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Abstract
Atrial fibrillation is a heart condition that causes an irregular and abnormally fast heart rate,
as well as a multifactorial and progressive cardiac disease with different manifestations in
each patient. The treatment of such illness remains a challenge, especially on those patients
showing severe remodelling of the cardiac substrate. Regions of scar and fibrotic tissue have
been identified as a potential driving region of arrhythmic activity during AF, so the ablation
of these areas represents a standard treatment. High density mapping techniques can provide
important information about low voltage and slow conduction zones, both characteristics
of arrhythmogenic areas. However, these modalities remain showing discordances in the
location and extent of arrhythmogenic areas.

Recently, local impedance (LI) measurements have gained attention as they are expected
to distinguish between healthy and scar tissue independently from the atrial rhythm, which
can improve the understanding of underlying substrate modifications. A new generation
of ablation catheters incorporates the option of LI recordings as a novel technique to char-
acterize the process of lesion formation. To extend this technology towards a mapping
system implementation, a better understanding on how different factors are influencing LI
measurements is needed. For that, two approaches were followed during this work: in silico
investigations with different catheters and tissue settings, and in vitro experiments to support
simulated studies.

By performing in silico studies that can relate to commonly seen clinical scenarios, we
were able to predict and understand how different factors contribute to measured LI values.
A 3D model of the ablation catheters with the DirectSense™ technology was employed
in different scenarios reported in the clinics, such as the introduction of the catheter in a
steerable sheath, or the variation of the catheter-tissue distance, angle, and force. LI data
from recruited patients at the Städtisches Klinikum Karlsruhe allowed the validation of the
simulation setting.

Later, this in silico setting was extended to multielectrode catheters. Simulating the
impact of several design parameters in LI, such as stimulation and measurement bipolar pairs,
inter-electrode distance, or electrode shape and size, tissue conductivities were reconstructed
to account for scarred tissue patterns.

Lately, in vitro experiments with a mapping catheter were performed built on the previous
simulated findings. Various contact impedance recordings in tissue phantom demonstrated
statistical significance when comparing the measurements between electrodes in direct
catheter-tissue contact and floating in saline.
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During this work, the potential capabilities of LI measurements were proven and paved
the way towards its use as a surrogate for detection of fibrotic areas in cardiac mapping,
complementing commonly used techniques based on electrogram (EGM) analysis.



Zusammenfassung
Vorhofflimmern (VHF) ist eine Herzerkrankung, die eine unregelmäßige und abnorm schnelle
Herzfrequenz verursacht. Beim VHF handelt sich um eine multifaktorielle und fortschreit-
ende Erkrankung, die sich bei jedem Patienten unterschiedlich manifestiert. Die Therapie
dieser Erkrankung stellt nach wie vor eine Herausforderung dar, insbesondere bei Patienten
mit stark verändertem Herzgewebe. Da fibrotisches und vernarbtes Gewebe als poten-
zielle Auslöser von VHF identifiziert sind, erfolgt die Behandlung standardmäßig durch die
Ablation der betroffenen Gewebebereiche. Hochauflösende Kartierungstechniken können
wertvolle Informationen über Bereiche mit niedriger Spannung und langsamer Reizleitung
liefern, welche beide Charakteristika von arrhythmogenem Gewebe sind. Allerdings zeigt
die Analyse dieser Modalitäten Inkonsistenzen bezüglich der Lokalisation und Ausdehnung
des arrhythmogenen Gewebes.

Aus diesem Grund hat die Messung der lokalen Impedanz (LI) in letzter Zeit immer
mehr an Bedeutung gewonnen. Eine neue Generation von Ablationskathetern bietet die
Möglichkeit der LI-Messung als eine neue Methode zur Charakterisierung des Prozesses
der Läsionsbildung. Es wird davon ausgegangen, das mit dieser Methode unabhängig vom
Vorhofrhythmus zwischen gesundem und vernarbtem Gewebe unterschieden werden kann,
wodurch das Verständnis der zugrunde liegende Substratveränderungen verbessert wird. Um
ein praktikables Kartierungssystem für diese neue Funktion zu implementieren, benötigt
man umfassende Kenntnisse über den Einfluss verschiedener Faktoren auf die LI-Messung.
Deshalb wurden in dieser Arbeit zwei Ansätze verfolgt: in silico-Simulationen verschiedener
Katheter und Gewebeeinstellungen, sowie in vitro-Experimente zur Unterstützung klinischer
und simulierter Studien.

Durch die Durchführung von in silico-Studien, konnten wir vorhersagen und verstehen,
wie verschiedene Faktoren zu den gemessenen LI-Werten beitragen. Ein 3D-Modell des
Ablationskatheters mit der DirectSense™ Technologie wurde in verschiedenen klinisch
relevanten Szenarien eingesetzt. Es wurde beispielsweise die Einführung des Katheters in
eine steuerbare Hülle oder die Variation des Abstands zwischen Katheter und Gewebe, des
Winkels, sowie der Kraft berücksichtigt. Die Validierung der Simulationen erfolgte anhand
von Patientendaten des Städtischen Klinikums Karlsruhe.

Später wurde die in silico-Analyse auf die Betrachtung von Multielektrodenkathetern
erweitert. Es wurden verschiedene Designparameter von LI, wie bipolare Injektions- und
Messpaare, Elektrodenabstand, -form und -größe sowie Katheteranordnung, simuliert, um
die Gewebeleitfähigkeiten unter Berücksichtigung fibrotischer Strukturen zu rekonstruieren.
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Im nächsten Schritt wurden die in silico-Erkenntnisse auf in vitro-Experimente über-
tragen. Es wurden Kontaktexperimente mit einem Multielektrodenkatheter und einem
Gewebephantom durchgeführt. Dabei zeigten sich statistisch signifikante Unterschiede in
den Impedanzmessungen von Elektroden in direktem Kontakt mit dem Gewebe und ohne
Kontakt.

Zusammenfassend wurden mit dieser Arbeit die potenziellen Vorzüge von LI-Messungen
demonstriert und dazu beigetragen, den Weg für den Einsatz von LI-Messungen in der
Herzkartierung von narbem Gewebe, ergänzend zur Auswertung von Elektrogrammen, zu
ebnen.



Resumen
La fibrilación auricular (FA) es una afección cardiovascular que provoca una frecuencia car-
diaca irregular y anormalmente rápida, así como una enfermedad multifactorial y progresiva
con diferentes manifestaciones en cada paciente. El tratamiento de dicha enfermedad sigue
siendo un reto, especialmente en aquellos pacientes que presentan un remodelado severo del
sustrato cardiaco. Las regiones de tejido cicatricial y fibrótico se han identificado como una
posible región impulsora de la actividad arrítmica durante la FA, representando por ello la
ablación de dichas zonas un tratamiento estándar. Las técnicas de mapeo de alta densidad
pueden proporcionar información importante sobre las zonas de bajo voltaje y conducción
lenta, ambas características de estas zonas impulsoras. Sin embargo, estas modalidades
siguen mostrando discordancias en la localización y extensión de las zonas arritmogénicas.
Recientemente, las mediciones de impedancia local (LI) han ganado atención en el campo,
ya que se espera que sean capaces de discernir entre miocardio sano y cicatricial independi-
entemente del ritmo auricular, lo que podría mejorar la comprensión de las modificaciones
subyacentes del sustrato.

Una nueva generación de catéteres de ablación incorpora la opción de registros LI como
técnica novedosa para caracterizar el proceso de formación de la lesión. Para implementar
un sistema de mapeo viable que incluya esta nueva función, es necesario comprender mejor
cómo influyen distintos factores en las mediciones de LI. Para ello, durante este trabajo se
siguieron dos enfoques diferentes: simulaciones con diferentes catéteres y configuraciones
tisulares, y experimentos in vitro para apoyar los estudios simulados.

Mediante la realización de estudios in silico que pueden relacionarse con lo que se
observa en la práctica clínica, hemos podido predecir y comprender mejor cómo contribuyen
los distintos factores a los valores de LI medidos. Se empleó un modelo tridimensional de
los catéteres de ablación que incluyen la tecnología DirectSense™ en diferentes situaciones
clínicas, tales como la introducción del catéter en una vaina orientable o la variación de la
distancia entre el catéter y el tejido, el ángulo y la fuerza. Los datos de pacientes reclutados
en el Städtisches Klinikum Karlsruhe permitieron la validación del escenario de simulación.

Posteriormente, esta configuración in silico se amplió a los catéteres multielectrodo de
mapeo. Simulando el impacto de varios parámetros del diseño en la medición de LI, tales
como los pares bipolares de inyección y medición, la distancia entre electrodos, la forma y el
tamaño de los electrodos o la disposición del catéter, se reconstruyeron las conductividades
tisulares para definir los patrones fibróticos.
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A continuación, como siguiente paso hacia un sistema de mapeo de impedancia multi-
electrodo se llevaron a cabo experimentos in vitro con catéteres de mapeo basados en los
resultados obtenidos de las simulaciones. Experimentos de contacto en fantomas tisulares
se realizaron con un catéter circular de mapeo, demostrando significación estadística al
comparar las mediciones de impedancia entre los electrodos situados en contacto directo con
el tejido y aquellos sin contacto que flotaban en el tanque de solución salina.

