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Résumeé

Les arythmies cardiaques représentent environ 50% des maladies cardiovasculaires qui
sont la premiere cause de mortalité dans le monde. Les implants médicaux jouent un réle majeur
dans le traitement de ces arythmies. En France c’est environ 250 000 patients qui sont équipés
d’'un implant cardiaque et qui nécessitent un suivi régulier. Ces implants utilisent les dernieres
technologies de micro-nano électronique et possedent un boitier de stimulation qui est placé en
sous-cutané, connecté aux électrodes via une sonde intraveineuse. Un des principaux points
faibles de tout implant réside dans l'interface électrode-tissu, en raison d'une réaction
inflammatoire soutenue appelée la fibrose. Ce phénomeéne compromet la biocompatibilité de
I'implant, encapsulant la sonde avec un tissu « isolant ». Cela crée des adhérences le long de la
sonde et au niveau de Iélectrode, ce qui entraine souvent une hausse des seuils de stimulation au
cours du temps et une diminution des durées de vie des batteries. Cette réponse est connue et
peut étre minimisée lors de I'implantation grace a des sondes a élution de stéroides mais la fibrose
reste tout de méme un obstacle pour les implants, justifiant notre intérét d’étude sur le long terme
de la biocompatibilité des implants cardiaques.

La compréhension des mécanismes de la fibrose est primordiale pour ce travail. La fibrose
estdue a une activation et différentiation de certaines cellules cardiaques sous une contrainte
mécanique, et le tissu cardiaque se retrouve modifié localement. Pour caractériser cette
modification, on utilise la mesure d'impédance qui consiste a envoyer un courant électrique
sinusoidal I et recueillir la tension résultante U dans le tissu, I'impédance Z est le ratio U/I. en
fonction de la fréquence de mesure, on peut explorer le tissu a une échelle microscopique ou
macroscopique. Comme les patients sont déja équipés de sondes cardiaques reliées a un circuit de
stimulation qui peut aussi enregistrer I'activité cardiaque, I'idée principale de ce travail est
d’examiner l'utilisation d’'une mesure électrique qui pourrait caractériser l'encapsulation
fibrotique de la sonde, avec pour objectif final d’embarquer cette méthode de caractérisation dans
le circuit implanté. Cela nous ameéne a la problématique de ce projet : est-ce que la fibrose qui se
développe autour des sondes cardiaques a une signature électrique ?

Mon travail de thése s’organise en trois axes. Deux axes expérimentaux sont conduits aux
niveaux cellulaire et tissulaire. On envisage en plus un axe discutant la faisabilité de mesures
d’'impédance embarquées pour des conditions proches de I'in vivo. La partie tissulaire ou ex vivo
présente la caractérisation de différentes natures de tissu, sain ou riche en collagéne, et a été
développée aI'lHU LIRYC, sur des ventricules de cochons ou de brebis avec des sondes cardiaques
implantées chez 'homme. Les spectres d'impédance obtenus sont analysés avec des modeles
électriques connus et dont les parametres sont extraits pour chaque type de tissus. Une analyse
statistique montre que les deux natures de tissu sont caractérisées par des parametres
significativement différents. La partie cellulaire ou in vitro présente la caractérisation électrique,
par mesure d'impédance, et biologique, par marquages immunocytochimiques, d'un modele
cellulaire de fibrose. Ce modéle est développé en cultivant des cellules cardiaques humaines,
activées ou non par un facteur de croissance. Aprés une analyse statistique, les valeurs
d’impédance des cultures activées montrent une différence significative par rapport aux cultures
non activées, tandis que la caractérisation biologique montre une augmentation du nombre des
cellules activées au cours du temps. Le dernier axe présente des résultats préliminaires sur de
mesure d'impédance embarquée en vue d’'une utilisation ultérieure in vivo.

