas encore exploité la
structure bidomaine anisotrope. Steendijk et coll. [36] mesurent la conductivité
longitudinale et transverse a la direction des fibres avec la technique a quatre électrodes
alignées sur un cceur de chien in vivo. Une distance interélectrode de 1 mm et une gamme
de fréquence élevée (5 kHz a 60 kHz) leur permet de considérer le tissu comme un milieu
monodomaine anisotrope. Leur modéle tient compte de la présence d’une couche

superficielle de conductivité anormale entre les électrodes et le tissu 4 mesurer.

2.2.3 LA METHODE AVEC CARTE EPICARDIQUE

Une approche originale consiste a évaluer les conductivités du tissu par une
mesure des électrogrammes épicardiques. Les mesures sont effectuées in vivo sur le chien
et Roberts et coll. [6] utilisent les vitesses de conduction et I’amplitude du potentiel
extracellulaire pour évaluer la résistivité du tissu en supposant que le front d’activation
forme une ellipse. IIs montrent que la valeur des résistivités permet de reproduire les
relations de la vitesse de conduction et de I’amplitude du voltage extracellulaire en
fonction de I’angle de propagation avec 1’axe des fibres. s utilisent les équations de

diffusion du courant dans un milieu monodomaine anisotrope similaire 4 Rush et coll.

{31], sauf que la source de courant est une impulsion juxtaposée a un potentiel
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extracellulaire et que I’électrode de retour est considérée a I’infini. Ils calculent des
résistivités intracellulaires et interstitielles a partir de I’amplitude du front d’onde
extracellulaire et des résistivités monodomaines suivant les directions respectives en
considérant qu’elles sont équivalentes aux résistivités bidomaines en paralléle. Roberts et
Scher [5] évaluent la résistivité monodomaine et dissocient le milieu intracellulaire de
I’interstitiel tel que dans I'article précédent [6], sauf que ’amplitude du front d’onde
utilisé pour le calcul des conductivités intracellulaires et interstitielles est calculé par un
modéle bidomaine qui reproduit le champ de potentiel extracellulaire reproduisant les

mesures expérimentales.
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CHAPITRE 3 : MODELES BIDOMAINES CAPACITIFS POUR LA
MESURE DES CONDUCTIVITES MYOCARDIQUES

3.1 SITUATION DE L’ARTICLE DANS LA THESE

Le but de ce chapitre est de développer les modéles théoriques nécessaires pour
analyser les mesures expérimentales. Aprés une revue de la littérature, nous sommes
venus a la conclusion que la technique la mieux adaptée pour les mesures extracellulaires
est celle des quatre électrodes développée par Rush et coll. [31]. Cependant leur modéle
ne permet pas de faire la distinction entre le milieu intracellulaire et le milieu interstitiel,
ce que Plonsey et Barr [11] ont théoriquement résolu. La solution de ces auteurs nécessite
deux distances interélectrodes différentes ce qui implique que la région étudiée change,

mais surtout, elle impose un ratio d’anisotropie constant, ce qui n’est pas réaliste.

Nous avons développé une technique de mesure a quatre électrodes avec un
modele de tissu bidomaine sans contrainte sur I’anisotropie solutionnée par transformée
de Fourier numérique tridimensionnelle avec des électrodes fixes. Les conductivités sont
évaluées par une procédure de régression itérative. Nous augmenterons la complexité du
modéle en introduisant une conductivité intracellulaire complexe afin de mieux

reproduire les observations expérimentales pour des fréquences supérieures a 1000 Hz.
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3.2 ABSTRACT

The passive electrical properties of cardiac tissue, such as the intracellular and
interstitial conductivities along the longitudinal and transverse axes, cannot be directly
obtained from extraceliular measurements because of the bidomain nature of the
myocardium. In this paper, we describe two myocardial models developed to estimate
these properties by analyzing potentials recorded with a pair of electrodes applied over
the myocardium while injecting alternating current between another pair of electrodes.
Firstly, the cardiac tissue is represented by a standard bidomain model which includes a
membrane capacitance; secondly, this model is modified by adding an intracellular
capacitance representing the gap junctions. Numerical solutions are computed with a Fast
Fourier Transform algorithm without constraining the anisotropy ratios of the interstitial
and intracellular domains. Bidomain parameters are estimated by fitting, with a modified
Shor's r-algorithm, the simulated potentials to the potentiails measured along the
longitudinal and transverse axes for different frequencies (10-10000 Hz). An important
finding is that the interelectrode distance must be similar to the myocardial space
constant so as to obtain frequency dependent measurements. Both models can accurately
represent measured data up to 2000 Hz, but the second model must be used above 2000

Hz to account for the apparent increase of intracellular conductivity at higher frequencies.

Keywords: bidomain model, electrical conductivity, four-electrode technique,

myocardium, anisotropy.
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3.3 GLOSSARY OF TERMS

Subscripts

c Identifies cytoplasmic quantities

ie Identifies intracellular and interstitial quantities, respectively
L Identifies the longitudinal direction (along the fibers)

T Identifies the transverse direction (across the fibers)

XYz Identifies directions along the X, y, Z axis respectively
Principal Symbols
AC, DC Alternating and direct currents, respectively

A, A, Intracellular and interstitial cross sectional areas, respectively

Cgap Bidomain junction capacitance per unit length (uF/cm)
Coop Junction capacitance per unit length (F/cm)

C Specific junction capacitance (F/cm?)

o Specific membrane capacitance (F/cm?)

d Interelectrode distance

Dy, Dy, D, Sub-block length along the X, ¥, Z axis respectively

g Cost function (V/A)

%{: Spatial inverse Fourier transform
‘?r Spatial Fourier transform

g Bidomain conductivity (S/cm)
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Bidomain conductivity tensor
Bidomain cytoplasmic conductivity (Siemens/cm)

Bidomain gap junction conductivity (Siemens/cm)

Three dimensional spatial Fourier transform

Amplitude of current source (A)

Membrane current per volume unit (A/cm’)

External current source (A)

Intracellular and interstitial current densities, respectively (A/cm?)
Spatial frequency (&, &,, &)

Spatial frequency along ¥, y, Z axis respectively (rad/m)
Anisotropy ratio

Average length of one cell (cm)

Number of nodes in sub-block along the %, ¥, Z axis, respectively
Transverse to longitudinal ratio of junction density

Coordinate (x, y, z)

Coordinate (xy, yo, 20)

Intracellular cytoplasmic resistivity (€2-cm)

Gap junction resistivity (Q-cm)

Specific gap junction resistivity (Q-cm?)

Specific membrane resistance (Q-cm?)

= —(gmk, +g k; +g,,k2) and S, =—(g,,kf +g k, +8.k ) respectively
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Ve Transmembrane potential (V)

%, y, Z x yorz axis respectively

Ym(w)  Specific membrane admittance (Q'.cm?)

Z(w)  Voltage-to-current ratios (V/A)

Zeap Junction impedance (2-cm)

Z,,Z, Intracellular longitudinal and transverse impedance respectively (2-cm)
Z,(@)  Experimental voltage-to-current ratios along the longitudinal direction (V/A)
Zj(w)  Simulated voltage-to-current ratios along the longitudinal direction (V/A)
Znm Specific membrane impedance (Q-cm?)

Z.(w)  Experimental voltage-to-current ratios along the transverse direction (V/A)
Z;(@)  Simulated voltage-to-current ratios along the transverse direction (V/A)
Greek Symbols

B Surface to volume ratio (cm™)

Ap DC space constant along the direction D (cm)

A(w) Frequency dependent space constant along the longitudinal direction (c¢m)
A w) Frequency dependent space constant along the transverse direction (cm)
A General space constant (Q'?.cm®?)

& & Intracellular and interstitial fractions of cross-sectional area

c Standard conductivity (S/cm)

Tm Membrane time constant (s)
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®,, @. Intracellular and interstitial potentials, respectively (V)

@ Angular frequency (rad/sec)

3.4 INTRODUCTION

The measurement of cardiac electrical conductivities is usually performed by
injecting a known current in the myocardium and by measuring the potentials produced
by this current in the tissue. Different measurement techniques have been proposed which
use intracellular electrodes for either current injection or potential measurements
[7,12,15,16]. We have developed a new method which uses only extracellular electrodes
[38,39]. Our approach is derived from the four-electrode technique which consists of four
equidistant and aligned electrodes applied over the myocardium: current is injected
between the two outer electrodes while the potential difference is measured between the
two inner electrodes [20]. This technique does not require a tissue chamber [7,12,15] and

is not plagued by electrode polarization like the two-electrode technique [20].

A tissue model must be used to analyze the current and voltage measurements and
to estimate the myocardial conductivities. When the cardiac tissue is represented by an
homogeneous, anisotropic and monodomain medium, the bulk conductivities along the
longitudinal and transverse axes can be computed using a simple analytical formula [31].
To estimate the interstitial and intracellular conductivities, a bidomain model must be

used. Plonsey and Barr [11] have developed an analytical solution for an anisotropic
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bidomain model with an equal anisotropy ratio and they have proposed increasing the
interelectrode distance to redirect the current flow from outside the cells, to inside the
cells. In our approach, the current flow is redirected by increasing the frequency of the
injected current while maintaining a constant interelectrode distance. In this paper, we
develop a numerical method based on the Fast Fourier Transform (FFT) which is used to
simulate the inner electrode potentials in two different anisotropic bidomain models with
membrane capacitance and unconstrained anisotropy ratio. The parameters of the models

are then fitted to measured potentials by a search algorithm.

3.5 THE STANDARD BIDOMAIN MODEL

Cardiac cells are joined at their ends by intercalated disks and each cell is connected
to its neighbors by gap junctions passing through these disks. Current in the intracellular
space of one cell can flow through the gap junctions into the intracellular space of the next
cell. The intracellular space constitutes a syncytium and behaves on a macroscopic scale as
a three dimensional conductor with a higher electrical conductivity along the fiber axis [7].
The interstitial space surrounding the cells also forms an anisotropic three dimensional
conductive medium [7]. To represent the electrical behavior of the myocardium, the
bidomain model considers that the intracellular and interstitial domains occupy the same
space. Every point in the tissue thus belongs both to the intracellular and the interstitial

domains which are separated from each other by the cell membrane.
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Let g and g, be the bidomain conductivity tensors of the intracellular and

interstitial spaces in cartesian coordinates:

gx =| 0 g:T 0 a’nd §c = 0 gd" 0 (31)
0 0 ng 0 0 ng

The tensors comprise the longitudinal conductivities along the fiber direction (g.=g.,
g«=g«) and the transverse conductivities orthogonal to the fiber direction (g,~gr,
o=8e1, 88T, £=—Ler). Bidomain conductivities g (S/cm) are related to standard
conductivities o (S/cm) by the fraction of cross-sectional area occupied by the

intracellular and interstitial spaces. Along the longitudinal direction, we thus have:

8L=8:0u and 8= e0eL (3.2)
A A
= L and = £ (3 3
g A4 Ce A )

where A, and 4. represent the cross sectional areas of the intracellular and interstitial

spaces, respectively. Similar equations can be written for the transverse direction. Ohm’s

law relates the intracellular current density J, and the interstitial current density J,

i

(A/m’) to the intracellular @ and interstitial @. potential distributions by the following

equations:
J =-gVo, (3.4)
J. =-g.Ve, (3.5)

The membrane current per volume unit /,, (A/m’) leaving the intracellular domain is

given by:
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v.J =-1I, (3.6)
The same membrane current enters into the interstitial domain where a possible source
current /, (A/m’) can be injected at the electrode sites:

V-J, =1 +1, (3.7)
The membrane consists of a specific membrane capacitance C,,, (F/cm?) in parallel with a

specific resistance Rn, (Q-cm?). The transmembrane currents is thus:

ov, V
I = C —=+—=2 3.8
pfe. ) o
where 8, is the surface to volume ratio of the cells (cm™) and V,, is the transmembrane
potential:

V. =D -, (3.9)

Combining equations (3.4) to (3.8) gives the two constitutive equations of the bidomain

model:
V- (EgVve)=1, (3.10)
V-EgVe,)=-1_-I, (3.11)

3.6 THE DIRECT CURRENT APPROACH

Plonsey and Barr [11] published a theoretical investigation of the possible
application of the bidomain model for the computation of intracellular and interstitial
conductivities from extracellular measurements. Their study was based on the four-

electrode technique where the outer pair of electrodes drives a subthreshold direct current
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(DC). The current flowing from the electrode into the myocardial tissue is modeled as a
point source and is represented by a Dirac function at the position ry= (x0,ya.20):

I(ro) = Ip &ro) (3.12)
where /; is the strength of the injected current. Assuming that this current is independent

of time, the time dependent term in equation (3.8) vanishes and the equation becomes:

I, =B, (3.13)

The four electrodes are located on the surface of a semi-infinite medium, at z = 0.