Este trabajo aporta nuevos conocimientos sobre el diseño de este sistema de cartografía de
impedancia. Durante esta tesis, se demostró el potencial de las mediciones de LI y se allanó
el camino hacia su uso como característica de detección de áreas fibróticas, complementando
a técnicas más extendidas en la electrofisiología cardíaca como los electrogramas.
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Chapter 1
Introduction

1.1 Motivation

The prevalence of atrial arrhythmias such as atrial fibrillation (AF) is ca. 60 million cases
worldwide, contributing to more than 8 million disability-adjusted life years globally [1].
This heart condition causes an irregular and often abnormally fast heart rate and despite 1%
of the population suffering from AF, the treatments remain challenging for those patients
with severe remodeling of the atrial tissue.

Currently, the most common treatment for recurring patients is catheter ablation. This
intervention consists on the introduction of catheters through the vein in the groin to reach
the atria and perform ablation lesions. Systematically, the procedure includes the isolation of
the pulmonary veins, although more personalized treatments are becoming the objective. It
was recently discovered that arrhythmogenic substrate areas are linked with certain levels of
scar and fibrosis developed in the cardiac tissue. Targeting those areas prone to cause ectopic
beats or reentry circuits, maintaining the arrhythmia may help characterizing the substrate
and improving patient outcomes.

Nowadays, electroanatomical voltage mapping, conduction velocity (CV) mapping and
Late Gadolinium Enhancement Magnetic Resonance Imaging (LGE-MRI) are different
modalities for characterizing atrial substrate. However, these approaches have different
disadvantages, such as electrogram-based features being wave dependent, or toxicity and
high costs linked to LGE-MRI. Previous studies, as the ones carried out by Gunawardene
et al. [2] and Segreti et al. [3], have already proven the potential use of local impedance
(LI) as a novel approach to characterize atrial myocardium. This novel feature, as well as
the impedance drop, can distinguish between areas characterized as low, intermediate, and
high voltage, which makes impedance measurements of interest. Althought LI can account
for differences in the conductivity of diseased tissue, several confounding factors, such as
the effect of other overlapping insulator elements or the intra-patient dependency, must be
understood. At the moment, its use has been limited to clinical ablation assessment and thus
causing a lack of studies regarding the potential advantages and drawbacks of implementing
local impedance measurements as supplementary technique in mapping systems.

1
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1.2 Objective

This work focuses on enhancing LI as a surrogate for atrial substrate towards a better
understanding of its potential to complement current existing methods, such as electrogram
(EGM)-based substrate mapping. The combination of in silico and in vitro studies conducted
throughout this research opens up the possibility of implementing LI measurements in
electroanatomical mapping system technologies thanks to its independence to time changing
depolarization patterns.

1.3 Structure of this Thesis

This thesis is structured in several parts. Part I comprises two chapters that provide the reader
with the medical and mathematical fundamental knowledge required for comprehending
the broader scope of this doctoral thesis. Part II includes Chapter 4, which dives into the
topic of LI and reviews the State of the Art of this emerging feature and its use in cardiac
electrophysiology.

Starting the innovative part of the topic, this work is organized in three main parts. To
begin with Part III, in silico LI methods are introduced in three different studies. Firstly, a
simulation framework with clinically available ablation catheters was developed and validated
with in vitro and in human experiments to give insights into several influencing factors in
Chapter 5. Secondly, the effect of applying catheter-tissue contact force was evaluated in
Chapter 6. In third place, Chapter 7 extends this simulated framework to a multielectrode
catheter approach.

The Part IV of this thesis focuses on an in silico electrical impedance tomography
technique to reconstruct atrial tissue conductivity. Exploring several electrode configurations
in a circular catheter setting, this method was employed in in silico tissue model in Chapter 8.
Lastly, in Chapter 9, the ability of LI to identify non-fully transmural low conductivity areas
in comparison to EGM features in an in silico framework is demonstrated.

Finally, Part V of this thesis explores the potential of LI as surrogate for atrial substrate
using in vitro experiments recorded with a clinically available multielectrode mapping
catheter in Chapter 10.

To conclude, Chapter 11 describes an outlook for future projects as well as general
conclusions derived from the findings of this thesis.
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Chapter 2
Medical Fundamentals

In this chapter, we introduce the anatomy and physiology of the human heart. Additionally,
we delve into the topic of atrial arrhythmias, exploring their diagnosis and treatment and
explaining the catheter ablation procedure more in detail.

2.1 Cardiac Anatomy and Electrophysiology

The heart, located in the mediastinum and slightly to the left of the sternum, serves as the
main organ of the human circulatory system. It is a vital organ responsible for pumping blood
throughout the body. As depicted in Figure 2.1, the heart is comprised of four chambers –
two atria and two ventricles – interconnected by arteries, veins, and valves that ensure the
unidirectional flow of blood.

The right atrium (RA) receives deoxygenated blood from the systemic circulation through
the superior and inferior vena cava and transfers it to the right ventricle via the tricuspid
valve. From there, the right ventricle pumps the blood to the pulmonary circulation through
the pulmonary artery, where it is oxygenated in the lungs. The oxygenated blood returns to
the left atrium (LA) through the four pulmonary veins (PVs): left superior pulmonary vein
(LSPV), left inferior pulmonary vein (LIPV), right superior pulmonary vein (RSPV), and
right inferior pulmonary vein (RIPV), as illustrated in Figure 2.2. The blood then passes
through the mitral valve and is pumped back to the systemic circulation by the left ventricle
through the aorta, distributing oxygen to the cells. This cycle repeats as deoxygenated blood
returns to the right atrium [4, 5].

To fulfill its circulatory function effectively, the heart contracts rhythmically. The
myocardium, the cardiac muscle, consists of three layers: the subendocardium, the mid-
myocardium, and the subepicardium. The subendocardium lines the inner surface of the
cardiac walls, the subepicardium is the outermost layer [6], and the midmyocardium lies in
between both. The endocardium refers to the internal face of the myocardium, whereas the
external surface of the heart is known as the epicardium. The myocardium wall thickness
varies among the different heart chambers. The left ventricular myocardium wall measures
12-15 mm in thickness [7], the right ventricle wall decreases to 3-5 mm [8], while the atrial
wall thickness ranges between 2-5 mm [9].
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Figure 2.1: Cross-section schematic representation of the human heart anatomy viewed from the ante-rior position. Left and right atrium, left and right ventricle, the four cardiac valves, and great vessels arelabeled in red when carrying oxygenated blood and in blue in the case of deoxygenated blood. Partsinvolved in the electrical conduction system of the heart are labeled in yellow. Parts of the figure weremodified from previously available pictures from Servier Medical Art by Servier, licensed under a Cre-ative Commons Attribution 3.0 Unported License.

2.1.1 Atrial Anatomy

The RA and the LA are separated by the inter-atrial septum, which prevents the mixing of
deoxygenated and oxygenated blood. The RA is larger and has thinner walls than the LA.
It comprises two parts, the smooth region, which includes the septum and the right atrial
appendage, and the rough region formed by the pectinate muscles in the posterior wall [5].
On the posterior wall of the RA, a bundle of small veins converges to form the coronary sinus
(CS). The CS serves as a drainage pathway for the blood that has supplied the heart muscle
with nutrients and oxygen, playing an important role in cardiac electrophysiology [10].

On the other hand, the LA is often divided into 11 anatomical regions, as depicted
in Figure 2.2. The four PVs (RSPV, RIPV, LSPV, and LIPV) transport oxygenated blood
from the lungs to the LA. The LA wall is divided into six areas: the roof, septal wall, anterior
wall, posterior wall, lateral wall, and inferior wall. Additionally, a small ear-shaped cavity
called the left atrial appendage (LAA) is located at the top left of the LA, which is prone to
the accumulation of blood clots [11], particularly in people who suffer from heart conditions
such as arrhythmias or mitral valve diseases. The thickness of the LA is non-uniform along
its wall, becoming thinner as it approaches the LAA [9].
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Figure 2.2: 3D representation of the anatomical regions of the LA viewed from the anterior and poste-rior positions in the left and right panel, respectively. Figure generated from a LA geometry includedin the dataset [12] licensed under a Creative Commons Attribution 4.0 International License.

2.1.2 Cardiac Electrophysiology

The so-called cardiac action potential (AP), a special type of electrical signal that travels along
a cell membrane as a wave to transmit a signal, initiates the contraction of the cardiomyocytes.
Part of these cells, known as pacemaker cells, trigger the electrical impulse that propagates
through the excitable cells. The main and primary pacemaker of the heart is the sinoatrial
(SA) node, whose cells generate around 80 APs per minute in rest. Adjacent cardiomyocytes
are electrically coupled through gap junctions, enabling the propagation of the AP through
the myocardium.