Mots-clés : Bioélectronique, Spectroscopie d'impédance, Interface tissue-électrode, Pacemaker,
Fibrose cardiaque






Abstract

Cardiac arrhythmias represent about 50% of the cardiovascular diseases which are the first
cause of mortality in the world. Implantable medical devices play a major role for treating these
cardiac arrhythmias. In France, about 250.000 patients are equipped with an implanted device for
arrhythmia treatment and need a regular monitoring. These devices use the latest technology of
micro-nano-electronics and integrate a subcutaneous pulse generator connected to electrodes
placed into the heart via intravenous leads. One of the main weaknesses of every implantable
device lies in the electrode-tissue interface due to a sustained inflammatory response called
fibrosis. This phenomenon jeopardizes the device biocompatibility, because it encapsulates the
stimulation lead with an “insulating” tissue, creating adherences along the lead and often leading
to an increase of the stimulation threshold over time and a larger electrical consumption. This
response is well-known and minimized during the implantation surgery thanks the use of steroid-
elution electrodes, however fibrosis still remains an impediment even for the most recent devices,
enhancing the interest of studying long-term biocompatibility of cardiac implanted devices.

The understanding of fibrosis mechanisms is essential for this work. It consists in some
cardiac cells’ activation and differentiation under a mechanical stress, inducing fibrosis
initiation and modifying locally the active cardiac tissue. To characterize this modification, we use
electrical impedance measurements, consisting in sending a sinusoidal electrical current I and
then measuring the resulting voltage U in the tissue; the impedance Z is the U/I ratio. Depending
on the frequency of the measurement signal, we can explore the tissue from the microscopic to
the macroscopic scales. As a patient is already equipped with cardiac leads connected to a
stimulation device which can also record the cardiac electrical activity, the main idea of this work
is to investigate the use of an electrical measurement that could characterize the fibrotic lead
encapsulation, with the final objective to embed this characterization method in the implanted
circuit. This brings us to the main question of our project: does the fibrosis developing around
the cardiac leads have an electrical signature?

My thesis work is organized along three axes. Two experimental axes are conducted at
cellular and tissue levels, on in vitro or ex vivo models. In addition, an axis studying the feasibility
of embedded impedance measurement for in vivo mimicking conditions is also discussed. The
ex vivo part presents the characterization of tissue of different natures, healthy or collagenous, it
was developed with the IHU LIRYC laboratory, on porcine or ovine cardiac tissue (ventricles
mainly), with stimulation electrodes used on patients The impedance spectra are analysed using
a known electrical model from which characteristic parameters of the two tissue types are
extracted. After statistical analysis, these parameters are found to be significantly different
allowing us to distinguish both tissue types. The in vitro part presents the electrical
characterization, using impedance measurements, in parallel to the biological characterization,
using immunocytochemistry, of a cellular fibrosis model. It consists in culturing human cardiac
cells, activated or not by a growth factor. After a statistical analysis, the impedance values show a
significantly different signature for cultures with growth factor, with respect to sham cultures,
while the biological characterization confirmed the presence of more activated and differentiated
cells over time. The last axis gives preliminary results of embedded impedance measurements in
custom systems for later use in vivo.

Keywords: Bioelectronics, Impedance spectroscopy, Tissue-electrode interface, Pacemaker,
Cardiac fibrosis
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ECG
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FFT
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ICD
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MMP
NCX
NRMSE
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OMEIS
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SA node
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Action Potential

Artificial Pacemaker
Atrioventricular node

Brain Computer Interface
Bioelectrical Impedance Analysis
Cardiac Fibroblast

Crest Factor

Constant Phase Element

Direct Current

Dimethyl Sulfoxide

Dulbecco’s Phosphate-Buffered Saline
Electrocardiogram

Extracellular Matrix

Electrical Impedance Spectroscopy
Electrical Impedance Tomography
Foreign Body Response

Fast Fourier Transform

Fibroblast Growth Medium

Human Cardiac Fibroblast
Implantable Cardioverter Defibrillator
Inverse Fast Fourier Transform
Impedance Cardiography