Combining equations (3.10) to (3.13) gives:

o', d’o, o’o, D, -
8 axz +g:y?+gu 622 =ﬂm 'R . (314)
oo, 09, oD, D -0,
a7t 8y P% +g.,?-=-ﬂ,,, A -1,6(r,) (3.15)
With the assumption that the anisotropy ratios are equal to a constant X:
grx_glyzgu:K (316)

Ee 8y &
the equations (3.14-3.15) have an analytical solution for the interstitial potential @, and

the intracellular potential @&, [11]:

I K -8/,
?,(R)z —=2—=| —— || Ke 1 +1 3.17
.(R) R (288 (KHJ( e +) (3.17)
- I K .5 _ 3.18
D.(R) 4W(K+l)[‘ 1] (3-18)



28

Jv—ar -y |z-z
R= + + (3.19)

8 gy 8.

where A is the global space constant in transformed coordinates (Q'2.cm®?).

’ R,

The space constant Ap (cm) in the bidomain model along direction D (L or 7) is:

Ay =AJgs (3.21)

Plonsey and Barr [11] have shown that an interelectrode distance smaller than two
third of the space constant along the direction D (Ap) produces an almost null
intracellular potential in the region between the two inner sensing electrodes. This means
that the current is restricted to the interstitial domain whose sole conductivity is reflected
in the potential measurements (Figure 3.1B). If the interelectrode distance is larger than
3.3 times the space constant (Figure 3.1C), the intracellular and interstitial potentials in
the region between the two sensing electrodes are almost equal (@~@,), reflecting a
redistribution of the current between the intracellular and the interstitial domains. The
potential measured between the two inner electrodes decreases as the interelectrode
distance is increased beyond the space constant, reflecting an increase in the apparent
conductivity of the tissue as current can now flow in both the interstitial and intracellular
domains. The measurement system, which uses only external electrodes, can thus sample
separately the interstitial domain (small distance) and both domains in parallel (large

distance). Plonsey and Barr [11] give an analytical expression for the intracellular and
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DIRECT CURRENT MODEL ALTERNATING CURRENT MODEL
A) g:! D) g
R
R m:
m C,,,
g’ g’

Figure 3.1 Comparison between the direct current bidomain model (left) and the
alternating current model (right). A) Electrical diagram of the DC model. B)
Interstitial DC current pathways with a small interelectrode distance. C)
Interstitial and intracellular DC current pathways with a large interelectrode
distance. D) Electrical diagram of the AC model. E) Interstitial AC current
pathways with a small interelectrode distance at low frequencies. F)
Interstitial and intracellular AC current pathways with a small interelectrode
distance at higher frequencies.
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interstitial bidomain conductivities along the longitudinal and transverse directions using
a combination of measurements performed at small and large interelectrode distances

along the longitudinal and transverse directions.

3.7 THE ALTERNATING CURRENT APPROACH

Instead of increasing the interelectrode distance further than the space constant
(which implies the sampling of a different, larger region), we have previously proposed
[38,39] maintaining the small interelectrode distance (Figure 3.1E), but decreasing the
space constant by injecting alternating current (AC) at higher frequencies (Figure 3.1F),

instead of DC.

The specific membrane capacitance C, combined in parallel with Rn
(Figure 3.1D) constitutes a specific membrane impedance Z, (€2:cm?) which is frequency
dependent. Submitted to a sinusoidal current with an angular frequency o (rad/sec), the Zn,
modulus decreases as @ increases due to the shunting effect of membrane capacitance at
higher frequencies. The equation describing the AC space constant is similar to that of
the DC space constant [14], except that the AC membrane component Z, replaces the DC
component R, The bidomain space constants along the longitudinal and transverse

directions are [40]:

| Zal8u8a)
)= [k
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Figure 3.2 Space constants along the longitudinal (left) and transverse directions (right)
computed with the conductivities of Le Guyader ez al. [38].
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As an example, Figure 3.2 shows graphs of the complex values of the longitudinal and
transverse space constants as function of the frequency (the computations were
performed using the bidomain conductivities listed in Table3.1 and a specific

capacitance of Cn = 1uF/ cm?). The modulus of the space constant diminishes as the
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Table 3.1 MEASURED VALUES OF BIDOMAIN CONDUCTIVITIES [38]

g, mS/cm 1.97
gir, mS/cm 2.34
8L, mS/cm 2.93
ger, mS/cm 1.95

Bm, cm’? 2068
Rp, Qcm’ 4047
Cn, nF/cm? 1.00

frequency increases, in accordance with the measurements of Chapman and Fry [15] in
the frog ventricle, and the phase lags from 0 to 45°. For conductivity measurements, a
small interelectrode distance is used and the current flows mainly in the interstitial
domain at low frequencies, whereas it flows in both domains at higher frequencies as the
space constant decreases. Experiments have been performed using a sensor with two
rows of four electrodes at right angle and a sinusoidal current source with frequencies in
the range of 12 Hz to 10KHz. More information is obtained by using multiple frequencies
instead of two different interelectrode distances, as each frequency corresponds to a

different space constant.

3.8 THREE DIMENSIONAL FOURIER TRANSFORM SOLUTION

The main limitation of the analytical solution for the four-electrode technique [11]
is the hypothesis of a constant anisotropy ratio, which is not true for the myocardium

[5,6,7,11]. A three dimensional numerical model is thus required to compute the potential
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distribution. We consider a sinusoidal external current source /,{r,)= I, sin(wt)3(r,)

which allows us to use the Laplace transform technique from the electrical circuit theory.
Some of the bidomain equations from the previous section can be reformulated to take

into account the frequency of the current source. The current density equations (3.4) and

(3.5) become:
J(@,r)=-gVo,@,r) (3.24)
J(@,r)=-8.V0,(0,r) (3.25)

where r is a variable representing the coordinates (x, y, z). The transfer function of the

specific membrane admittance (Q"'.cm?) in the frequency domain is:

Y (@)= RL+ joC,, (3.26)

The general bidomain equations with a sinusoidal current source and unconstrained

anisotropy are:
V-(EV0 (@,r)=8.1, )@ wr)-2,@r) (3.27)
V-(2.V0,(0.r) =B, (@)@ r)-2.(@r)-1,sn()5) (3.28)

We now have a parametric system of equations with two unknowns (@(ar),
®@.@r)) and six parameters (g, g7, L. ZeT, B, Rm ) ; Cm can be fixed at 1uF/cm®. To
solve this system, we use the Fourier transform in the space domain. The three

dimensional spatial Fourier transform ®(a) of a potential &(a) is defined by:
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-\ -®

@ (m,k,,k,,k,)= ‘?r o(o,r)}= ]IT Tdb(w, X, ¥, z)e"‘"dx) e ayj e’dz (3.29)

where k,, k,, k. (rad/m) represent the spatial frequencies along the ¥, y and Zz axes. The

inverse Fourier transform is:

o(w,x,y,2)= 9k P,k )} ), 1IN ( D@,k k, ke dk, J "‘”dk,]e'f*z'dk, (3.30)
The hat notation “~ ” over a variable denotes the spatial Fourier transform of this
variable, 7, (w,k,)= F {I,(@,7)}. We can demonstrate that the Fourier transform of the

second derivative of the potential along ¥ is:

F

X

{azm(a)rx:y:z)

iy }=-k,2¢3(w,k,,y.2) (3.31)

In this way, the derivatives of a function can be transformed into simpler

algebraic equations. Equation (3.27) and (3.28) are thus transformed into:

5.8, k)= B,1,@)8,0.k)-8,0.k) (3.32)
$.8,(.k,)=-,1,0)d,@.k)-8,@.k) -I,@k) (3.33)
where

=—{g.k2 + gkl +g.k?) and S, =—(g k7 + gk} + g k?) (3.34)

Pm and Y, are position independent and not affected by the spatial Fourier transform.
Combining equations (3.32) and (3.33) permits to isolate the Fourier transform of the

potentials:
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A -1,(@.k, ) B,Y, ()
"’f(“”"')=s,w,,y,,(w)-s,)+& Br. (@) -
Bk )= I(ak, )(S,-B,Y, (@) (3.36)

S, (BLnl@)-S )+, B.Y @)
The potentials in the space domain are then available by taking the inverse Fourier

transform of equations (3.35) and (3.36):

Q(w,r)=%:{ -1,(@k, ) B.Y, (o) } (3.37)

5.(B.1(@)-5)+5,8.Y (@)

<D,(w,r)=?"{ f:(chr) (Sr —ﬁnym(m)) } (3.38)

kr 8. (BuYn@)-5)+5. B, Y. @)
The Fourier transform of expressions (3.35) and (3.36) as well as their inverse Fourier

transforms can be evaluated numerically and will be described later.

3.9 THE BIDOMAIN MODEL INCLUDING INTRACELLULAR CAPACITANCE

Physiologically, the interstitial conductivities in both directions are purely
conductive. However, the intracellular medium is composed of cytoplasm with various
inclusions and intercalated disks that separate the cells [41]. Studies performed with
alternating current indicates that longitudinal capacitance in addition to resistance exists
in the intracellular space [15,42]. Chapman and Fry [15] evaluate the longitudinal
junction capacitance at 4.82 uF/cm with a longitudinal resistance of 71 Q-cm, which
gives a time constant of 0.32ms. The same authors report a membrane time constant,

%n = 3.7 ms. The longitudinal time constant is about one tenth of the membrane time
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constant and this implies that junction capacitance can modify the internal conductivities
at over ten times the frequency it takes for the membrane capacitance to modify the
membrane impedance. Reported values of specific junction capacitance vary over a wide
range from 22 uF/cm? [43] to 370 pF/cm? (4.82 uF/cm with an average cell length of
131um) [15]. This suggests the replacement of the intracellular conductivity in the

bidomain model by a new frequency dependent conductivity.

To describe the new model, it is easier to use the concept of impedance instead of
conductivity. The new intracellular longitudinal impedance Z, (Q-cm) is separated into
two parts, an intracellular cytoplasmic resistivity R. (Q-cm) in series with a junction
impedance Z,q, (€2-cm). Z,q, consists composed of the gap junction resistivity Rgqp, (Q2-cm)
in parallel with the junction capacitance per unit length Cgq, (F/cm).