Figure 2.3 illustrates the stages of the AP for a myocardial cell. The resting potential,
achieved when the cardiomyocytes are not being electrically stimulated, is set at -90 mV
(Phase 4) due to the physiological distribution of ions in the intra- and extracellular medium
across the cell membrane. It means that the intracellular space is negatively charged in rela-
tion to the extracellular space, but ions can move across the membrane through specific ion
channels that open and close responding to changes in membrane potential or certain proteins
associated with a channel. If a neighbouring cell is depolarized, high amounts of sodium
(Na+) and potassium (K+) ions flow through , causing an increase in the transmembrane
voltage (TMV). When the threshold of -70 mV is reached, fast sodium channels open and Na+

ions flow into the cell, raising the voltage quickly (Phase 0). These channels will gradually
close after the TMV reaches -40 mV. However, there is an overshoot of 20-30 mV due to
the opening of the potassium channels, which causes K+ ions to leave the cell, repolarizing
slightly the membrane (Phase 1). The cellular potential forms then a plateau for around
200 ms at 0 mV while calcium channels open and calcium (Ca2+) ions flow towards the
intracellular space (Phase 2). This phase is the longest one and unique among excitable cells.
As the calcium channels close, the K+ efflux prevails and the TMV comes back to the resting
potential of -90 mV. This is known as the rapid repolarization phase (Phase 3), and together
with the plateau phase, it constitutes the period in which the cell is in the absolute refractory
period, meaning that no additional electrical stimulus can trigger a new activation regardless
of its intensity. [13–17].
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Figure 2.3: Graphical representation of a cardiac AP depicting its phases and the absolute refractoryperiod. Inspired by [18].

2.1.3 Propagation of the Physiological Excitation

The transmission of electrical impulses through the heart ensures coordinated contractions of
the myocardium. The process begins at the sinoatrial node in the RA, as shown in Figure 2.1.
From the SA node, the impulses propagate across the atria, reaching the Bachmann’s bundle
part in the LA and causing atrial contraction. Simultaneously, the impulse travels to the atrio-
ventricular (AV) node, which briefly delays the signal, allowing the atria to fully contract and
fill the ventricles. From the AV node, the electrical signals navigate through the common
bundle (or bundle of His) and its branches, rapidly transmitting the impulses throughout the
ventricular myocardium, ultimately reaching the Purkinje fibers. [17, 19].

2.1.4 Atrial Arrhythmias

In the previous section, the heart was assumed to function physiologically. Atrial arrhyth-
mias refer to the irregular heart rhythms that originate in the atria. In pathological cases,
atrial tissue parameters are altered, resulting in disrupted electrical signals that characterize
coordinated cardiac activity and enabling the atria to sustain abnormal heart rhythms. These
conditions usually exhibit a mismatch in contraction rate between the atria and the ventricles,
leading to irregular, fast and disorganized electrical activity. Affecting millions of people
globally, atrial arrhythmias, including atrial flutter (AFlut) and atrial fibrillation (AF), pose
significant implications for cardiovascular health as they can increase the risk of stroke and
heart failure. This introduction aims to provide a brief overview of the most common atrial
arrhythmias, setting the basics for a deeper exploration of their diagnosis and treatment
approaches.
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Atrial Flutter

AFlut involves a rapid but still organized electrical circuit around anatomical or structural
obstacles, often called reentry circuit and defined as a continuous repetitive propagation of
an excitatory wave traveling in a circular path to reactivate the origin site [20]. It results in a
regular but often fast heart rate ranging from 240 to 350 bpm. It can be classified as typical
or atypical, depending on the location of the reentering conduction loop.
In typical AFlut, the reentry circuit is located in the RA between the inferior vena cava and
the tricuspid valve, while atypical AFlut encompasses all other repetitive circuits reentering
in both the LA and the RA, including frequent circuits involving the mitral valve or the
PVs. This type of arrhythmia is commonly associated with patients who have undergone
unsuccessful catheter ablation procedures, and the presence of scar tissue or incomplete
lesions contributes to the sustainability of the reentry. [21, 22].

Atrial Fibrillation

AF is characterized by rapid and chaotic electrical activity, leading to an irregular and often
fast high rate ranging 180 to 360 bpm. This abnormal rhythm causes highly uncoordinated
atrial activation and inefficient atrial contractions. AF is the most prevalent cardiac arrhyth-
mia worldwide, affecting approximately 2% of adults. However, successful treatments for
this arrhythmia remain a challenge for both patients and healthcare systems. In contrast
to AFlut, AF is typically initiated and sustained by focal triggers within the PVs [23], as
well as rotational and multi-wavelet reentrant patterns. The former cause responds to the
evidence that PVs are capable of generating reentrant ectopic activity [24]. The latter theory
proposes that AF can self-perpetuate by multiple wavelets, which may spatially meander
around available atrial tissue [25]. AF can be classified as paroxysmal, with sudden and
self-terminating episodes within a week, or persistent, requiring intervention because of its
longer duration. [21, 26, 27].
The mechanisms underlying the development and perpetuation of AF are not yet fully under-
stood. Pathophysiological changes in the atria lead to the emergence of an arrhythmogenic
substrate, giving rise to abnormal electrical activities such as ectopic foci, reentrant waves,
and rotors, as depicted in Figure 2.4. These changes are associated with electrical, structural
and autonomic remodeling, which modify the atrial substrate. Atrial fibrosis, a major struc-
tural alteration, plays a significant role in the initiation and sustainability of AF. Atrial fibrosis
can arise from natural factors like aging or pathological reasons such as chronic inflammation
or long-standing atrial arrhythmias. These fibrotic changes facilitate cardiac arrhythmias by
creating an optimal substrate for initiating and sustaining reentrant circuits. Fibrotic areas in
atrial tissue exhibit decreased electrical propagation due to tissue composition heterogeneity,
comprising myofibroblasts and collagen fibers alongside cardiac myocytes in fibrotic cardiac
tissue. Atrial fibrosis is classified mainly based on its extent, pattern and distribution. Com-
pact fibrosis is electrically non-conductive but not significantly arrhythmogenic, whereas
patchy, interstitial, and diffuse fibrosis can cause reduced conduction velocity (CV) or lead
to the formation of unidirectional blocks. [28–31].
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Figure 2.4: Scheme of the main remodeling types affecting AF. In this work we will mainly focus oncharacterizing the structural remodeling and how it is expressed in the atrial tissue properties.

2.1.5 Treatment Methods for Atrial Fibrillation

Current therapies for AF, classified into pharmacotherapy and ablation procedures, focus
on alleviating and reducing symptoms. The patient’s age, symptom severity, and presence
of underlying heart conditions guide the choice of treatment strategy. Pharmacological
treatment involves rate control, like with β -blockers, anticoagulation, rhythm control, and
addressing any underlying disorders. Drug therapy aims to achieve cardioversion, maintain
sinus rhythm during chronic therapy, and facilitate transformation to AFlut. Antiarrhythmic
drug selection for AF considers factors such as safety, efficacy, and costs. Despite medication,
AF may persist in some patients, necessitating catheter ablation as further treatment. [28, 32].

Catheter ablation

An ablation procedure is a minimally invasive surgery aimed at halting arrhythmic electrical
circuits by creating scar lesions at certain locations on the cardiac tissue. Scar tissue lacks
the ability to conduct electrical impulses, thereby impeding the formation of undesirable
heart rhythms after the procedure. In AF, the most commonly employed catheter ablation
therapy is the isolation of the PVs due to their tendency to host focal triggers [33]. This
procedure, known as pulmonary vein isolation (PVI), can be performed using radiofrequency
energy to heat up the tissue or a single-shot cryo balloon to freeze it. These two techniques
had shown comparable outcomes until now [34, 35]. More recently, pulsed field ablation has
emerged as an alternative [36], combining a high frequency train of pulses with a single shot
technique.
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2.2 Electrophysiological Study

Ablation procedures are carried out inside of the laboratory of electrophysiology (EP Lab),
often as part of a longer intervention known as an electrophysiological study, aimed at
diagnosing the specific type of arrhythmia beforehand. The medical technology that can
be found within an EP Lab is extensive and varied. Figure 2.5 shows how a typical EP
Lab is equipped, including an X-ray system to localize catheters, electrogram displays, an
electroanatomical mapping system (EAMS), or the electrocardiogram (ECG) leads on the
patient to monitor their electrical activity while being on the operating table.

An electrophysiological study, a specialized medical procedure conducted by cardiolo-
gists, involves the insertion of catheters into the heart via the vena femoralis located near the
patient’s groin, enabling the measurement and mapping of intra-cardiac electrical signals.
When access to the LA is required, a transeptal needle punctures the inter-atrial septum,
thereby facilitating the placement of diagnostic and mapping catheters with the aid of a
steerable sheath. During the study, particularly in cases of substrate-based arrhythmias,
the heart’s electrical pathways are analyzed. To address this, mapping procedures may
precede the intervention to precisely locate any abnormal arrhythmia maintenance circuit.
By meticulously identifying the origins of the arrhythmia, electrophysiologists can create a
targeted treatment plan.