Interleukin 1Beta

Left Ventricle

Myofibroblast

Matrix Metalloproteinase
Sodium-Calcium Exchanger
Normalised Root-Mean-Square Error
Orthogonal Frequency Division Multiple
Orthogonal Multitone Electrical Impedance Spectroscopy
Root-Mean-Square Error

Right Ventricle

Sinoatrial node

Signal to Noise Ratio

Superior Vena Cava

Supra Ventricular Tachycardia
Transforming Growth Factor 3
Tissue Inhibitor of Metalloproteinase
Ventricular Tachycardia
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INTRODUCTION

Societal, medical and technological context

Cardiovascular diseases are the first cause of mortality in the world, with more than
700.000 deaths per year in Europe. About half of these deaths are due to heart failure, a
chronic phenomenon gradually leading to a deterioration of the cardiac pump which
limits the heart capacity to send the blood to the rest of the body. The other half is due to
arrhythmias or cardiac rhythm trouble.

Implantable medical devices play a major role for treating the cardiac arrhythmias.
Pacemakers treat mainly bradycardia, delivering the proper stimulation signal while the
implantable defibrillators are used for tachycardia, delivering an electrical shock. In
France, 250.000 patients are equipped with an implanted device for arrhythmia
treatment and need a regular monitoring.

These devices use the latest technology of micro-nano-electronics and integrate a
subcutaneous pulse generator connected to electrodes placed into the heart via
intravenous leads. One of the main weaknesses of every implantable device lies in the
electrode-tissue interface due to a biological response called fibrosis. This phenomenon
jeopardizes the device biocompatibility because it encapsulates the stimulation lead with
an “insulating” material. This modifies the therapeutic signal, often leading to an increase
of the stimulation threshold over time. This response is well-known and minimized
during the implantation surgery thanks the use of steroid-elution electrodes. However,
fibrosis remains an impediment for the most recent devices as leadless pacemakers or
cardiac resynchronization therapy (CRT). In the first case, fibrotic encapsulation, even
controlled, will induce a larger electrical consumption; for the CRT, fibrosis will affect the
lead in several places, given the high number of electrodes. Finally, in the current
demographic context, these devices will be implanted over longer periods of time,
enhancing the interest of studying long term biocompatibility of cardiac implanted
devices.

Scientific question

Biocompatibility can be defined as an equipment (cardiac implantable device) capacity to
not interfere with or degrade the biological environment (myocardium) with which it is
in contact. In the context of active cardiac implants, this PhD focuses on fibrosis
development at the electrode-tissue interface. Fibrosis mechanisms are yet not fully
understood and still no method exists for its long-term in vivo characterization.

As a patient is already equipped with cardiac leads connected to a stimulation device
which can also record the cardiac electrical activity, the main idea of this work is to
investigate the use of an electrical measurement that could characterize the fibrotic lead
encapsulation, with the final objective to embed this characterization method in the
implanted stimulation circuit. This would allow performing a non-invasive monitoring of
the biocompatibility of cardiac leads and find new solutions to improve it. This brings us
to the main question of our project: does the fibrosis developing around the cardiac leads
have an electrical signature?
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Impedance spectroscopy approach, from cell to tissue

The characterization technique investigated is the electrical impedance measurement,
used for several decades for the characterization of biological tissues and which consists
in sending a sinusoidal electrical current [ and then measuring the resulting voltage U; the
impedance Z is the U/I ratio. Impedance spectroscopy is a measurement made over
several frequencies, spread over a given interval. Depending on the frequency of the
measurement signal, we can explore the tissue at different scales. At low frequencies, the
current will pass between the cells, the cell membrane appearing as an insulator. The
higher the frequency of the signal, the more the applied current will be allowed to flow
through the cell membrane. Thus, at low frequencies, we will have extracellular
information, by increasing the frequency of the signal we access to intracellular
information.

Fibrosis has several mechanisms, from cell to tissue scales. Cardiac fibroblasts compose
about 50% of the cardiac cell population, alongside cardiomyocytes and other structural
cells. Under a mechanical stress, they are activated, and they differentiate into another
cellular type, myofibroblasts. This phenomenon also causes a local overproduction of
extracellular matrix of which collagen is an essential component. Myofibroblasts, which
do not have the same morphology or function as fibroblasts, coupled with overproduction
of collagen, will modify the active heart tissue locally.