: R,
Zo=Ro+Zy  with Zg = (3.39)

8gap” "gap

Rgqp is related to the specific gap junction resistivity R, (Q-cm?) by the relation:

R.,=R /1 (3.40)
where £ is the cell length. C,q, can be expressed in term of specific junction capacitance
C, (F/cm?) by:

C,, =C, 2 (3.41)

Clerc [7] postulated that the current flows in the transverse direction via tortuous

pathways, passing through a higher spatial density of junctions than in the longitudinal
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direction. We define N as the transverse to longitudinal ratio of junction density. The
intracellular transverse resistivity is composed of the cytoplasmic resistivity in series with
N times the frequency dependent junction impedance:

Z, =R +NZ, (3.42)

Taking into account the intracellular volume fraction &, we have two new
frequency dependent and complex bidomain conductivities: g, (w)=¢&,/Z, and
g.(®@)=¢&/Z, . The bidomain conductivity of the gap junction is g,,, =& /R,,, . the
bidomain equivalent of the junction capacitance per unit length is c,,, =&, C,,,. Figure
3.3 shows the complex intracellular conductivities along the longitudinal direction (Figure
3.3A) and the transverse direction (Figure 3.3B). The complex intracellular bidomain
conductivities constitute a macroscopic representation to account for the effects of junction

capacitance and resistance. We can incorporate these complex conductivities into our

calculations.

3.10 THREE DIMENSIONAL NUMERICAL BIDOMAIN MODEL

It is not possible to analytically evaluate the expression (3.38), but it is numericaily
solvable. The numerical model represents the tissue by a thick slab with an insulator at
the interface z=0 which is in contact with the sensor. At z=0, the normal components of

the intracellular and interstitial membrane current densities are zero:
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INTRACELLULAR CAPACITANCE MODEL

LONGITUDINAL TRANSVERSE
A) ; B) .
g oL g «T
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Figure 3.3 Diagram of the intracellular capacitance model. A) Along the fiber direction.
B) Transverse to fiber direction. g.: bidomain cytoplasmic conductivity, ggap:
bidomain gap junction conductivity, c,,,: bidomain junction capacitance per

unit length, V. transverse to longitudinal ratio of junction density.
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and (3.43)

The simulated slab of tissue (Figure 3.4) has finite dimensions for computational
purposes, but it is large enough to avoid perturbation of the potential at the measurement
sites by the additional boundaries (S mm x 5 mm x 2.5 mm). The model takes into
account the exact position of the electrodes. The current source and sink are positioned
respectively at % d and -}, d along the X axis, where d is the interelectrode distance
(d=340 um). The current generates potential distributions that are symmetrical with
respect to the x=0 plane and that can be represented by odd functions

D, (ayx,y.2) = - D, {a3-x,y,z), which implies that ®=,=0 at the plane of symmetry. The



39

Tissue slab

Simulation
sub-block

J-i=0J, -i=0 D,=0 =0

Figure 3.4 Schematic representation of the three dimensional tissue slab for the bidomain
model. The boundary conditions (last line) were selected so as to use the
Fourier transform.
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other plane of symmetry is y=0 where the current flows parallel to the plane, creating an
even distribution @, (ax,y.2) = D,(ax,-y,z). Taking advantage of symmetry to reduce
processing time, simulations are made on a sub-block (Dx*D,xD,) of one-fourth the size

of the tissue slab.

To compute the discrete Fourier transform in the sub-block [44], the sub-block is
discretized by a three dimensional mesh of (n.xn,xn;) nodes, with n,=128, n,=32, n,=16.
The Fourier transform of functions with zero values at the boundaries is a S/VE transform
along the ¥ axis and the transform of functions with null derivatives at the boundaries is a

COSINE transform along the (¥ and Z axis). The solution to equation (3.38) is computed
in three steps: 1) the Fourier transform of the current source /,(@,7,); 2) the Fourier

transform of the interstitial potential (3.36); and 3) the inverse Fourier transform of the

interstitial potential (3.38).

The electrode array is hand-made [38,39] and the grid size was selected so that
the positions of the source and sink electrodes correspond exactly with the nodes. Since
the positions of the two inner electrodes do not match exactly with the grid, the potential
of these electrodes is estimated by cubic interpolation using the six nearest nodes. The
interpolation error is estimated to be less than 0.1% for n=128. The choice of a smaller
number of nodes shortens the processing time which is long because solutions must be
obtained for different frequencies along the longitudinal and the transverse directions and

repeated for hundreds of iterations during the curve fitting process.
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To validate our numerical solution, we compared it to the analytical solution with
constant anisotropy ratio using the model parameters (g./2, ge/2, &7, &Zer, Pm, K and Ry)
from Plonsey and Barr [11]. A maximum relative error of 2.5% in the longitudinal
direction and 1% in the transverse direction was observed in the potential difference at
the two measurement electrodes. We thus consider that the influence of sources of errors
such as supplemental boundary conditions, discretization error and interpolation is

negligibie.

3.11 PARAMETER ESTIMATION

The parameters of the bidomain model whose solution best fitted the experimental
measurements were obtained using the SolvOpt package [45]. SolvOpt is a solver based
on a modified Shor’s r-algorithm for local optimization problems with minimization of
nonlinear multivariate functions. The experimental measurements constitute a set of

complex voltage-to-current ratios obtained at different frequencies along the longitudinal

and transverse axes: Z,(w) and Z.(w). The objective is to minimize the difference

between these ratios and the simulated voltage-to-current ratios Z;(w) and Z:(w). The

cost function to minimize is:

£- |5 [lte)- 2@ +[z(o)-2.0)] .44

i= first

w, (2 7) = {12, 24, 50,120,180, 240, 500, 1200, 2400, 5000, 8000, 10000} (Hz)
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For the alternating current model shown in Figure 3.1D, six parameters are fitted
simultaneously ( giz, 2T, e, £eT> Pm, Rm) over the full frequency range (10 to 10000 Hz)
with C,, fixed at 1uF/cm?. For the intracellular capacitance model (Figure 3.3), the gap
junctions increase the number of bidomain parameters to eight ( g., 8z, ger, Bm, Rm, N,

c ). The solver cannot handle too many parameters with confidence and we

gap ? g!‘P
reduced the number of parameters to be simultaneously fitted from eight to six by using a
two-pass approach. At low frequencies, current flows mostly in the interstitial domain
and the potential between the inner electrodes mostly reflects the interstitial
conductivities. Thus the first pass consists of fitting the parameters of the first model
( 84, &T, BeL, 8eT, Pm, Rm) up to 2400Hz, in the second pass, the interstitial conductivities
(8L, ger) obtained from the first pass are held constant and the remaining parameters (g,

Bm, Rm N, ¢, . 8., ) are fitted over the full range of frequencies (10 to 10000 Hz).

3.12 RESULTS

3.12.1 FITTING IN-VITRO EXPERIMENTAL DATA WITH THE ALTERNATING CURRENT MODEL

Experimental data were obtained in a perfused right atrial tissue preparation [39].
Sinusoidal current with a peak to peak amplitude of 1pA and a frequency ranging from 12
to 10000 Hz was injected into the tissue. The probe consists of two orthogonal rows of four

electrodes in order to sample the longitudinal and transverse directions at the same site.



43

Figure 3.5 shows typical experimental measurements of the voltage-to-current
ratio obtained in perfused atrial tissue along with the alternating current model after
fitting (dotted lines). The corresponding values of the bidomain parameters are listed in
Table 3.2. We notice that the modulus of the voltage-to-current ratio decreases as the
frequency increases, thus reflecting the shunting of the current into the intracellular
domain at higher frequencies. Along the transverse axis, the modulus continues to
decrease at higher frequencies whereas it returns to higher values along the longitudinal
axis. The simulated curves fit the experimental data in the 12 to 1000 Hz frequency range
very well. Above 1000 Hz, the simulated transverse modulus as well as the longitudinal
and transverse phases reach a plateau instead of decreasing to lower values. So as to
modify the alternating current model to improve the fit above 1000 Hz, we systematically
investigated the effects of each of the parameters of the alternating current model on the

simulated curves.

3.12.2 SENSITIVITY OF THE ALTERNATING MODEL TO BIDOMAIN PARAMETERS

Each of the parameters of the basic bidomain model (g, g1, ge, Zer, Bm» Rm)
influences the voltage-to-current ratio in a particular way and to investigate their specific
effects, we changed each one of them separately, like a partial derivative. Using the
bidomain parameters from Table 3.2 as reference values, we modified these values
starting at one third the reference value up to three times its value using the following

steps: '3, 12, *13, 1, °h, 2, 3. Arrows indicate the effects of increasing a parameter on the
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Figure 3.5 Voltage-to-current ratio vs. frequency of in-vitro experimental data obtained
in canine right atrial trabecula (circles). Top, modulus (mV/pA); bottom,
phase (degrees); left, longitudinal direction; right, transverse direction. (— -)
fitted curves obtained with the alternating current model. (—) fitted curves
obtained with the intracellular capacitance model.
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Table 3.2 BIDOMAIN PARAMETERS ESTIMATED FROM IN-VITRO
EXPERIMENTAL DATA WITH TWO BIDOMAIN MODELS

ALTERNATING CURRENT INTRACELLULAR CAPACITANCE

BIDOMAIN PARAMETERS MODEL' MODEL"
g, mS/cm 3.21 3.16
g.r , mS/cm 2.08 2.08
R, Q-cm? 20000

B, cm’! 1467

g,., mS/cm 1.39

8, mS/cm 0.39

£, mS/cm 2.81
Ceap» NF/cM 434
Coap, » NF/Cm 5.1

8 gap» MS/cm 335
8 gapy » MS/Cm 0.393
N 8.52
B, cm’! 1442
Rp, Q-cm’ 20000 120000
& =;+2:' mS/cm 1.53

. =%§;:’ mS/cm 0.345

Cost function, mV/uA 0.377 0.233

*+  Default value of C, is |pF/cm?
+ Maximum value allowed

curves shown in the Figure 3.6 and 3.7 for the modulus, and Figure 3.8 and 3.9 for the

phase of the voltage-to-current ratio.
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Changes in the voltage-to-current ratio modulus (Figure 3.6-3.7) appear in three
coarse regions along the frequency axis: from 10 Hz to above 200 Hz, from 200 Hz to