Operating table
Catheter

Patient

ECG leads

X-ray detector

RF generator

Rhythmia HDx 
signal station

Infusion pump

X-ray screen Rhythmia HDx
EAMS screen

Lab System Pro 
electrograms

Figure 2.5: Illustration depicting an electrophysiology laboratory, featuring a representative catheterand the three primary screens: an EAMS system, a recording system, and X-ray localization. Parts of thefigure were modified from previously available pictures from Servier Medical Art by Servier, licensedunder a Creative Commons Attribution 3.0 Unported License.
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The typical set of catheters employed in EAMS procedures includes a CS catheter,
an ablation catheter such as IntellaNav MiFi™ OI, or IntellaNav Stablepoint™ (Boston
Scientific, Marlborough, MA, USA), and a mapping catheter such as the LASSO™ (Biosense
Webster, Irvine, CA, USA), the Advisor™ HD Grid (Abbott, Chicago, IL, USA) or the
IntellaMap Orion™ (Boston Scientific, Marlborough, MA, USA) (see Figure 2.6). Positioned
at the CS ostium, the CS catheter is a linear catheter equipped with 8 or 10 electrodes,
providing a stable reference to record the atrial rhythm at a fixed location.

The mapping catheter includes a larger amount of electrodes, commonly configured in
settings of 16, 32, or 64 electrode arrays, and arranged in distinct geometric patterns such
as flat circular designs (e.g. Lasso, Figure 2.6 (a)), flat grids (e.g. HD Grid, Figure 2.6 (b)),
or closed baskets (e.g. Orion, Figure 2.6 (c)). These electrodes are tracked via magnetic
or impedance sensors. Using these locations, the endocardial wall can be reconstructed as
the convex hull. Additionally, these electrodes capture intra-atrial electrical signals over
time, information that is projected onto this shell and color-encoded, resulting in a cardiac
chamber geometry commonly referred to as a map. This map serves as a valuable support
during ablation procedures involving an ablation catheter.

They are then held at various locations in a stable position with contact to the wall while
mapping information is acquired, either manually or by automatic point collection.

Typically in a linear form, the ablation catheter comprises a variable number of elec-
trodes, including optional mini-electrodes like in the IntellaNav MiFi™ OI (Figure 2.6 (d)),
or additional features such as force sensors, as seen in the IntellaNav Stablepoint™ (Fig-
ure 2.6 (e)), to ensure effective catheter-tissue contact. Once potential arrhythmia-driving
regions are identified, the ablation catheter is introduced into the chamber, facilitated by a
trans-septal steerable sheath. Such catheter is employed to create lesions with any of the
aforementioned techniques. If using radio frequency ablation, an irrigation pump usually
flushes sodium chloride (NaCl) solution through the ablation catheter to cool the electrode
and avoid overheating the area.

2.2.1 Electroanatomical Mapping

The resulting color-coded representation of the heart chamber’s geometry is referred to as
a map. In such maps, the information that can be represented is diverse, such as excitation
propagation, electrogram (EGM) amplitude, or conduction velocity. Recent progress in the
field has led to a shift in the focus towards targeting the underlying atrial substrate responsible
for initiating and sustaining AF. In addition to these established maps, there is a growing
interest among electrophysiologists in better characterization of atrial substrate.

2.2.1.1 Electrograms

The electrical signal measured at electrodes on intra-cardiac catheters is referred to as EGMs,
which can be recorded either in unipolar or bipolar configurations.
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Figure 2.6: Picture of some of the mapping (a-c) and ablation (d-e) catheters available in the mar-ket:(a) LASSO™ (Biosense Webster, Irvine, CA, USA), (b) HD Grid (Abbott, Chicago, IL, USA), (c) In-tellaMap Orion™ (Boston Scientific, Marlborough, MA, USA), (d) IntellaNav MiFi™ OI (Boston Scientific,Marlborough, MA, USA), and (e) IntellaNav Stablepoint™ (Boston Scientific, Marlborough, MA, USA).

Unipolar EGMs are acquired between one single electrode in direct tissue contact with
reference to an external electrode at ground potential (or Wilson Central Terminal). Their key
advantage lies in their direct assessment of local activation times (LATs); however, they are
more susceptible to interference from electrical artifacts. Bipolar EGMs, the most common
waveform used in electrophysiology studies, measure the extracellular potential difference
between two adjacent electrode recordings. This technique offers relative insensitivity to
remote electrical activity and electrical noise, but their amplitude is strongly influenced
by the direction of the wavefront and may sometimes yield flat signals. Moreover, their
morphology relies not only on inter-electrode spacing but also on conduction velocity and
the direction of fibrillation waves, factors that can substantially differ from beat-to-beat in
AF recordings.

Recent years have seen an emerging interest in omnipolar EGMs, stemming from their
capacity to transcend the directional dependence of recording electrodes. Computed within a
clique [37] that calculates all potential bipolar combinations, omnipolar EGMs determine
the difference in amplitude from the most significant bipolar direction. [38, 39].

2.2.1.2 Local Activation Time and Voltage Mapping

Electroanatomical maps visually represent information derived from EGM parameters,
including LATs and voltage measurements. In repetitive atrial rhythms, LAT mapping is the
standard approach to describe excitation propagation. This method depicts the activation
time at each recording point relative to a designated reference, enabling the visualization
of activation patterns that can aid in identifying areas of slow conduction. Typically, LATs
are calculated from EGMs by selecting the moment when the maximum rate of rise of the
transmembrane potential coincides with the steepest negative slope of unipolar EGM. While
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LAT mapping proves effective when EGMs exhibit a single negative deflection, it may pose
challenges when dealing with fractionated signals or multiple electrical interferences.

Voltage maps, widely utilized as well, offer insights into peak-to-peak amplitudes of
EGMs across various locations within the atrial tissue. Although both unipolar and bipolar
EGMs are influenced by a multitude of variables, low endocardial bipolar voltages are
considered as surrogate indicators of fibrotic tissue. These low-voltage areas are increasingly
becoming targets for ablation in the context of AF. Existing literature outlines several voltage
thresholds associated with scar tissue, such as 0.5 mV, 0.2 mV, or 0.05 mV for posterior left
atrial wall, or 0.1 mV for dense scar tissue. However, validation of these thresholds remains
difficult, and outcomes of ablation guided by low-voltage areas exhibit discrepant results,
potentially attributed to catheter parameters like inter-electrode distance or electrode size
and shape [38].

2.2.2 Local Impedance

EGMs and voltage maps are prone to vary between patients and over time due to their
dependency on the propagation wave. As an alternative approach, various technologies
have attempted to measure the resistive load at the catheter-tissue interface via impedance,
aiming for assessing real-time radio frequency ablation delivery. In the past, radiofrequency
generators measured transthoracic impedance by connecting an ablation catheter tip electrode
to a reference skin electrode. However, significant impedance variation in the torso through
other organs, particularly the lungs, has limited its use as a good measure [40].

The DirectSense™ technology [40], integrated into the Rhythmia HDx electroanatomical
mapping system, aims to provide a local impedance (LI) measurement on an ablation
catheter without requiring a reference skin electrode. It injects a non-stimulating alternating
(5 µA) current at 14.6 kHz between two intra-cardiac electrodes and measures the potential
difference between two other intra-cardiac electrodes. The potential field is influenced by
the conductive properties of the materials surrounding these electrodes. The so-called LI is
calculated using Ohm’s Law as the ratio of the measured potential difference to the injected
current amplitude, and it is expressed in ohms (Ω).

As of now, only the two ablation catheters manufactured by Boston Scientific (Marl-
borough, MA, USA) include this technology, although their internal circuits differ. Both
circuits are illustrated in Figure 2.6 (d) and (e). The IntellaNav MiFi™ OI employs a four-
terminal circuit, where the current is injected from the distal tip electrode to the proximal
ring electrode. The voltage is measured between the distal ring electrode and each of the
three mini electrodes, resulting in three LI measurements. In the clinical setup, only the
maximum value among the three is displayed, as it is considered to be the most likely to
be facing the tissue. In contrast, the IntellaNav Stablepoint™ uses a three-terminal circuit
where the current is injected from the distal tip electrode and the proximal ring electrode. In
this case, the voltage is measured between the distal tip electrode, which is shared with the
injection circuit, and the distal ring electrode.



Chapter 3
Mathematical and Technical

Fundamentals

The following introduces theoretical knowledge about the technical concepts used in this
thesis. It is a summary of the mathematical model of the cardiac electrical properties,
electrophysiology and impedance tomography techniques employed in this work.

3.1 Electrical Conductivity and Permittivity

The electrical properties of biological tissue control the interactions between the incident
electromagnetic field and the components of biological tissue. The electrical conductivity
of tissues, which measures the density and mobility of ions transported in the intra- or
extracellular space under an externally applied electric field, plays a crucial role. Additionally,
tissue permittivity serves as a measure of the tissue’s capacity to store electric energy through
electric dipoles [41].