Thesis axes of work and manuscript outline

My thesis work is organized along three axes. Two experimental axes are conducted at
cellular and tissue levels, on in vitro or ex vivo models. In addition, an axis studying the
feasibility of embedded impedance measurement in vivo is also discussed. The manuscript
is divided into five chapters.

Chapter 1 gives the minimal knowledge on the multidisciplinary context of this thesis and
develops its motivation.

Chapter 2 presents a state of the art along two axes, addressing at first cardiac fibrosis, its
mechanisms when induced by an implant and secondly electrical impedance
spectroscopy (EIS), its theoretical aspects and applications.

Chapter 3 presents the ex vivo work. These experiments are carried out at the IHU LIRYC
laboratory, on porcine or ovine cardiac tissue (ventricles mainly), with stimulation
electrodes used on patients. Cardiac ventricles are maintained ex vivo at 4°C in a
cardioplegic solution, saturated in potassium leading to heartbeat inhibition. The
spectrum of electrode-tissue impedance is measured from 0.1 Hz to 1 MHz, in two distinct
regions of the ventricle: a "normal” region and a region containing a high proportion of
collagen, close to the mitral/tricuspid valve. The impedance spectra are analyzed using a
known electrical model from which characteristic parameters of the two tissue types are
extracted. After statistical analysis, these parameters are found to be significantly
different allowing us to distinguish both tissue types.

Chapter 4 develops the in vitro part, presenting the electrical and biological
characterization protocols, the results and their interpretation. Human cardiac fibroblasts
cultures have been developed in wells with interdigital electrodes. Their differentiation
into myofibroblasts can be spontaneous or accelerated using a growth factor. These
cultures are characterized electrically and biologically over time. Electrical impedance
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measurements are performed with the xCelligence RTCA-DP device which provides
unique cellular index (Cell Index) containing information about cell viability, proliferation
and morphology; we also perform EIS over a frequency range from 1 Hz to 1 MHz, using
the impedancemeter Solartron 1260. In parallel, an immunocytochemical
characterization allows a visual control of cells proliferation and differentiation. After a
statistical analysis, the cell index shows a significantly different signature for cultures
with and without growth factor.

Chapter 5 gives preliminary results in the perspective of the chronic use of in vivo
impedance spectroscopy. On one hand, the integration of an algorithm adapted to this
measurement in implanted stimulation devices will be discussed, on the other hand in
vivo preliminary measurements on sheeps equipped with stimulators for several months
are performed. For the first part, two methods were tested: one based on a standard
multi-sinus excitation signal, using a neurostimulator developed in a previous thesis at
the IMS laboratory, and the other based on the OFDM technique (Orthogonal Frequency
Division Multiple) developed by our collaborators from the ETIS laboratory. Both
methods respect the constraint of a fast broadband measurement, for periods of time
much shorter than the cardiac rhythm.
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CHAPTER

SCIENTIFIC CONTEXT

This first chapter is dedicated to the societal, medical and scientific issues of this
multidisciplinary work which involves different fields of expertise. We will expose the
bases of cardiac electrical therapies and electrical impedance allowing all the readers with
either background in biology or physics to a full understanding of all the stakes of this
thesis.

We will begin with the description of the different cardiac arrhythmias and their
respective existing electrical therapies. Then an introduction to bioimpedance and
bioelectricity will lead us to the definition of biocompatibility. Finally, the specific issues
covered by this work, the experimental approach and expected achievements will be
introduced.

1.1. The heart anatomy and functions

1.1.1. Cardiac anatomy

The heart is a vital and autonomous organ of the human body and the centre of the
circulatory system. It is composed of two independent parts: the right heart and the left
heart, separated by a wall called the septum (Figure 1-1). The inner wall of the muscle is
known as the endocardium and the outside part is called the epicardium. The cardiac
muscle is also called the myocardium (Figure 1-1).