2000 Hz and over 2000 Hz. Changes in the conductivities (g.., 2.7, eL, Zer) and R, alter

the modulus of Z(w) whereas changes in C,, and S, translate the curves. Variations of

the intracellular conductivities (g, or gr) influence Z (0)) along both axes (Figure
3.6A,B) in the middle and high frequency ranges. An interesting point is the very small
variation of Z(@) in the low frequency range, which is not surprising because the
membrane capacitance does not conduct well and limits the current flow in the
intracellular domain minimizing the impact of changes in the conductivities. The
influence of R, (Figure 3.7A) occurs only at very low frequencies where the membrane
capacitance acts as an open circuit, and it is completely absent in the middle and high
frequency range. In the fitting procedure, the value of R, is always limited to 20000
(Q-cm?) because the search algorithm has a tendency to generate very large R, values
because of the small sensitivity of Z(w) to R, variations. The membrane capacitance
value was initially set at 1 uF/cm? but increasing C,, (Figure 3.7B) produces a translation
of the curves toward the lower frequencies. Similarly, the membrane conductance per

cm’ (BnYm) is composed of a real component ( B./R, ) and a complex one (jB,aC,)
implying that increasing 8. gives the same results as decreasing R, and increasing Cy,
simultaneously. Thus, the curves of B, (Figure 3.7C) behave like a combination of R,

and Cy, curves. Since these three parameters (8n, Rm, Cn) are dependent, it is convenient

to fix one at a known value in agreement with the literature, thus we set C,, at 1uF/cm?.
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MODULUS OF VOLTAGE TO CURRENT RATIO
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Figure 3.6 The influence of bidomain conductivities on the modulus of the voltage-to-
current ratio. A) Variation of gz, B) variation of g, C) variation of g.,
D) variation of g.r . The circles indicate the experimental values, the dotted
curves correspond to reference values and the arrows indicate the effects of
increasing the specific parameter by multiplying its reference value by
1 1, 2 3
s, 2, 13, 1,7/, 2, 3.
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MODULUS OF VOLTAGE TO CURRENT RATIO
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Figure 3.7 The influence of bidomain parameters on the modulus of the voltage-to-
current ratio. A) Variation of R, B) variation of Cn, C) variation of S8,. The
circles indicate the experimental values, the dotted curves correspond to
reference values and the arrows indicate the effects of increasing the specific
parameter by multiplying its reference value by '/3, '/, 23, 1, 1, 2, 3.
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PHASE OF VOLTAGE TO CURRENT RATIO
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Figure 3.8 The influence of bidomain conductivities on the phase of the voltage-to-
current ratio. A) Variation of gy, B) variation of gir, C) variation of gu,
D) variation of g.r. The circles indicate the experimental values, the dotted
curves correspond to reference values and the arrows indicate the effects of
increasing the specific parameter by multiplying its reference value by
I, 1, 2 3
3, 12, 3y 1,75, 2, 3.
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Figure 3.9 The influence of bidomain parameters on the phase of the voltage-to-current
ratio. A) Variation of R, B) variation of C,, C) variation of 8,. The circles
indicate the experimental values, the dotted curves correspond to reference
values and the arrows indicate the effects of increasing the specific parameter
by multiplying its reference value by '/3, '3, %4, 1, */2, 2, 3.

The interstitial conductivities g, and g.r (Figure 3.6 C,D) have an influence over
the entire frequency range. This influence is more important at lower frequencies when

current flows mainly in the interstitial domain than at higher frequencies when current
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flows in both domains in parallel. The longitudinal conductivity g.;, seems to be an
exception to this rule at high frequencies (Figure 3.6C) because the shunt involves mostly

g which has a conductivity value greater than three times the g7 value.

The model also predicts the phase variations (Figure 3.8-3.9) of Z(w). The
potential difference is leading or lagging the current with a model that includes only
capacitances and conductances. The fact that the phase can lag in a model without
inductive components results from the effects of three-dimensional current flow in an
anisotropic bidomain. Globally the modifications of the phase curves due to changes in
intracellular and interstitial conductivities have opposite effects with similar curve
shapes. The opposite effets of g, and g, changes along the longitudinal direction
(Figure 3.8A,C) do not involve the same frequency range, this observation is also valid
for gir and g.r for the transverse direction (Figure 3.8B,D). As for the modulus, R, has a
limited influence on the phase (Figure 3.9A) and mostly at low frequencies. Variations

of Cr, and S translate the phase curves for both directions.

3.12.3 FITTING /N VITRO EXPERIMENTAL DATA WITH THE INTRACELLULAR CAPACITANCE
MODEL

Figure 3.6 and 3.7 show that for every bidomain parameter, the modulus of Z(@)
along the transverse direction reaches a plateau. To decrease the Z(w) modulus above the

plateau frequency, the intracellular conductivity must continue to increase as the
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frequency increases. For this purpose, we introduced a junction capacitance into the
intracellular domain as discussed previously (intracellular capacitance model). The
parameters obtained after fitting the intracellular capacitance model to the experimental

data (Figure 3.5) are presented in the second column of Table 3.2.

We notice that all curves are more in accordance with the experimental data
especially at higher frequencies, than with the alternating current model. The overall cost
function was thus reduced from 0.377 to 0.233 (mV/uA). The modulus in the transverse
direction continues to decrease at high frequencies (like the experimental data) instead of
reaching a plateau whereas the phase for both longitudinal transverse measurements ends
with a negative slope like the experimental data, instead of the “V” shape for the
alternating current model. The specific membrane capacitance was set at the default
value of 1uF/cm?, and R, was limited to 20000 (Q-cm?) because over this limit, the

potential is relatively insensitive to Rp.

3.13 DISCUSSION

The present method enhances significantly the field of application of the four-
electrode technique by allowing the measurement of bidomain conductivities in cardiac
tissue. We introduce a new way to evaluate the bidomain parameters using a numerical
three-dimensional bidomain model with unconstrained anisotropy. The new frequency

approach takes into account the exact position of the electrodes and allows the evaluation
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of the intracellular and interstitial conductivities without moving the electrodes by
shunting the membrane capacitance so as to modify the space constant. The set of
bidomain parameters are evaluated using data from the entire frequency range, which
means it can reproduce the cardiac tissue behavior not only at a particular frequency but

over the full frequency range.

We determined that an interelectrode distance as small as 340um with a current
source varying from 12 Hz to 10000 Hz predicts the variations of the modulus and phase
of the bidomain model observed by Le Guyader et al. [38,39]. Frequency dependence of
measurements has also been found in skeletal muscle by Gielen et al. [32] who analyzed
the measurements with a monodomain model with frequency dependence of the effective

electrical conductivities [33,35].

Because it was not possible to use analytical equations to estimate the
conductivities with an unconstrained anisotropy ratio, we developed a numerical method
to evaluate the bidomain conductivities which minimizes the difference between
experimental and simulated data. Investigations using simulated extracellular potentials
produced by an alternating current model as surrogate experimental data have shown that
the Shor’s r-algorithm is able to retrieve the exact set of initial six bidomain parameters.
For our application, this technique has a maximum number of about six parameters that
can be fitted simultaneously. This does not constitute a problem because we can use a

two-pass fitting. Other investigations of the Shor’s r-algorithm with simulated data were
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successfully repeated with the intracellular capacitance model which gave a precision of a

few percents (except for Rn).

By determining the appropriate frequency range, interelectrode distance and
computational procedures for the measurement of passive electrical properties with the
four-electrode technique, this work opens new possibilities for measuring the intracellular
and interstitial conductivities with extracellular measurements alone. The effects of
ischemia, pacing rate and antiarrhythmic drugs could thus be eventually investigated with

this new approach.
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CHAPITRE 4 : MESURE DES CONDQCTIWTES DU MYOCARDE
AVEC LA TECHNIQUE A HUIT ELECTRODES DANS LE
DOMAINE FREQUENTIEL

4.1 SITUATION DE L’ARTICLE DANS LA THESE

Aprés avoir fait I’étude théorique de la technique & quatre électrodes et déterminé
les spécifications techniques quant a la distance interélectrode et a la plage de fréquence a
utiliser, I’étape suivante consiste a réaliser le systéme de mesure et faire les mesures sur
du tissu vivant. Ce systéme de mesure est composé de trois parties: une sonde avec huit
microélectrodes, et un circuit électronique avec source de courant et amplificateur, et un
systéme informatique qui contrdle les fréquences d’excitation et 1’acquisition des

données.

Une distance interélectrode de 340um implique [’utilisation de microélectrodes
métalliques d’un diamétre si petit (50 um) que des problémes d’impédance d’électrodes
et de capacité parasite ont dii étre résolu. Pour réduire I’'impédance des électrodes, avons
développé un systéme de plaquage des électrodes. Le circuit électronique déja développé
[46] a dii étre considérablement raffiné pour obtenir une amplitude constante et un
déphasage nul lors de la calibration dans le salin. Des mesures obtenues sur des tissus
auriculaires et ventriculaires canins furent répétables, bien reproduites par le modeéle avec
capacité intracellulaire et en accord avec les valeurs de conductivités présentées dans la

littérature.
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4.2 ABSTRACT

The passive electrical properties of the myocardium have a fundamental influence
on the propagation of cardiac activation and to measure these properties, a new method
was developed and tested in canine tissue preparations. Alternating current ranging
between 12 to 10000 Hz was injected between the two outer electrodes of a row of four
equidistant electrodes aligned with the fiber direction and the potential difference
between the two central electrodes was recorded. Measurements were repeated with a
perpendicular row of four other electrodes to account for the anisotropy. Because the
electrode spacing (0.340mm) was similar to the tissue space constant, current flowed only
in the interstitial domain at low frequencies and was shunted through the membrane
capacitance into the intracellular domain at higher frequencies, thus modulating the
measured potentials. A numerical anisotropic bidomain model including intracellular
capacitance was fitted to these measurements with the Shor’s r-algorithm so as to
compute the intracellular and interstitial conductivities. Measurements obtained in
isolated atrial and ventricular preparations perfused with a blood-Tyrode solution were
reproducible and could be adequately fitted with the model. All the computed bidomain
conductivities were in the physiological range with longitudinal and interstitial values
higher than the transverse and intracellular conductivities respectively. A bolus of
uncoupling agent (Heptanol-I) increased the transverse bidomain junction resistivity. In
conclusion, these results show that both intracellular and interstitial conductivities can be

measured reproducibly with extracellular electrodes.
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Keywords: bidomain model, electrical conductivity, four-electrode technique,

myocardium, heptanol.

4.3 INTRODUCTION

The passive electrical properties of the myocardium play a major role in the
propagation of the cardiac impulse. The anisotropy of these properties accounts for the
faster velocity of the impulse along the fiber direction, whereas their alteration can lead
to functional block and severe arrhythmias. The measurement of the interstitial and
intracellular conductivities along and across the fiber direction, is hampered by
intracellular electrodes [7,12] or hypothetical action potential waveforms [5,6]. The
investigation of the factors that affect these conductivities (e.g. ischemia, antiarrhythmic
drugs etc.), as well as the development of more accurate computerized myocardial
models to study stimulation and propagation, could benefit from the development of a

new measurement technique.

The four-electrode technique is frequently used to measure the electrical
conductivity of different types of materials [31]. It consists of four aligned electrodes.
Current is applied to the two outermost electrodes while the innermost electrodes are used
to measure a voltage. This approach has the advantage of minimizing the effects of
electrode impedance. The four-electrode technique was used by Rush er al. [31] who

measured the bulk conductivity of the myocardium along the longitudinal and transverse
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axes using direct current and modeling the myocardium as a monodomain anisotropic
medium, and also by Steendijk et al. [36] who evaluated the myocardial conductivities at
frequencies ranging from 5 kHz to 60 kHz using a muitilayered anisotropic monodomain

model.

In the present study, we present a new measurement technique that uses only
extracellular electrodes. The four-electrode technique was modified so as to measure both
intracellular and interstitial conductivities by using alternating current and mainly, by
significantly reducing the interelectrode spacing which must be similar to the myocardial
space constant. An appropriate model of the myocardium was developed to interpret the
measured voltage over the entire frequency range. The parameters of a three-dimensional
anisotropic bidomain model are determined by a search procedure so as to best reproduce

the measured potentials.