The electrical conductivity σ and the complex permittivity ε express the characteristic
response of a material to an externally applied electric field E. For anisotropic materials,
both σ and ε are tensors with different values in all axes. Throughout this thesis, only
isotropic tissue conductivity is considered as first approach to the study of local impedance
in atrial tissue characterization, and thus, both tensors can be reduced to scalar values due
to their same value in all directions. The conductivity σ describes the capability of the
material to conduct electricity and it is expressed in S/m. The complex permittivity ε reflects
the frequency dependency of materials to causally change its polarization [42]. It can be
represented by a phase difference that characterizes the capacity to store electrical surface
charges and is expressed with the unit F/m. The permittivity of a material ε is usually
expressed as the complete expression compound by the relative permittivity εr and the
permittivity of free space ε0:

ε = ε0 · εr. (3.1)
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The former associates the electrical field E with the electrical displacement field D:

D = ε0εrE, (3.2)
consisting of a real ε ′ and an imaginary part ε ′′:

εr = ε
′− jε ′′, (3.3)

with j as the imaginary unit [42–44].

3.1.1 Conductivity of Aqueous Solutions

An aqueous solution consists of deionized water serving as a solvent in which one or more
solutes can dissolve, including solids, fluids, or gases. This study particularly focuses
on aqueous electrolyte solutions, especially sodium chloride (NaCl) solutions, due to its
extended use in irrigation catheters and its similarity to blood plasma [45]. Solutions are
characterized by the concentration of the solute i in the solvent. The molar concentration ci,
commonly known as molarity, is expressed as the ratio of the amount of substance ni to the
total volume of the solution V :

ci =
ni

V
, (3.4)

usually expressed in mol/l or mol/m3. Alternatively, solutions can be frequently also
specified by the mass fraction wi, which is determined as the ratio of the mass of the solute
mi to the total mass of the solution m:

wi =
mi

m
. (3.5)

Additionally, the molecular weight Mi relates the mass mi with the amount of substance
ni as:

ni =
mi

Mi
. (3.6)

Knowing the molecular weight of a solute i, the solvent, and their respective densities ρ ,
mass fraction and molar concentration can be computed indistinctly.

The molecular weight of NaCl is given as MNaCl = 58.44 g/mol.
The behavior of these kind of electrolyte solutions is compound by two clearly separate

dependencies, as illustrated in Figure 3.1. At low concentrations, the conductivity increases
linearly with the concentration. For higher concentrations, the trend changes and the conduc-
tivity decreases with increasing concentration. The initial linear increase is caused from an
increase in the quantity of ions’ availability to conduct current. The decrease in conductivity
for higher concentrations may be caused by a lower number of ions available for the transport
of current, mainly due to the formation of ions of opposite charge around a central ion or the
degree of dissociation that decreases with higher concentrations in weak electrolytes [46].
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Figure 3.1: Conductivity σ as a function of the electrolyte concentration c. Two separate stages areobserved: in purple, a linear increase for low concentrations is followed by a decrease at higher soluteconcentrations, in green. Inspired by [46].

The in vitro experiments explained later in this work were performed at linearly increasing
conductivity concentrations (Stage I in Figure 3.1) with increase in concentration.

In addition to the concentration, temperature is also key to the conductivity of the
electrolyte solution. Higher temperature causes greater ion mobility, which increases the
conductivity. Throughout this thesis, the employed saline solutions are considered to be
at body temperature of 35-37 °C. In the specific case of Chapter 5, the conductivity was
studied separately and the corresponding temperatures of each sample are specified. The
working frequency of the applied electrical field influences the conductivity of the solution as
explained by the Debye-Falkenhagen effect [42]. In this work, due to the working frequencies
of the catheters and mapping systems studied, only frequencies in the range of kilohertz
(kHz) were employed. Thus, the impact of frequencies in the megahertz (MHz) range can be
neglected for aqueous NaCl solutions.

3.1.2 Dielectric Properties of Biological Tissue

Simplifying, the human body is compound of cells and the extracellular space, which is the
aqueous liquid plus scaffold in between. Their microscopic properties can be modeled in
a first approximation as an equivalent circuit with a resistor and a capacitance, depicted in
Figure 3.2 and known as the RC circuit [44].

In this equivalence, only the passive electric properties are taken into account and
other currents, such as the ones from the ion channels, are not included. Scaling up to the
macroscopic perspective, it should be noted that due to the frequency dependence of the
dielectric constant of biological tissue, the capacitance C is frequency dependent. Therefore,
the equivalent circuit including a constant C is only valid in a limited frequency range.
Usually, the impedance has a real part, which is determined through tissue conductivity, and
an imaginary part that can be obtained from the permittivity [44].
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𝑅! Transmembrane resistor
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𝑅" Intracellular resistor
𝑅# Extracellular resistor

𝑅!

𝐶!
𝑅!

𝐶!

𝑅"𝑅#

Figure 3.2: Equivalent circuit of the microscopic cellular properties modeled as an RC circuit. Rm, Ri,and Re are resistors linked to the membrane, intra- and extracelular space, respectively, whereas Cmrepresents the transmembrane capacitor. Adapted from [44] based on available pictures from ServierMedical Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported License.

In Figure 3.3, the model proposed by Cole and Cole [47] is depicted, where the intra-
and the extracellular impedance are modeled in parallel. The extracellular impedance is
described as a solely resistor Re, whereas the cellular impedance is represented by a serial
combination of an intracellular resistor Ri and the transmembrane capacitance Cm.

𝐶!𝑅"

𝑅#

𝐶! Transmembrane capacitor
𝑅" Intracellular resistor
𝑅# Extracellular resistor

Figure 3.3: Equivalent circuit proposed by Cole and Cole of biological tissue. Reproduced from [47].

Thanks to the measurements taken by Gabriel and Gabriel [48] using different biological
tissue samples (see Figure 3.4), dielectric properties of tissue can be expressed depending on
the frequency response. Tissue impedance may vary depending on the biological properties,
such as in the case of atrial tissue, where for instance the extracellular properties can
change due to the increase of fibrosis and thus, impacts on the impedance measured. The
direct increase of tissue conductivity with increasing frequency is mainly associated with
Maxwell-Wagner effects, and more specifically to the interfacial ionic polarization at the
cell membranes. At low frequencies and direct currents, the cell membrane exhibits poor
conductivity and the current goes mainly towards the extracellular space. However, at higher
frequencies, the capacitive properties of the cell membrane come into play and the current
can also flow through them, causing an increase in conductivity. This phenomenon in known
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as β -dispersion and results in conductivity and permittivity changes within the frequency
range of 1 kHz to several MHz [42].

Figure 3.4: Conductivity of blood, myocardial tissue, and connective tissue between 10 kHz and10MHz. Vertical lines mark the frequencies used for electrical impedance tomography (EIT) recon-struction in this work f1 = 14.5kHz and f2 = 2.5MHz. Figure from [46] with data from [49, 50].

3.2 Cardiac Modeling

3.2.1 Electrophysiology of the Cell

The ionic mechanisms behind an action potential initiation were mathematically described
for the first time in 1952 by Hodgkin and Huxley [51]. The authors modeled a giant squid
axon as an electrical circuit as the one depicted in Figure 3.5, where the cell membrane
represents a capacitor and the ion channels variable conductances in parallel. Some particular
ions can cross through ion channels flowing with the electrochemical gradient, which is
represented by voltage sources. Ion pumps, on the contrary, simulate current sources. The
difference between the intracellular potential φi and the extracellular potential φe constitutes
the transmembrane voltage Vm. The transmembrane voltage is determined in the electrical
circuit by the addition of all positive and negative currents across the membrane. The
membrane current is then the sum of the ionic currents and the capacitive current, as stated
in Equation (3.7).

Im =Cm
dVm

dt
+ΣIχ (3.7)
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where Im is the total current across the cell membrane, Cm the capacitance of the cellular
membrane, dVm

dt represents the derivative of the transmembrane voltage with respect to the
time, and Iχ is the ion current flow for a particular ion species, namely sodium (Na+),
potassium (K+), and calcium (Ca2+).

𝐼

𝐼!" 𝐼# 𝐼$

𝑅!" 𝑅# 𝑅$

𝐸!" 𝐸# 𝐸$

𝐶% 𝐼&

Extracellular medium

Intracellular medium

𝐶% Transmembrane capacitor
𝑅!"	 Sodium current resistor
𝑅# Potassium current resistor
𝑅$ 	 Leakage current resistor
𝐼!" Sodium current
𝐼# Potassium current
𝐼$ Leakage current
𝐼& Ion pumps and exchangers
𝐸!",#,$ Equilibrium potential

Figure 3.5: Components of Hodgkin-Huxley model representing the electrophysiology of the cell. Thecellular membrane is represented by a capacitance Cm, RNa and RK vary with time and membrane po-tential, and ion pumps and exchangers are represented by current sources Ip. Leak ion channels arerepresented by linear terms. Inspired by [51].

In the formulation from 1952, channel conductance is regulated by gates, which can range
in state probability of opening between zero and one. Since each cell contains thousands of
ion channels, the current flow generated by each ion species through a channel is expressed
as stated in Equation (3.8).