Each part contains two cavities, an atrium and a ventricle working in a coordinated way.
The blood enters the atria, and then passes the ventricles to be sent to either the lungs or
the rest of the body. As shown in Figure 1-1, the right and left hearts receive respectively
CO2 charged blood to send it to the lungs (pulmonary circulation), and Oz charged blood
from the lungs to send it to the rest of the body (systemic circulation). The cavities are
separated by valves: the tricuspid (right part) and mitral (left part) separating the atria
from the ventricles and the pulmonary and aortic valves separating the ventricles from
the circulatory system. Thanks to these valves, the blood can only follow one direction
and is not allowed to enter the heart from the ventricles for example.

The myocardium is composed of various cell types; in proportion of about 30%
cardiomyocytes (contractile cells) and 70% non-myocyte cells like fibroblasts,
endothelial cells and smooth muscle cells [1], [2]. Nevertheless, the cardiomyocytes
represent about 70-80% in volume of the cardiac muscle.
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The heart has both mechanical and electrical properties: its mission to send the blood
through the body is achieved by its mechanical ability to contract its cavities. This action
is triggered by its electrical functions.

Pulmonary valve

\81;/1 Aortic valve

) ) Left atrium
Right atrium

Mitral valve

Tricuspid valve
Left ventricle
Epicardium
Right ventricle ~__X .
Endocardium
Septum
Myocardium

A
Figure 1-1: The human circulatory system and the heart anatomy, the arrows represent the blood
circulation (red for 02 charged blood, blue for CO2 charged blood)

1.1.2. Cardiac action potential

The cardiomyocyte’s contractions follow the electrical activation sequence largely
determined by the cardiac conduction system. It is composed of three main parts: the
sinoatrial node (SA node), the atrioventricular node (AV node) and the Purkinje
fibres (Figure 1-4), which will be described in part 1.1.3. This conduction system is
autonomous and independent. These three components of the cardiac conduction system
are composed of cells that have the ability to spontaneously produce an electrical impulse:
an action potential (AP).

These particular cells, represented by the cell 1 in Figure 1-2.B, have a property called
automaticity meaning that this type of cell does not need a neighbouring cell to induce an
AP. They are at the origin of APs that will spread into the myocardium through the main
conduction paths.

The cell membrane is a semi-permeable barrier between the intra and extra cellular
medium. The concentration gradient of the different ionic species from both sides of the
cellular membrane induces a membrane potential of about -90 mV. The most important
ionic species for the cardiomyocytes are the potassium K* with an extracellular
concentration lower than the intracellular one ([K*]o << [K*]i), the calcium Ca2* ([Ca%*]o
>> [Ca?*]i) and the sodium Na* ([Na*]o >> [Na*]i). The corresponding ionic channels are
represented on Figure 1-2.A.
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The AP is caused by ion movements between the inside and outside of the cell [3].
Different transport mechanisms exist: the diffusion (ion channels) which is a passive
mechanism and dependent of the membrane potential, and the ion pumps or
exchangers (ion pumps and voltage-gated ion channels) which are active mechanisms.
The detailed mechanisms that allow the ions to cross the membrane [4] are:

e The ion channels are highly selective and allow only certain ions to pass the
membrane. The movement of ions through the ion channels is driven by the ionic
concentration gradient from either side of the ion channels. For example, if a
cardiomyocyte voltage is negative relative to the outside, positively charged ions
will be forced into the cell, or if the extra- and intracellular ion concentrations are
different, ions will be driven in the direction of the lowest concentration. The
voltage gated ion channels are a specific type of ion channels sensitive to the
voltage across the cell membrane. If the voltage reaches a certain level, the channel
opens and stays open for a limited amount of time. It exists three important voltage
gated ion channels in the cardiac myocytes, respectively the Sodium (Na*) Channel
which is a very fast channel (open for about 1 ms), the Calcium (CaZ2+) Channel
which is a slow channel (open for several tens of ms) and the Potass