4.4 MEASUREMENT THEORY

Plonsey and Barr [11] have published a theoretical investigation of the application
of the bidomain model for the computation of intracellular and interstitial conductivities
from extracellular measurements based on the four-electrode technique with direct
current (DC). They have shown that when the interelectrode spacing is smaller than two
third of the myocardial space constant, the current is restricted to the interstitial domain

whose sole conductivity is reflected on the potential measurements. When the
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interelectrode spacing is larger than about three times the space constant, the potential
measurements reflect a redistribution of the current between the intracellular and the
interstitial domains: the measured potential decreases as the interelectrode spacing is
increased, thus reflecting an increase in the apparent tissue conductivity as current can

now flow in both the interstitial and intracellular domains.

4.4.1 ALTERNATING CURRENT BIDOMAIN MODEL

Instead of increasing the interelectrode distance (which implies the sampling of a
different, larger region), we have previously proposed [38,39] maintaining a small
interelectrode distance but injecting alternating current (AC). Measurements at low
frequencies samples mostly the interstitial domain (Figure 4.1C) and increasing the
frequency samples both domains in parallel as the space constant is decreased because of
the shunting effect of the membrane capacitance (Figure 4.1D). To obtain conductivity
values from the potential measurements, a bidomain model must be fitted to these
measurements. Here, we modify the direct-current bidomain model [11] by including the

frequency dependent effects.

The bidomain model (Figure 4.1A) considers that every point in the tissue belongs
both to the intracellular and the interstitial domains, which are separated by the cell
membrane. Bidomain conductivities g (S/cm) are related to standard conductivities o

(S/cm) by the fraction of cross-sectional area occupied by intracellular and interstitial
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STANDARD BIDOMAIN MODEL COMPLEX INTRACELLULAR BIDOMAIN MODEL
A) B)

LOW FREQUENCY HIGH FREQUENCY
9 D)

Figure 4.1 Measurements with alternating current and small interelectrode spacing. A)
Low frequencies sample the interstitial domain, B) high frequencies sample
both interstitial and intracellular domains, C) standard bidomain model, D)
bidomain model with intracellular capacitance.
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spaces [47]. Along the longitudinal axis, we thus have:

gu=§,0u and 8et=EeOet 4.1)
A A

= ! d = s 42

) an ) (42)

where A, and A, (cm?) represent the cross sectional areas of the intracellular and

interstitial spaces, respectively. Similar equations can be written for the transverse

direction.

Let g and g, be the bidomain conductivity tensors in the intracellular and

interstitial spaces in cartesian coordinates:

Ex = 0 ng 0 and gl‘ = O gcT 0 (43)
0 0 ng 0 0 gcT

The tensors comprise the longitudinal conductivities along the fiber direction (g,

ge) and the transverse conductivities orthogonal to the fiber direction (g.r, ger). Ohm’s

law relates the intracellular current density J, and the extracellular current density J,

t

(A/m?) to the intracellular @&, (V) and extracellular @, (V) potential distributions by the

following equations:
J(@.r)=-§ V9, o,r) (4.4)
J(@.r)=-2V0.(.r) (4.5)

where r is a variable representing the coordinate (x,y,z) and @ is the angular frequency
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(rad/sec). The membrane current per vclume unit /n (A/m®) leaving the intracellular
domain is given by:

v-J(w,r)=-I(w,r) (4.6)

The same membrane current enters into the interstitial domain where an external

alternating current /, (@)= /,sin(w) (A) is also injected at electrode sites ro:

V-j,(w,r)=1,,,(w,r)+l,(m)5(r°) 4.7

The membrane consists of a specific membrane capacitance C,, (F/cm?) in
parallel with a specific resistance R, (Q-cm?). Its transfer function in the frequency

domain corresponds to the specific membrane admittance ¥, (Q'-cm™):

Y,,,(a))=ﬁl--+ij,,l (4.8)

I (@.r)=B.V. ()Y, () (4.9)
where B, is the surface to volume ratio of the cells (cm™) and ¥, is the transmembrane
potential:

Vor)=0@,r)-o(or) (4.10)
Combining equations (4.3) to (4.7) gives the two constitutive equations of the bidomain
model:

V- EVo (@r)=1,(0r) (4.11)

V-@,Vd),(a),r)): —Im(a),r)—lx(a))éi(ro) (4.12)



The general bidomain equations with a sinusoidal current source at position 7y and

unconstrained anisotropy are:
VEVP.@,r)=8.1.0)@@r)-2,@r) (4.13)

VEV,(0.r)=-8,1, ()@ @r)-2,@r)- 1)) (4.14)

We now have a parametric system of equations with two unknowns (@(ar),
D(air)) and six parameters (g, £i7, ZeL, ZeT, Bm, Rm ) considering that C,, can be fixed at
1uF/cm?. To solve this system, we use the Fourier transform in the space domain. The

three dimensional spatial Fourier transform @(w, &, ) of a potential @(ar) is defined by:

é (o, k.k, .k, ) =F {o(w,r))= HT{T‘D(@, x,5,2) e"‘“cbr} e’ dyJ e’ dz (4.15)

~\ -

where k;, k,, k. (rad/m) represent the spatial frequencies along X, y and 7 axes. The

inverse Fourier transform is:

(7]

The hat notation “~ ” over a variable denotes the spatial Fourier transform of this

-x

P(,x,y,2)= F %5(0), k, )}: 1 T U: [T@(w,l; Jk, k)e " dk, J e dk, ] e *dk, (4.16)

variable. We can demonstrate that the Fourier transform of the second derivative of the

potential along the ¥ axis is:

aZm ot P 4 D
?ﬁ-{ (: z,:y z)}=_kf¢(w,k,,y,z) 0
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In that way, the derivatives of a function can be transformed into simpler

algebraic equations. Equation (4.13) and (4.14) are thus transformed into:

5.8, @.k)=8,Y, )@ @.k)-b,,.k) (4.18)
$,8,.k,)= B, 7, ()8 @.k)-0,0.k)) - (k) (4.19)
where

S, =—(guk? + g k2 + g, k%) and S, =g k? + g K} +g.k}) (4.20)

Combining equations (4.18) and (4.19) permits to isolate the Fourier transform of

the interstitial domain:

5 (0 ACLARAC)
Ak ) Bria)-5)es Ari@) 21

(0 £ )= L@k )8~ But(@)
2ok S,(B.L.(@)-8)+S, Bt @)

(4.22)

The interstitial potential in the space domain is available by taking the inverse

Fourier transform of the equation (4.22):

I(,k,)(S,~B.Y. @)
@len=F, {S (B.1.@)-5)+S, B.1. (@ )} @2

I(w.k), @,(wk,), @,(@r) can be evaluated numerically, thus computing the

interstitial potential with an unconstrained anisotropy ratio.
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4.4 2 BIDOMAIN MODEL WITH COMPLEX INTRACELLULAR MEDIUM

Capacitive effects can be incorporated into the intracellular domain (Figure 4.1B)
by replacing the intracellular conductivity by a cytoplasmic resistivity R. (€-cm) in series
with a junction impedance Z,g, (Q-cm). Zgq, is composed of a gap junction resistivity Rggp
(Q-cm) in parallel with a junction capacitance per unit length Cgq, (F/cm). Following the

longitudinal direction:

Z,=R +Z, with

(4.24)

The gap junction resistivity Rgqp and junction capacitance Cgqp (F/cm) can be
respectively converted into specific gap junction resistivity R, (Q-cm?) and specific
junction capacitance C, (F/cm?) with a cell length £ (cm) by

R.,=R/2Z ad C,=C, ¢ (4.25)

Considering the higher junction density following the transverse direction, we
define N as the transverse to longitudinal ratio of junction density. The new intracellular
transverse resistivity is composed of the cytoplasmic resistivity in series with N times the
frequency dependent junction impedance:

Z,=R +NZ,, (4.26)

Taking into account the intracellular volume fraction &, we have new
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frequency-dependent and complex bidomain conductivities: g, @)=¢/z, and
g.(®)=¢&/Z, . Similarly we have the bidomain gap junction conductivity
84 = &, [Ryep - the bidomain junction capacitance per unit length c,,, =¢, C,,, and the
bidomain cytoplasmic conductivity g =& /R.. The complex intracellular bidomain

conductivities constitute an average representation of the behavior of microscopic junction.

4.5 MATERIALS AND METHODS

The measuring system is composed of three parts: a probe, an analog electronic

circuit and a computer (Figure 4.2).

4.5.1 PROBE

The probe consists of two orthogonal rows of four electrodes in order to sample
both the longitudinal and transverse axes of the myocardial fibers. The probe comprises 8
platinum-iridium (Pt-80%, Ir-20%) wires with a diameter of 50 um inserted through a
nylon mesh and cast into epoxy resin. The probe has a diameter of 6.7 mm. The electrodes
of each row are nearly equidistant with an interelectrode distance d~0.340 mm. The
exact positions of the electrodes are measured with an optical microscope. The distance

between the current source and sink electrodes (=3d) is 0.986 mm in one direction
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1. Digital system

3. Subminiature efectrode array

2. Electronic clecuit

Figure 4.2 Schematic representation of the measuring system consisting of: 1) computer
and data acquisition system, 2) electronic circuit, 3) probe with an
interelectrode distance d = 0.340 mm.

(usually used along the fiber) and 1.0325 mm along the other direction. The electrodes

are modeled as a Dirac function for current injection and as a point for potential

measurements. The interelectrode spacing is six to seven times larger than the electrode
diameter and we consider that the finite dimension of the electrodes do not disturb the
potential measurements [32]. The distance between the current source and sink electrodes
is very important because this parameter governs the distribution of the current between
the intracellular and interstitial domains. If the electrodes are too distant, the current

flows in both domains [11,36] and if the electrodes are too close, the current flows mostly
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in the interstitial domain [11]. In a previous study [48], we used an interelectrode distance
of only 0.158 mm which barely permitted noticing the effects of the capacitive properties
of myocardium and was too small to compute the intracellular and interstitial
conductivities, even though it was smaller than the transverse space constant (0.196 mm)
used by Plonsey et al. [11]. Even if the distance between the current electrodes of our
probe is longer than the transverse space constant, the frequency response is adequate to

measure the intracellular conductivities.

Low electrode impedance is important to reduce the effects of stray capacitances
between leads and ground which are responsible for parasitic potentials and phase shifts
[18,20]. The electrode impedance is reduced by plating the electrodes with a platinum-
black solution {49,50]. A specific study was carried out to find the best current density and
time to process eight electrodes simultaneously and get the lowest impedance as well as the
best plating adherence possible. Imbalance of electrode impedance appears in the
measurements as a frequency dependent calibration curve obtained with conductive saline
solutions [18,20]. This justifies a calibration procedure with saline solutions before and
after the myocardial measurements. The electrodes are plated before each experiment with
a current density of 500mA/cm’ in a modified platinum-black Kohlrausch solution
(0.5 mol/L. HCl instead of the original 0.025 mol/L) [49,50] placed in an ultrasonic bath
[51] to increase adherence. The electric circuit for plating the platinum electrodes is made

with eight identical current sources.
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4.5.2 THE MEASUREMENT SYSTEM

The custom-made system is capable of measuring both the magnitude and the
phase of the voltage with respect to the applied current. It is composed of an analog
electronic circuit connected to the probe and controlled by a personal computer (Figure
4.2). The electronic circuit is composed of a floating alternating current (AC) source and
an instrumentation amplifier that are both adapted to the characteristics of the
microelectrodes. All the current injected by the source electrode into the tissue must
return by the sink electrode and any other return pathway can significantly disturb the
measurements [20,50]. So as to minimize the current leakage to the ground, we designed
an AC current source powered by a battery pack and optically isolated from the computer
and the ground. This current source is basically a voltage-to-current converter controlled
by a function generator in the computer (PC-CARD). The stimulation current is
sinusoidal and the source operates within a range of 12 Hz to 20 kHz with a high output
impedance so as to maintain the current amplitude in spite of a high electrode impedance

that varies with frequency, current density and bulk tissue resistivity [19,49].