Iχ = ḡχ ∏
n

ηn
(
Vm −Eχ

) (3.8)
where ḡχ is the maximum conductance of the given channel, and ∏n ηn the product of

all gating variables.
Since Hodgkin and Huxley in 1952, several cellular models of not only atrial [52, 53], but

also ventricular [54–56] or human-induced pluripotent stem cell-derived cardiomyocytes [57]
have been formulated. In 1998, Courtemanche et al. [52] proposed a specific model for
human atrial myocytes which represent the electrophysiological behavior. With nonlinear-
coupled ordinary differential equations, the different ionic currents and the transmembrane
voltage can be obtained as described in Equation (3.9).

dVm

dt
=

−(Iion + Istim )

Cm
(3.9)

where Cm represents the membrane capacity, Istim an optional external stimulus current,
and Iion is the ionic current across the membrane calculated as the sum of each single ionic
current utilized in the model. A schematic representation of currents, pumps, and exchangers
of the model is depicted in Figure 3.6.
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Figure 3.6: Simplified schema of currents, pumps, and exchangers of the Courtemanche model. Arrowsindicate currents flow, whose ions involved are color coded meaning yellow, red, and green potassium,calcium, and sodium, respectively. Intra- and extracellular space are depicted in blue and grey, respec-tively. Inspired by [52].

Each single ionic current can be described by Ohm’s law and calculated as the product
of the ion channel conductance and an ion specific voltage multiplied by gating variables.
These variables are incorporated to describe the open probability of a channel in the cell
membrane, which defines whether a specific ion can flow from the extra- to the intracellular
space or the opposite. By resolving the ordinary differential equations, an action potential in
response to an external stimulus can be obtained through time.

3.2.2 Tissue and Organ Modeling

Courtemanche described a model capable of representing the electrophysiology of a single
cell. To describe the excitation and propagation across the cardiac tissue, mono- or bidomain
models were proposed.

The bidomain model introduced by Tung et al. [58] represents the most detailed and
accurate representation of cardiac excitation propagation on tissue level up to date. It assumes
cardiac tissue to be composed of two computational domains, namely the intra- and the
extracellular space, which coexist and occupy the same geometrical space. Using Poisson
equations, the potentials in either domain can be calculated.

∇ · (σi∇φi) = β Im (3.10)

∇ · (σe∇φe) =−β Im − Ie,s (3.11)

Im =Cm
∂Vm

∂ t
+ Iion (Vm,v)− Itrans (3.12)
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Vm = φi −φe (3.13)
where φ represents the electrical potential, referring the subindices i and e to the intra- and

extracellular domain, respectively, σ is the conductivity tensor and β the surface to volume
ratio of the cardiac tissue cells. Iion accounts for the total transmembrane ionic current
density from the cellular model, which is dependent on Vm and v of further state variables.
Itrans represents a transmembrane current density stimulus, and Ie,s describes external stimuli
in the form of an extracellular current density. As in the previous cellular model, Im is the
total current across the cell membrane and Vm the transmembrane voltage obtained from
the difference between the intra- and extracellular space. In the case of modeling a bath
surrounding the tissue, this is considered as an extension of the extracellular space. On the
other hand, when no external stimulus is applied, the model can be reformulated as in the
Equation (3.14) and Equation (3.15) by adding Equation (3.11) and Equation (3.12) and
incorporating it into Equation (3.13):

∇ · ((σi +σe)∇φe) =−∇ · (σi∇Vm) (3.14)

∇ · (σi∇Vm) = ∇ · (σi∇φe)+β Im (3.15)
Making this distinction between intra- and extracellular domains is advantageous for

computational simulation costs. This bidomain formulation can still be reduced to a mon-
odomain model if anisotropy ratios in both intra- and extracellular domains are assumed to
be equal. As the monodomain model was not employed in this work, the reader is referred
to [59, 60] for further details.

3.3 Linear Regression

In order to analyze the results of experiments conducted in this thesis, linear regression
methods were employed. Linear regression models the relationship between N observations
y = [y1,y2, . . . ,yN ]

⊤ and a set of input variables X = [x1,x2, . . . ,xM]. Each input feature
xi, where i ∈ {1 . . .M} consists of N samples xi = [x1i,x2i, . . .xNi]

⊤. Assuming a linear
relationship with a measurement error ε , the data set can be expressed as:

y = X̃ ·α+ε with X̃ =


x11 x12 . . . x1M 1
x21 x22 . . . x2M 1
...

...
. . .

... 1
xN1 xN2 . . . xNM 1

 , α=


α0

α1
...

αM

 . (3.16)

By minimizing the squared deviation of the observed values from the prediction, a least
square estimate of M+1 coefficients is achieved:
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α̂= argmin
α

∥X̃α−y∥2
2. (3.17)

Left multiplying the Moore-Penrose pseudoinverse matrix from Equation (3.16) yields
the solution:

α̂=
(
X̃⊤X̃

)−1
X̃⊤y. (3.18)

3.3.1 Regularization

Solving Equation (3.18), which represents the solution of a linear regression model, can be
challenging due to the ill-conditioned character of X̃⊤X̃ . Incorporating a regularization term
that enforces prior knowledge into the solution helps resolving the system of equations. The
introduction of a regularization term to Equation (3.17) yields the following for minimization:

∥X̃α−y∥2
2 +λ∥Γα∥2

2, (3.19)
where λ and Γ are the regularization parameter and matrix, respectively. The regu-

larization parameter λ helps balancing minimization of the regularization term and the
squared residual norm. The regularization matrix Γ dictates the prior knowledge applied
to the solution. Opting for Γ as the identity matrix corresponds to zero-order Tikhonov
regularization [61], minimizing the norm of the solution itself. If Γ is chosen as a Laplacian,
it is known as second-order Tikhonov or Laplace regularization, minimizing the second-order
derivative of the solution. The least-square solution for the model coefficients α is expressed
as:

α̂=
(
X̃⊤X̃+λΓ⊤Γ

)−1
X̃⊤y. (3.20)

3.4 Electrical Impedance Tomography

Electrical impedance tomography (EIT) is a medical imaging modality which calculates
the spatial conductivity distribution of a medium using electrical measurements on several
electrodes placed at the medium boundary. An alternating current at a frequency below the
order of MHz is injected through a pair of electrodes while using another pair to measure a
potential difference of the potential field φ created by the injected current. In this case of
having two separate pairs to inject and measure the current, the circuit is a four-terminal
circuit. The biggest advantage of four-terminal circuits is the absence of influence on the
measurement of the contact impedance between the electrode and the subject. Its main
application relies on monitoring the ventilatory state of the lungs utilizing a chest belt in
a non-invasive way. EIT represents a hard technique due to the ill-conditioned nonlinear
inverse problem that needs to be solved to reconstruct the internal conductivity changes. Its



24 Chapter 3. Mathematical and Technical Fundamentals

poor spatial resolution is the main obstacle that impedes EIT being extensively adopted in
medical clinical applications [42, 62].

Current research in the area aims to enhance EIT reconstruction performance and robust-
ness by means of improving the regularization algorithms. A software package usually em-
ployed for this purpose is EIDORS, which has been recently tested also for local impedance
(LI) myocardium simulated measurements [63]. The forward and inverse problem of EIT are
used in this thesis in different chapters.

3.4.1 Forward Problem of Electrical Impedance
Tomography

Computing the potential field Φ for a certain distribution of dielectric properties and known
stimulation currents I constitutes the forward problem of EIT. The main equation of EIT’s
forward problem can be obtained by deriving the Maxwell’s and Poisson’s equation [44].
The injected current causes an electrical field E(p) at each position p and a current density
J(p) affected by the electrical conductivity σ(p) and the permittivity ε(p):

J(p) = (σ(p)+ jωε(p)) ·E(p). (3.21)
Due to the lack of internal current sources in the used frequency range, the divergence of

the current density is zero [64]:

∇ ·J(p) = 0. (3.22)
Below 1 MHz, the magnetically induced currents are relatively small and the electrostatic

case can allow to neglect the temporal derivative of the magnetic field and to express the
electrical field as the spatial gradient of the scalar potentials Φ(p) only:

E(p) =−∇Φ(p). (3.23)
Combining the previous Equation (3.21), Equation (3.22), and Equation (3.23), the

following Laplace equation is derived:

∇ · [(σ(p)+ jωε(p)) ·∇Φ(p)] = 0. (3.24)
The complex component of the admittance is relatively small in comparison to the real

component in most medical field applications, yielding simplification of Equation (3.24):

∇ · [σ(p) ·∇Φ(p)] = 0. (3.25)
Current injection I gives the boundary conditions for the current density J(p) at the

precise electrodes location. Solving Equation (3.25) using finite element method taking into
account the mentioned boundary conditions yields the scalar potential field Φ(p) [44, 64].

To reduce the incorporation of errors in the model, which may impact significantly medi-
cal applications, EIT usually employs conductivity differences ∆σ(p) instead of absolute
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conductivities σ(p). By taking two measurements at different frequencies or two separated
points in time, two different conductivity distributions σ(p) and σB(p) can be created in
practice. These techniques are known as frequency-difference EIT and time-difference EIT
depending on the parameter to create the differential computation. Usually, one measurement
is considered the background with the underlying background conductivities σB(p) and its
potential field ΦB(p) [44].

Being v= [v1,v2, . . . ,vM] the voltage measurements of M potential differences at M pairs
of electrodes, a discrete forward operator F that maps the conductivity distribution σ(p) and
the current injection I can be defined.