The two inner electrodes are connected to an amplifier circuit consisting of a
precision instrumentation amplifier (Analog Devices AD524) buffered by an high input
impedance and very low bias current amplifier (Analog Devices AD648) mounted in a
follower configuration. The inputs are shunted to the ground with 66MXQ resistances

which give a bias current pathway to avoid polarizing the microelectrodes. The output of
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the AD524 amplifier is filtered so as to remove any DC offset without modifying the
phase. A silver silver-chloride electrode driven by a reference circuit is used as reference
in the bath. The current source and the amplifier outputs are designed so as to have no
phase difference in the operating frequency range. The electronic circuit generates two
analog outputs for the data acquisition card: the first is provided by a current sampler
which measures the current via optical coupling, the second measures the potential

difference between the two inner electrodes.

The personal computer is equipped with a function generator (PCIP-SST Keithley
Metrabyte) and a high speed two channel digital oscilloscope (PCIP Scope Keithley
Metrabyte). One oscilloscope channel digitizes the current signal /, and the other channel
digitizes the inner electrode potential difference AV(w). The measurement software is
programmed so as to capture a minimum of 16 cycles in a 1024 sample frame. The gains
of the channels are adjusted by the operator at each frequency so as to optimize the
resolution. Because the connection wires between the electrodes and the electronic circuit
are sensitive to electric and magnetic noise, the electronic circuit, the probe and the

biological preparation are placed inside a stainless steel Faraday cage.

4.5.3 SIGNAL PROCESSING

To eliminate the electrical noise and to ensure an accurate phase measurement,

AV(w) and I{(w) are digitally processed using a narrow fourth order band-pass
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Butterworth filter tuned to the signal frequency. Zero-phase distortion filtering is
obtained by processing the signals in both the forward and reverse directions [52]. The
voltage and current modulus of the filtered signals (excluding the border cycles corrupted
by filtering) can be measured by peak-to-peak detection or RMS (root mean square)

computation.

The phase-shift between AM(w) and /() is computed with a phase detector
algorithm. A signal u(f) and its Hilbert transform ¢(u(f)) are orthogonal [53], this
property is applied to the sine function to obtain the identity 3 (sin(at)) = —cos(at) [53].
For the current source [/ ,(w)=/,sin(wt) and the inner electrode potential

AV (w)=V,sin(wt - 6), we have:
1,(@)V(w)= 1, sin(wt)V, sin(awt - 6)= %[cos(o)— cos(2wt - 9)] 4.27)

KL (@)W (w)= -1, cos(wt)V, sin(wt -6) = —%[sin (-8)-cos(2at - 9)] (4.28)

The two equations have a constant component which is function of the phase lag
fand a time varying component (2wt). By taking the arctangent of the ratio of the

constant components, we obtain the phase:

m[ucmz,w V(w)l}_m{sm(e)}o “29)

DClI, (w) Vo) D cos(8)
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The measurements are presented as a complex voltage-to-current ratio Z (a)) (V/A):

Z(w)=avV(@)/ 1, (4.30)

4.5.4 CALIBRATION

The voltage-to-current ratios are finally corrected using calibration measurements
obtained with three saline solutions of known conductivities that are in the same range as
those of the myocardium (5, 2.5, 1.5 mS/cm). Calibration measurements should be
frequency independent and no phase shift should be detected. To compensate for any
anomalies due to the measuring equipment or the platinum electrode impedance, Z(w) is
multiplied by a calibration factor computed for each frequency and specific to the

modulus. The longitudinal and transverse measurements are processed separately.

The calibration factor is the ratio of the theoretical voltage-to-current ratio of the
saline solution, to the voltage-to-current ratio of the calibration measurements. The
theoretical values at the exact electrode positions in a saline solution are computed with
an analytical equation for a semi infinite isotropic medium. At each frequency, three
calibration factors are computed (one for each saline solution) and a second order
polynomial calibration function is fitted through the three calibration factors. This
calibration function gives the calibration factor specific to the voltage-to-current ratio of
the myocardial measurement. If the phase is nearly zero without any frequency trend, the

calibration is made on the magnitude only.
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4.5.5 PARAMETER EVALUATION

To compute the conductivity parameters, the choice of the model is important
because it must reproduce as closely as possible the electrical behavior of the
myocardium [23]. Since there is no analytical formulation to evaluate the bidomain
conductivities with unconstrained anisotropy ratio, we use the numerical approach
developed by Le Guyader et al. [38]. The interstitial potential measurements are
simulated by a three-dimensional numerical bidomain model using equation (4.23), the
tissue is modeled as a slab having a length of 5 mm, a width of 5 mm and a depth of

2.5 mm.

The size of the slab is large enough so that the boundary conditions do not affect
the potential under the two inner electrodes. Taking advantage of the symmetry due to the
boundary conditions to reduce processing time, simulations are made over a sub-block of
one fourth the original size. For the application of the discrete Fourier transform, the sub-
block is subdivided into (n,xn,%n;) nodes with n,=128, n,=32, n,=16. The source and sink
electrodes are positioned over a node but the exact position of the inner electrodes does
not correspond with a node. Thus, the potential at these two sites is estimated by cubic
interpolation using six neighbors. To retrieve the bidomain parameters that best fit the

Z(w) measurements, we use the curve fitting package SolvOpt [45] based on a modified

Shor’s-r algorithm. SolvOpt is a solver for local optimization problems with
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minimization of nonlinear multivariate functions. The function to be minimized is the
square root of the sum of the squares of the complex differences between the simulated
and measured voltage-to-current ratios for both the longitudinal and transverse directions

at every frequency.

For the first bidomain model with a purely resistive intracellular medium, six
parameters are fitted simultaneously ( gi, &7, 8Ber, Zer, Bm, Rm) while C, was fixed at
1uF/cm? (single pass method). For the second bidomain model that incorporates the gap
junction capacitances, the number of known parameters is increased from six to eight (g,

8eL, ZeT; Pmy Rm N, ¢y, 8 3op; ) and the algorithm cannot handle too many parameters

simultaneously with confidence. We reduced the number of parameters using a two-pass
method. Considering the fact that at low frequencies current flows mostly in the
interstitial domain and the measured potential is mostly affected by the interstitial
conductivities, the first pass consists of fitting the six parameters of the first model up to

2400Hz, and for the second pass, the values of g.. and g.r are kept the same while the

remaining other parameters (g, Bm, Rm, N, ¢ ) are fitted up to 10 kHz.

gapr gxapr

4.5.6 EXPERIMENTAL SETUP

Mongrel dogs weighting between 25 and 42 kg were anesthetized with
intravenous sodium pentobarbital (30 mg/kg). Formation of blood clots was prevented by

intravenous administration of heparin. The heart was excised through a left lateral
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thoracotomy and deposited in a dissection pot filled with a cold Tyrode solution (4°C).
Depending on the type of tissue, the right atrium or the right ventricle was excised. For
the right atrial preparation, a 1 mm diameter cannula was introduced into the right
coronary artery system to provide perfusion with a physiological solution, the atrium was
laid in the recording bath with the endocardium facing upward and the sinus node
produced spontaneous excitation. The right ventricle was cannulated by the right
coronary artery, laid in the recording bath with endocardium facing upward and pacing
contributed to keep the tissue alive. The excision lesions were cauterized to avoid

excessive drainage of the physiological solution.

Two perfusion solutions were used. The first was a Tyrode solution which
produced edema. We assumed that edema was caused by the lack of proteins and blood
cells usually present. To stabilize the preparations, we used a mixture of Tyrode and
blood (33% to 43% depending on the amount of blood available from the dog). A total of
25 preparations were investigated with the first solution and 24 preparations with the
second. The millimolar composition of the Tyrode solution was: NaCl, 128.0; KClI, 4.69;
MgS0,+7H20, 1.18; NaH,PO,, 0.41; NaHCO;, 20.1; CaCl,+H;0, 2.23 and dextrose
11.1. The solution was warmed to 37+1°C in a reservoir, then pumped to a warm oxygen
chamber with a mixture of 95% O, and 5% CO, (pH=7.35+0.1). The tissue was perfused
by the Tyrode solution with a constant flow and by the blood-Tyrode solution at constant
pressure (100 cm height column). The perfusion flow was about 5 to 9 ml per minute.

The bath temperature was maintained at 37+1°C by warm water circulation in the bath
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wall and superfused by the solution seeping from the tissue.

After tissue stabilization, the site of measurement was determined and surrounded
by gauze linked to a suction system to soak up any liquid seeping from the tissue. The
probe was fixed to the end of a spring cartridge holder mounted on a micromanipulator
(Figure 4.3). The array was brought down delicately over the site of measurement with a
little pressure, giving a good contact, even with tissue contraction. An electrode row was
aligned along the fiber direction which was visually determined with magnifying glasses
or microscope when necessary. Then, a series of impedance measurements were
performed along the longitudinal axis at different frequencies followed by measurements
along the transverse axis. The frequency was changed from high to low values so as to
start with lower electrode impedance and to allow more time for the electrodes to
stabilize. The current intensity was subthreshold and set at 1 pA After each set of
measurements performed with the blood-Tyrode solution, the pressure was released while
keeping the electrode in contact with the tissue, and the suction system was shutdown.
The viability of the preparation was repeatedly assessed by measuring the presence of
activation on the electrograms. After the experiments, calibration measurements were

repeated in saline solutions.
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Figure 4.3 Experimental setup.

4.6 RESULTS

Typical measurements obtained with the Tyrode solution for the crista terminalis
(right atrium) are shown in Figure 4 4. The modulus and phase of the voltage-to-current
ratios (measured every 5 minutes) have characteristic shapes. For the longitudinal
direction, the modulus decreases from 12 Hz to 500 Hz, then increases at higher
frequencies, while the modulus is continuously diminishing along the transverse
direction. This decrease reflects the apparent increase of conductivity as more current is

shunted into the intracellular domain at higher frequencies. The phase for the longitudinal
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Figure 4.4 Voltage-to-current ratios vs. frequency for a crista terminalis preparation
perfused with Tyrode solution. Top, modulus (mV/pA); bottom phase (°); left,
longitudinal axis; right, transverse axis. The measurements were made
approximately every five minutes: O min O, 50, 10 A, 15 ¢, 20 X. Saline
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arrows (—) show the temporal evolution of the curves, reflecting the
possible effects of edema.
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axis is lagging at low frequencies and leading at high frequencies. The calibration curves
are flat with a zero phase over the full frequency range. The tissue does not seem to be
stabilized since the first measurement has the lowest modulus and subsequent
measurements show an increased modulus which reflects an apparent decrease of

conductivity that could be caused by edema.

Figure 4.5 shows typical stable results obtained with the blood-Tyrode solution.
Five measurements were repeated on a branch of the crista terminalis every five minutes.
Compared with Figure 4.4, the curves do not show any significant shift with time. The

calibration curves are flat for the modulus and show a £1° phase shift.

Figure 4.6 shows trabeculae measurements (open circle) performed with blood-
Tyrode solution and the corresponding curves computed with the two bidomain models.
The fit of the standard bidomain model (dotted line) is very good up to 1000-2000 Hz,
while the inclusion of the intracellular gap junction capacitances (line) improves

significantly the fit at higher frequencies.

The experiment presented in Figure 4.7 shows the influence of a drug that alters
cell coupling (Heptanol-I). The atrium was perfused with blood-Tyrode solution and
measurements were repeated at five minutes intervals on the pectinate muscle of the right
atrium. A dose of S0mL of Tyrode-blood solution containing 1.42mM/L of Heptanol-I

was injected into the cannula after the fourth set of measurements. Despite a small drift of
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Figure 4.7 Response of right atrium pectinate muscle preparation perfused with a mixture
of Tyrode and blood to a dose of Heptanol-I (a cellular uncoupler). Same
format as Figure 4.4. Measurements were made approximately every five
minutes and a bolus of perfusion solution with Heptanol-I was injected just
after 15 min. Measurements at 0 min 0, 503, 11 A, 150,220, 26 ®, 30 4, 35
©. The curves were computed with the bidomain model including intracellular
capacitances after a two-pass fit with the measured ratios: the smaller icons of
the curves correspond with the larger icons of the measurements.
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the modulus during the first four measurements, there is 2 major increase of the modulus
after the injection of Heptanol-I. The solid or open icons represent the measured data, and
the dotted lines with their smaller icons represent the results computed with the bidomain
model incorporating the intracellular junction capacitances. The fit is very good over the

entire frequency range.

Figure 4.8 shows the temporal changes of the bidomain parameters obtained by
fitting the bidomain model with junction capacitances to the 8 sets of measurements from
Figure 4.7. The parameters are quite stable before the injection. The most notable

changes induced by Heptanol-I are a three fold increase of the transverse bidomain

junction resistivity g;;p, and a two fold decrease of the bidomain gap junction
capacitance c,,, which is probably linked to the decrease of N. The other resistivities

show a slight increase after injection.

Table 4.1 presents the average bidomain parameters obtained after fitting the
bidomain model including junction capacitances, with 26 sets of stable measurements
performed in four different preparations (columns A to D). Each column is divided into
three sections: section 1 contains the bidomain parameters fitted after the first pass (with
the first model up to 2400Hz); section 2 contains the bidomain parameters fitted after the
second pass (with g, and g.r from the first pass). The default value of the membrane
capacitance is set to 1uF/cm®. Section 3 contains interesting ratios computed from the

above values or reported by other authors. In section 2, gz and g;r have the same
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Figure 4.8 Bidomain parameters vs. time for the data presented in Figure 4.7. The
Heptanol-I bolus is injected after the 15" minute measurement (vertical dotted
line). Bidomain parameters (scaled on left) are fitted with the mode! including
junction capacitances (right ordinate).

meaning as their equivalent from sectionl, but are computed as intracellular
conductivities with an open circuit for the junction capacitance, using the equations
shown in the table. Also, we were not able to determine the bidomain space constant in
either direction because of the poor fit of Rn. In almost every case the estimated R, was
greater than 20 kQ-cm’® because the interelectrode distance does not permit to reach a
plateau at 12 Hz and the fitting procedure is quite insensitive to R, . The ratio of the

longitudinal to transverse bidomain space constantis calculated with gy and g;r from
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Table 4.1 BIDOMAIN ELECTRICAL PARAMETERS OF CANINE ATRIAL AND VENTRICULAR TISSUE

t t t t Roberts et Robertset Chapman
A B C D' Cleci?) "5 l6)  aL(s] eal(ls]
Canine Canine Canine Canine Calf Canine  Canine Frog
atrium atrium trabeculac  trabeculae Trabeculae ventricle Ventricle Ventricle
Number 4 9 9 4
g, mS/cm 13120.135 335:0.120 1.5520.052 2.51:0.102 6.25° 2.22 117
g, mS/cm 1.28:0.132 2.1240.058 1.44x0.020 1.95:0021 236 133 0.802
(1R kQ-cm? >20 >20 >20 >20
B, cm’? 930:97  1494£132  280:9.38  525:19.01
g¢, mS/cm 0.636£0.025 1.326+0.060 0.310+0.011 0.613:0.034
gir, mS/cm 0.3730.009 0.355:0.030 0.324:0.009 0.338:0.009
g.,mS/cm 0.956:0.046 2.81:0.169 0.901£0.020 1.0420.094 248"
€, » RF/CM 61.8:9.8  45.2¢129 362196  47.4:10.2 3374°
Coapr * nF/cm 10.6x1.9  497:021 13.7:025 12.6x1.21
g o> MS/cm 3.29+0.578 338:0.397 0.81:0.029 1.78:0.235 229°
& gpy» MS/CM 0.557+0.0067 0.386+0.056 0.31:0.083 0.477:0.024
N 5.92+1.10 9.07:246 2.62:0.14 3.7420.58
2 B, cm™? 930197  1504£133.7 353281  554x20
R, kQ:cm? >20 >20 >20 >20
=28 nsiem . .
B+ By 0.738£0.044 1.53:0.096 0.425:0.011 0.653:0.046 1.74 2.78 3.44 119
= ga:gm
T Bt Eypr 0.352+0.008 0.338:0.043 0.229:0.004 0.326:0.009 0.193°  0.263  0.596
g/ gr 211 453 1.85 201 9 10.56 5.76
8u/8u 102 1.58 1.08 129 2.65 1.67 1.46
Heuzt L77 2.18 364 383 35 080 034
gagsr 3.64 6.26 6.26 5.95 12.22 5.07 134
A, [, 131 190 130 136 276 237 1.60

Transformation of original values into bidomain values using &, /&, = 0.7/0.3. ' Default value of Cnis lpF/em? .
Sections number for columns A to D. * g, and g+ are from section 2.

+
*

section 2 and the following relation:

’1_:.= @t{,gﬁxgﬂ‘ +8.r)
A (gzL +8¢Xgag.r)

(4.31)



87

In general the reproducibility of the estimated values was quite good, with
standard deviations that ranged between 2 to 20% of their respective means. In all four
preparations, the longitudinal bidomain conductivities (intracellular and interstitial) were
higher than the transverse ones, as expected. Also, the interstitial bidomain conductivities
were higher than the intracellular ones. The ranges of values obtained for the two atria
preparations generally overlapped those for two ventricular preparations for most
parameters, suggesting that inter individual variability was more important than tissue

type variability. However, the following exceptions can be noted: g, N, Bn,gu/g1, g1

which were 2 to 4 times higher in atrial tissue.

4.7 DISCUSSION

The main result of this paper is that the passive electrical properties of both
intracellular and interstitial domains can be measured reproducibly with a new method
that uses only extracellular electrodes. This method was derived from the four-electrode
technique by reducing significantly the interelectrode spacing and by changing the
frequency of the current so that it flows in the interstitial domain at lower frequencies and
in both interstitial and intracellular domains at higher frequencies. The alteration of
modulus and phase of this measured potential are then fitted with appropriate bidomain
myocardial models to compute the different conductivities. The combination of small

interelectrode spacing and bidomain modeling is thus essential to assess the intracellular
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properties, which was not possible previously with larger spacing and monodomain

modeling [32,36].

From a modeling point of view, even if the interelectrode spacing (0.340 mm) is
similar to the space constant of the tissue, the distance between the two current electrode
(1 mm) is large enough compared to cellular dimensions so as to represent the
myocardium on a macroscopic scale as an homogeneous medium. Two different
bidomain models were used to fit the experimental data: a standard bidomain model with
membrane capacitance and a similar model incorporating a capacitance in the
intracellular domain. The estimated parameters are reported for both models in Table 4.1.
The first model can adequately fit the observed data between 12 to 1000 Hz. At
frequencies above 1000 Hz, the continuous decrease of the measured voltage-to-current
ratio modulus along the transverse direction was not well represented by the first model
which produced a plateau. This suggested that the apparent increase of conductivity could
be represented by the addition of a capacitive component to the intracellular current. The
addition of an intracellular capacitance to the model (Figure 4.1B) improved the
goodness-of-fit at frequencies between 1 to 10 kHz without altering the model behavior
at lower frequencies. This additional capacitance can represent the effects of the gap
junctions but also of the intracellular domain itself [54]. Also, the excellent fit of the
standard bidomain model at frequencies lower than 1000-2000 Hz suggests that it is not
necessary to incorporate into the model a thin region representing an electrolytic solution

between the probe and the tissue.
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The bidomain parameters that were obtained from repeated measurements in
different preparations are comparable with literature results that are also presented in
Table 4.1 [5,6,7,15]. Our interstitial longitudinal bidomain conductivities are similar to
the results of the in vivo experiments of Roberts et al. [5,6], despite the use of blood-
Tyrode perfusate which is more conductive than blood. The g.r value is in the range of
those reported by Clerc {7] and Roberts ef al. [6] but is higher than that of Roberts and
Scher [5]. In the intracellular domain, g, is accordance with Clerc [7], and Chapman and
Fry [15], but is lower than that of Roberts et al. [5,6] which is so large than g./g. is
smaller than 1. The ratio g.7/g,r has less variation between our preparations (3.64 - 6.2)
than between authors (1.34 - 12.22). The ratio gy/gir is lower than that of Clerc [7]

because of his low g,r, and of Roberts et al. [5,6] because of his high g,;.

To compare the bidomain junction capacitance ¢y, with the specific junction

capacitance C, reported in the literature, we use the transformation C, =c_,, /(££,) with

a cell length £ of 0.10 mm and £=0.7. Our transformed bidomain capacitances cover a
range from 5.14 to 8.80 uF/cm® which is small compared to the specific junction
capacitance (370 pF/cm?) of Chapman and Fry[15]. In experiment C however, the
junction time constant (Cgap * ggap) is 44pS, which is close to the 64uS value found by
Freygang and Trautwein [25] in sheep Purkinje strands. In cat myocardium, Sperelakis
and MacDonald [43] reported specific junction capacitances in the range of our values:

C=3.4 uF/cm® with a 6.4 folding factor and C=22 pF/cm?® without folding.
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A present limitation of this method is the long computer time necessary to
evaluate the eight parameters (5 to 12 hours on a SGI/R4000, 100 MHz work station)
which precludes on-line analysis. A new computerized measurement protocol using
multiple simultaneous frequencies or a rapid frequency sweep could also reduce the

acquisition time so as to capture rapid changes of the passive electrical properties.

The experiments show the sensitivity of this method to the tissue condition. Since
this technique is able discriminate the interstitial domain from the intracellular one, it can
be useful to measure the conductivity changes induced by medication, hypoxia [37] and
ischemia [55]. Its small sensing area can determine the electrical properties of tissue in
specific regions responsible for conduction abnormalities such as reentry or functional

block.
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CHAPITRE 5 : DISCUSSION

L’objectif de ce projet de recherche, qui était de développer un systéme capable
de mesurer les conductivités intracellulaires et interstitielles anisotropes du tissu
cardiaque avec des électrodes extracellulaires a été atteint. Une discussion de la méthode
de mesure est présentée 4 la section 5.1 et les limites de la méthode et les développements

futurs sont présentés a la section 5.2 .

5.1 LA METHODE DE MESURE

La technique a quatre électrodes, qui jusqu’a récemment n’était utilisée que pour
évaluer des conductivités monodomaines [36] a été améliorée de fagon a mesurer les
conductivités bidomaines intracellulaires et interstitielles du tissu cardiaque sans

contrainte d’anisotropie.