Considering only the first order term of the Taylor expansion of F can substantially
decrease sensitivity to modeling errors, thereby improving the quality of the forward calcula-
tion. This first-order linear Taylor approximation of F is referred to as the Jacobian matrix
J:

∆v = J∆σ(p), (3.26)
with ∆v = v−vB being the voltage change with respect to the background measurement.

J is of dimension M ×K with M being the number of voltage measurements and K the
number of discrete positions p, i.e. the amount of elements in the defined geometrical
model [44].

3.4.2 Inverse Problem of Electrical Impedance
Tomography

In medical scenarios, the distribution of conductivities σ(p) represents the variable to be
determined. The given current injection I still serves as the boundary condition. The scalar
potential field φ(p) can be evaluated by measuring the potential difference between electrode
pairs, followed by solving the inverse problem to reconstruct ∆σ(p):

∆σ(p) = J−1 ·∆v. (3.27)
By least-square minimization, ∆σ(p) can also be estimated:

∆σ̂(p) = argmin
∆σ(p)

∥∆v−J ·∆σ(p)∥2
2. (3.28)

With the help of the Moore-Penrose pseudoinverse described in Equation (3.18), Equa-
tion (3.27) can be resolved. A regularization term as described in Equation (3.19) is usually
of need.
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Chapter 4
A Review of an Emerging Atrial

Tissue Characterization Method

In this chapter, a systematic and detailed review of all published works using local impedance
(LI) as intracardiac measurement is presented. Since the first release of DirectSense™ in
2018, a total of 159 results are found in PubMed, 133 in Scopus, and 68 in Web of Science
when searching for LI. After discarding abstracts or conference publications that were later
extended to full journal papers, a final number of 71 studies were taken into account for
this review. This chapter serves as an extension of the introduction given through previous
chapters to this novel technique.

4.1 Introduction

Radio frequency (RF) catheter ablation is a widely adopted approach for treating cardiac
arrhythmias. However, achieving deep, durable, and non-conductive ablation lesions, both in
atrial [65] and ventricular [66] myocardium, poses a considerable challenge, often leading to
a notable number of patients undergoing repeat procedures [67–69].

Moreover, identification of regions with pathologically altered substrate has emerged as a
potential means to find good locations to apply these lesions [70, 71]. Currently, monitoring
of intra-cardiac electrograms (EGMs) and derived mapping techniques, such as voltage maps,
are employed to estimate the location of fibrotic areas [72, 73]. However, these techniques
are subject to variation between patients and over time due to their dependency on the
electrical propagation wave [74, 75].

The use of electrical impedance measurements has a long history in the medical field,
including the electrophysiology laboratory [76]. Past research has demonstrated that var-
ious biological tissues exhibit distinct impedance spectra [48], a characteristic attributed
to their microscopic composition [42]. As an alternative approach, several technologies
have attempted to measure the resistive load at the catheter-tissue interface using electrical
impedance, providing real-time assessment of RF ablation delivery [77, 78].

29
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Past attempts at measuring transthoracic impedance by connecting an ablation catheter
tip electrode to a reference skin electrode had limited reliability [79–81], mainly due to
significant impedance variation in the torso caused by current flowing through other organs,
particularly the lungs. As a result, this method was not deemed a reliable measure.

In recent times, other parameters such as Force-Time Integral (FTI) or contact force (CF)
have been employed to monitor catheter-tissue contact during ablation procedures [82]. While
FTI serves as a marker of lesion success, its utility is constrained by the exclusion of power
delivery. Similarly, CF measures the force between the catheter tip and myocardial tissue
during mapping and ablation, with optimal CF being crucial for accurate data acquisition,
lesion formation, and procedural safety [83]. Ongoing efforts, including the integration of
CF, power, and time during RF delivery, aim to enhance the prediction of lesion creation [84].

More recently, impedance measurements have gained attention as another modality for
substrate assessment in atrial conditions such as atrial fibrillation (AF) and atrial flutter
(AFlut), as they do not rely on the dynamically changing electrical activity of the heart [85,
86]. The DirectSense™ technology [40] (Boston Scientific, Marlborough, MA, USA),
integrated into the Rhythmia HDx electroanatomical mapping system (Boston Scientific),
aims to provide an impedance measurement on an ablation catheter without the need for a
reference skin electrode. This technology injects a non-stimulating alternating current of
5µA at 14.6 kHz between two intra-cardiac electrodes and measures the potential difference
locally. The potential field is influenced by the conductive properties of the materials
surrounding these electrodes. The resulting feature, known as LI, is calculated using Ohm’s
Law as the quotient between the measured potential difference and the injected current
amplitude, and it carries the unit ohm (Ω).

Currently, two tip ablation catheters (Boston Scientific), namely the IntellaNav MiFi™ OI
(MiFi) and the IntellaNav Stablepoint™ (StPt) , incorporate this technology with slight
differences in their circuits. The MiFi catheter [40], depicted in Figure 4.1 (a), uses a four-
terminal circuit, where the current is injected from the distal tip electrode to the proximal
ring electrode. The voltage is measured between the distal ring electrode and each of the
three mini electrodes, resulting in three LI measurements simultaneously. In the clinical
setup, only the maximum value among the three is displayed, as it is considered the most
likely to be facing the tissue. In contrast, the StPt catheter [87], illustrated in Figure 4.1 (b),
uses a three-terminal circuit where the current is injected between the distal tip electrode
and the proximal ring electrode. In this case, the voltage is measured between the distal tip
electrode, which is shared with the injection circuit, and the distal ring electrode.

Earlier review studies have explored LI to monitor radiofrequency ablation lesion forma-
tion [78, 88]. However, as of the submission of this manuscript and to the best of the authors’
knowledge, the consideration of LI for mapping the arrhythmogenic substrate has not been
addressed in any scientific review paper. The objective of this work is to consolidate the
existing knowledge from various studies in the field, providing insights into the potential
future applications of this innovative technology in cardiac electrophysiology, with a specific
focus on its utility for mapping arrhythmias.
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Figure 4.1: Picture of the clinically available ablation catheters including LI capability. The injection (V)and measurement (∼) electrode circuits are depicted in either catheter: (a) IntellaNavMiFi™ OI (BostonScientific, Marlborough, MA, USA), and (b) IntellaNav Stablepoint™ (Boston Scientific, Marlborough,MA, USA).

4.2 Local Impedance in Ablation Performance

In contrast to transthoracic generator impedance (GI), LI highlights local changes in tissue
impedance while demonstrating reduced susceptibility to far field artifacts [2, 3, 89, 90]. A
drop in LI, resulting from resistive tissue heating, myocardial destruction, and subsequent
lesion creation, serves as a robust indicator of effective lesion formation [40, 89]. While
increased susceptibility to local surroundings compared to GI, LI remains responsive to the
three-dimensional arrangement of materials and their properties around the catheter [91].

To ensure catheter-tissue contact in multielectrode devices without contact force, various
impedance-based systems [92, 93] have been developed. In the MEIS system, acting as a
middle step between GI and LI, an electrical field is locally created with minimal influence
from the lungs, and voltage is measured through a skin patch. However, it remains a
transthoracic measurement, limited by patient-specific factors such as body size, fluid status,
or changes in lung volume [80, 89].

Martin et al. [90] reported in their first clinical use of the MiFi catheter a lower LI in
dense scar than either healthy tissue or bloodpool. An exponential relationship between LI
value and maximum EGM amplitude (0.53 < rm < 0.75) was found, whereas the correlation
between GI and EGM amplitude resulted very weak (0.11 < rm < 0.33). Primarily explored
during pulmonary vein isolation (PVI), LI served as a surrogate to improve lesion durability
and predict successful lesions [94].

In clinical practice, LI is mainly represented by its drop, expressed as absolute difference
(∆LI) or percentage value (%∆LI). Beyond PVI, superior vena cava isolation was also studied
while guided by LI [95], where ∆LI was also reported greater than ∆GI. ∆LI and %∆LI in
the left chambers, i.e. left ventricle (LV) and left atrium (LA), were higher in successful
lesions. Median ∆LI was 16 Ω and 14.6 Ω in successful lesions on LV and LA, respectively,
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compared to 9.4 Ω and 6.8 Ω in non-successful lesions [90]. Accordingly, %∆LI yielded
17.1% and 14.2% in effective lesions on LV and LA, respectively, against 10.6% and 7.5% in
non-sufficient lesion areas. In a similar way, Pesch et al. [96] observed differences in median
baseline LI among all four chambers: 107.5 Ω, 100.7 Ω, 100.5 Ω, and 104.6 Ω, in the LA,
LV, right atrium (RA), and right ventricle (RV), respectively.

According to some studies, ∆LI was the most important predictor of acute lesion
block [97, 98] and it correlated strongly with lesion size and depth but not width [99].
However, higher correlation with lesion size [100] and steam pop prediction has been
reported when using %∆LI instead of ∆LI [101].