La seule fagon de calculer les potentiels dans un modéle bidomaine sans imposer
un ratio d’anisotropie constant est d’utiliser un modéle numérique tridimensionnel. Cette
approche numérique permet d’évaluer le potentiel pour des conductivités données, mais
ne permet pas de calculer directement les conductivités a partir du potentiel
extracellulaire comme le font Rush et coll. [31] pour un modéle monodomaine ou
Plonsey et Barr [11] pour un modéle bidomaine avec ratio d’anisotropie constant, ce qui

nous a orienté vers une solution itérative. Les conductivités bidomaines du tissu sont
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donc déterminées par un algorithme de minimisation d’erreur qui, par évaluation
successive des combinaisons de conductivités, déterminera celles qui générent la plus

petite différence entre les valeurs simulées et les valeurs expérimentales.

Le développement de !’approche fréquentielle nous permet d’évaluer les
conductivités intracellulaires et interstitielles pour une position prédéterminée
d’électrodes. Outre le fait d’avoir des électrodes fixes, cette approche a |’avantage de
produire des mesures suivant les directions longitudinale et transverse aux fibres pour de
multiples fréquences. Cet aspect est important pour |’algorithme de minimisation
d’erreur, car en augmentant le nombre de mesures et donc le nombre de contraintes, on
rend la solution plus robuste et lui donne plus de chance d’étre unique. On ne peut jamais
étre sir que la solution correspond & un minimum global de la fonction de coft,
cependant nos investigations avec des potentiels simulés, substituées aux données
expérimentales, ont montré que l'algorithme “Shor’s r” est capable de retrouver
exactement les six paramétres initiaux qui ont généré les données simulées. Ce nombre de
parametres semble étre un maximum. Ceci constitue un probléme lorsque nous voulons
introduire une capacité intracellulaire. Toutefois, le fait de lier les impédances de
jonctions longitudinales et transverses par un facteur de densité de jonction N limite leur
degré de liberté et restreint le nombre de paramétres a huit. Un nombre accru de
fréquences ne permet pas de beaucoup accroitre la dimension des données et la seule
alternative est de diminuer le nombre de paramétres. Une série d’essais a montré que

deux passes successives permettent de retrouver exactement les huit paramétres initiaux
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du modéle avec capacité intracellulaire, & I’exception de R 4 cause de la distance

interélectrode.

La distance interélectrode est spécialement choisie afin de distinguer le milieu
intracellulaire du milieu interstitiel. Des essais avec une distance interélectrode de
158 um, légérement inférieure 4 la constante d’espace transverse évaluée a 196 um par
Plonsey et Barr [11], ont montré la nécessité d’augmenter la fréquence au-dela de
10000 Hz pour faire entrer le courant dans le domaine intracellulaire [56]. Il est
techniquement difficile d’augmenter la fréquence au-dela de 10000 Hz & cause des
capacités parasites. La distance interélectrode de 340 um permet au courant d’entrer

davantage dans le milieu intracellulaire.

La distance interélectrode a une grande importance sur le comportement
fréquentiel des mesures. Les expériences effectuées par Gielen et coll. [32] sur le muscle
squelettique rapportent que les mesures sont dépendantes de la fréquence avec une
distance interélectrode de 0.5 mm alors qu’elles sont pratiquement indépendantes jusqu’a
10 kHz avec une distance interélectrode de 3 mm. Steendijk et coll. [36] ont observé le
méme déphasage entre 5 kHz et 60 kHz pour une distance interélectrode de 1 mm tandis
que van Oosterom et coll. [57] mesurent une conductivité dans le muscle cardiaque qui
est indépendante de la fréquence avec la méme distance interélectrode sur une gamme de
fréquence de 10 Hz et 5 kHz. La distance de 1 mm entre les électrodes de courant est

assez grande comparativement & la dimension d’une cellule et semble adéquate pour
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représenter le tissu par des conductivités homogénes au niveau macroscopique. Le
modéle bidomaine standard en courant alternatif permet une bonne représentation du
tissu jusqu’a 2400 Hz [38,39]. Une décroissance de I’amplitude transverse au-dessus de
2400 Hz et une forte diminution de la phase est présente sur toutes les mesures et
provoque un décrochage du modéle bidomaine en courant alternatif. Le modéle atteint un
plateau en amplitude et revient a une phase nulle. L’ajout d’une capacité de jonction dans
le domaine intracellulaire représente une extension du modéle bidomaine classique et

permet de mieux simuler les mesures au-dessus de 1000-2000 Hz.

Les observations sur le comportement de |’amplitude et de la phase des mesures
expérimentales dans la gamme de fréquence de 10 Hz a 10 kHz mettent en évidence des
spécificités suivant les directions longitudinales et transverses. Une augmentation de
’amplitude au-dessus de 1000 Hz et une phase positive sont associés a la direction
longitudinale des fibres. Ceci est surprenant i premiére vue mais est effectivement
reproduit par le modéle numérique tridimensionnel. Par ailleurs, la méthode de mesure

montre une grande sensibilité aux modifications physiologiques du tissu. Ce type de
modifications s’est manifesté par une augmentation de Z,(w) et de Z.(») tout en

gardant la méme morphologie. Ce comportement manifeste une modification des
conductivités intracellulaires et interstitielles qui peut étre provoquée soit par I'cedéme,

soit par une pression exagérée de la sonde qui induit de I’ischémie.

Le systéme de mesure s’est montré sensible a I’évolution physiologique du tissu
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lorsque perfusé uniquement avec la solution de Tyrode. Les parametres bidomaines
obtenus dans les différentes préparations sont comparables a ceux de la littérature. La
capacité de jonction est relativement petite comparativement aux valeurs de la littérature
mais équivaut a plusieurs fois celle de la capacité membranaire, ce qui est logique si on
considére les jonctions comme des structures membranaire. Les valeurs de la capacité de
jonction de la littérature couvrent une grande plage, soit entre 22 pF/ecm? [43] et 370
uF/cm® [15]. Cependant, la valeur de la capacité cytoplasmique de 4.5uF/cm?® [54]

correspond & nos valeurs mesurées.

5.2 LIMITES ET DEVELOPPEMENTS FUTURS

La technique de mesure mise au point dans cet ouvrage n’a pas encore été
exploitée jusqu’a ses limites. Elle combine trois domaines de recherche spécifiques (la
modélisation, l’instrumentation électronique et I’expérimentation) qui doivent étre

approfondis pour améliorer ia technique.

5.2.1 LE MODELE NUMERIQUE

Une étude sur la possibilité de perturbation provoquée par une fine couche de
fluide entre le tissu et les électrodes serait appropriée. Les modéles utilisés reproduisent
trés bien les mesures expérimentales a basse fréquence mais les paramétres estimés

pourraient étre affectés par une mince couche de fluide.
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Un des inconvénients de la technique est le temps de calcul qui est actuellement
trés long. Actuellement, I'ordinateur d’acquisition est un ordinateur personnel ei le
traitement se fait sur une station de travail de type Silicon Graphics (entre 5 et 12 heures
pour estimer huit parameétres). Ceci implique un traitement en temps différé. La mise au
point de mesures des conductivités en temps réel permettrait d’évaluer au laboratoire la
stabilité d’'une préparation et de confirmer I’alignement des électrodes avec les fibres en
faisant une rotation de la sonde. Une étude concernant d’autres types d’algorithmes de
minimisation pour évaluer les conductivités bidomaines est a envisager afin de réduire le

nombre d’itérations et méme limiter I’évaluation des huit paramétres a une seule passe.

Etant donné que le modéle numérique tient compte de la distribution du courant
en fonction de la position de I’électrode de mesure, une nouvelle technique qui ne se
limite pas a quatre électrodes mais qui utilise une multitude d’électrodes de mesures
distribuées sur deux rayons autour des deux électrodes de courant augmenterait le nombre
de données expérimentales, diminuerait |’effet des erreurs de mesure sur I’évaluation des
conductivités et augmenterait aussi la robustesse de 1’algorithme tout en diminuant le
nombre d’itérations. Une étude de I’influence des erreurs de mesure sur les conductivités

évaluées par |’algorithme est aussi a considérer.

5.2.2 L’INSTRUMENTATION
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Il subsiste des problémes de polarisation et de stabilisation des électrodes qui
décalent Ia ligne de base et font sortir le signal de la fenétre de mesure lors de fortes
amplifications. La dérive de la ligne de base a été éliminée dans la majorité des cas a
I’aide d’un filtre électronique passe bas de 1 Hz. Une carte d’acquisition de 16 bits
permettrait d’agrandir la fenétre de mesure et éliminerait le temps de stabilisation avant
de faire les mesures. Une résolution de 16 bits augmenterait aussi la résolution de la
phase qui est présentement plus limitée par la résolution numérique que par

I’électronique.

Une étude peut aussi étre faite pour permettre de sortir ce systéme de mesure de la
cage de Faraday. Ceci peut étre fait par simple blindage si I’impédance des électrodes est
abaissée ou encore par asservissement du blindage de chaque fil d’électrode puisqu’il est
maintenant possible d’avoir des cédbles coaxiaux avec des diamétres aussi petits que 0.33

millimétre.

5.2.3 L’'EXPERIMENTATION

Avant de faire des mesures in vivo, une amélioration de la stabilité du tissu peut
étre réalisée. Des essais sur du muscle papillaire perfusé tel qu’utilisé par Kléber et coll.
[55] devrait étre réalisés chez le chien ou le porc. Cette préparation offre 1’avantage que
les fibres sont bien alignées et que la dimension du tissu a irriguer est limitée, procurant

ainsi un milieu plus homogeéne.
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Les mesures des conductivités interstitielles et intracellulaires nécessitent une
distance interélectrode relativement petite. Selon Steendijk et coll. [36] le courant ne
diffuse que de 2.4 xd sous la surface de mesure pour un rapport de conductivité
monodomaine g;/gr=3, ce qui donne I’avantage de limiter I'effet de la rotation des
fibres sur les mesures mais cause un probléme pour traverser la couche de tissu fibreux a
I’épicarde. La couche plus fine a I’endocarde et un contact naturel avec le sang suggérent
d’effectuer des mesures endocardiques in vitro. Le tissu suinte puisque que le retour
veineux se fait par ’endocarde, procurant une bonne irrigation du tissu mais génant le
contact entre le tissu et la sonde. Une fine couche de liquide est nécessaire pour la survie

du tissu et le systéme de succion essaye de la maintenir au minimum.

Présentement les mesures longitudinales et transverses sont effectuées 1’une aprés
I’autre. Le temps pour effectuer une série de mesure est d’environ une minute a cause de
du delai d’armement de la carte d’acquisition. Une durée de mesure réduite pour chacune
des directions permettrait de diminuer la période entre les mesures et d’obtenir un plus

grande fréquence d’échantillons de mesure.

En conclusion, cette étude établit la gamme de fréquence et la distance
interélectrode pour effectuer les mesures des conductivités électriques passives ainsi que
la méthode de solution numérique avec deux rangées orthogonales de quatre électrodes

sur du tissu cardiaque. La technique de mesure a une grande sensibilité aux conditions du
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tissu. Puisque cette technique est capable de discriminer le milieu interstitiel du milieu
intracellulaire, cette technique serait d’une grande utilité pour mesurer les modifications
des conductivités du tissu produites par la médication, ’anoxie et I’ischémie. Sa région
de mesure restreinte permet de déterminer les anomalies électriques des régions avec des

circuits de réentrée ou des blocs de conduction.
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