Catheter contact angle (CA) considerably influences LI, dropping faster during RF
ablation if the catheter is not in a perpendicular position with respect to the tissue [102].
Even in cases where a CF module is not included, LI can assist in ensuring suitable catheter-
tissue contact. At different monitored CFs, LI demonstrated a positive correlation with CF
and lesion depth, diameter, and volume [103]. Mean CF and baseline LI predicted ∆LI as
a surrogate of lesion formation, with the highest ∆LI in high-voltage and high-baseline LI
areas [104]. To avoid steam pops, the LI drop cutoff at several CF values was found to be
46 Ω [103].

The use of LI has been investigated in clinical trials, namely the LOCALIZE trial [89,
105], and the CHARISMA study [106–109]. In the LOCALIZE trial, focused on de novo
PVI in paroxysmal AF patients using the Direct Sense™ technology, the MiFi catheter was
exclusively used. The CHARISMA study, which included patients treated with various
ablation catheters, encompassed the use of both the MiFi and the StPt.

Regional differences in optimal ∆LI were reported within the LOCALIZE trial in correla-
tion with the thickness of the wall [89, 105, 110]. Thinner posterior and inferior walls showed
optimal ∆LI cutoff values of 18.3 Ω and 14.2 Ω, whereas thicker anterior and roof regions
required greater ∆LI of 21.8 Ω and 16.9 Ω, in [110] and [105], respectively. Depending on
the ablation location, the best ∆LI and %∆LI cutoffs were 20 Ω and 11.6%[111] for PVI,
whereas 12 Ω and 21 Ω, and 11.6% and 10.8% during cavotriscupid isthmus ablation using
MiFi [112] and StPt [113], respectively.

One published study within the CHARISMA trial combined LI and CF to evaluate
acutely successful ablation applications. Researchers reported that aiming for higher CF
increased the likelihood of achieving optimal LI, consequently reducing RF delivery time
when combined with the target CF (5 < CF < 40g) [108]. The same clinical trial reported
a 12% recurrence rate in 153 AF and AFlut patients who underwent LI-guided catheter
ablation with the MiFi catheter after a 1-year follow-up [109].

LI has demonstrated its utility in monitoring RF lesion gaps [106]. An ∆LI of 13.4 Ω,
with a 4 mm inter-application distance and 20 s of RF ablation duration, may predict complete
PVI using a MiFi catheter. The ∆LI was more prominent than a ∆GI at ablation points without
a gap, and GI was not correlated with LI [114].

LI also emerges as a surrogate to guide cardiac ablation, optimizing RF delivery by
offering real-time insights into lesion formation. RF duration required to achieve an effective
lesion was inversely related to LI measured before RF delivery [115] and ∆LI [116]. Studies
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by Kawano [117] indicated that deep and wide lesions are predominantly created during the
rapidly increasing phase of the ∆LI. To perform shorter ablations, authors suggested aiming
for a duration shorter than the 90% decay time of ∆LI [117]. In the context of high-power
and short-duration (HPSD) ablation delivery techniques, LI may facilitate achieving more
transmural lesion formation than low-power settings [118]. However, in combination with CF,
a power setting of 40 W may represent a better balance between safety and efficacy, as high-
power delivery may lead to steam pops [119]. Combining LI with CF showed a significant
reduction in RF delivery time at standard power, yielding an optimal ∆LI between 20 Ω

and 65 Ω for creating sufficient lesions without excessive heating. Additionally, catheters
combining CF and LI were associated with a higher recurrence-free survival rate than
standard irrigated catheters [120], with the improvement more related to LI presence than
the CF feature. Comparative analysis of ablation guidance features, including LI, CF, and
fluoroscopy, indicated a substantial reduction in ablation time for the LI group. Furthermore,
LI-guided ablation proved to be as successful and safe as other well-established ablation
procedures [121, 122].

Beyond RF ablation, ∆LI before and after ablation performance was studied in cryoab-
lation [123] and pulse field ablation (PFA) cases [124]. In cryoablation, successful PVI
lesions showed a ∆LI greater than 17 Ω. Similarly, in a PFA case report, the mean ∆LI was
27.5 Ω, representing a 70% greater drop in PFA compared to RF reported by Solimene et
al. [109]. However, both cases were isolated case reports, necessitating further clinical trials
to extrapolate their results.

Comparing ablation outcomes between the two LI-capable catheters, the MiFi and the
StPt [101], both proved equally safe. However, the StPt catheter produced larger lesions, and
in general, %∆LI showed a higher correlation with lesion size and prediction of steam pops.
Optimal cutoff values %∆LI of 30.8% and 27.1% with the MiFi and the StPt, respectively,
predicted steam pops with equal accuracy.

When combined with more conventional parameters such as ablation energy (AE),
FTI [125], or electrode-tissue-coverage (ETC) [99], LI may offer a stronger correlation with
lesion characteristics. Despite not being included in other lesion metrics, some studies found
that catheter angle showed a higher correlation with LI drop than CF [126].

4.3 Local Impedance in Substrate Mapping

Beyond monitoring ablation lesion formation, LI exhibits potential in characterizing cardiac
tissue and distinguishing between healthy myocardium and fibrotic or scar tissue [2, 3, 90].
Before LI was introduced, Pedrote et al. [127] explored already in 2008 the use of impedance
to acquire full chamber maps through the use of a skin patch. A homogeneous and constant
impedance gradient from the deep pulmonary veins (PVs) to the LAs was reported for all
patients. While LI is not as widely used for mapping as it is for assessing effective lesion
formation, researchers have explored its potential in characterizing cardiac substrate by
means of LI distinguishing among cardiac chambers [96]. Unlike the use of techniques such
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as voltage maps or Late Gadolinium Enhancement Magnetic Resonance Imaging (LGE-
MRI), LI mapping shows potential advantages, such as independence of the current rhythm
(i.e. true substrate mapping), and independence of wavefront direction.

Two comprehensive studies acquired full-chamber maps, one in the atria [128] and one in
the ventricles [129]. The atrial study recorded 14 point-by-point LI maps in de-novo and redo
PVI patients, revealing LI variations across atrial regions correlated with low, intermediate
and high voltage areas. In the ventricular study on pig models of ventricular tachycardia,
low LI (defined as ≥ 1 Ω lower than blood pool) was detected in 100% of low voltage areas,
while intermediate LI (ranging between low LI and non greater than blood pool value +9 Ω)
was found in core and border zone in 87% and 12.5%, respectively.

Several years earlier, Amorós et al. [130] tested a multifrequency approach (1-1000 kilohertz
(kHz)) to study systolic-diastolic myocardial impedance in a healed myocardial infarction
pig model. Lower LI measurements were observed in the healed myocardial infarcted tissue,
representing the first use of a novel bioimpedance method potentially applicable in catheter-
based devices for fibrotic tissue detection during arrhythmia mapping. A subsequent study
by the same group [131], also using multifrequency impedance mapping, demonstrated the
recognition of atrial infarct scar areas with less data variability than local bipolar voltage
mapping.

Regarding voltage mapping, the debate persists on whether to map during sinus rhythm
or during an arrhythmic episode [132]. Bates et al. [133] explored pacing thresholds based on
LI and electrical activity, finding that scar was not electrically inert and should potentially be
ablated. Low voltage areas were linked to LI values of 10.5 Ω, whereas 0.5 Ω corresponded
to dense scar zones. Additionally, in [134], LI was correlated with CF depending on the
rhythm. Recording LI at optimal catheter-tissue coupling controlled by CF in sinus rhythm
and atrial fibrillation showed that LI was rhythm-dependent. The evaluation of fibrotic tissue
using bipolar voltage did not affect the relationship between CF and LI, but it was impacted
when assessed by bloodpool LI.

Using three-dimensional models of both ablation catheters, several confounding factors
of LI were studied in silico [63]. The authors reported LI traces in clinically relevant
scenarios, such as the variation of catheter-tissue distance and angle. The changes in LI from
direct catheter-tissue contact to an insertion of the MiFi catheter 2 mm inside of the tissue
ranged from 14 Ω to 33 Ω, which compared well to clinically observed mean ranges [128]
of 16 Ω to 20 Ω. The combination of LI and CF has also been instrumental in studying the
relationship with myocardial tissue thickness in vitro [135] and in silico [136], potentially
aiding in creating transmural lesions for more successful arrhythmia treatment. In silico
studies may help understanding how to better implement LI in multielectrode mapping
systems.

In silico studies have also assessed the comparison between EGM-derived voltage
maps and LI maps [137]. In a preliminary study, the LI inverse simulations yielded better
reconstruction of the non-transmural fibrotic tissue than voltage maps.
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4.4 Research Gaps and Potential Future
Developments

Electrical impedance has long been considered in electrophysiology, but its widespread
clinical implementation took place with the release of LI as a key feature for lesion assessment.
In contemporary practice, LI primarily serves in assessing effective lesion formation, with
a focus on durable lesions prediction. The scientific publictions related to LI in ablation
performance and lesion characterization are summarized in Table 4.1, categorized by the
study’s objectives.

Nowadays, inconsistencies in atrial substrate detection among well establish mapping
methods, i.e. voltage mapping, conduction velocity (CV), and LGE-MRI, still exist [138].
Statistically significant variations in LI recorded with ablation catheters, distinguishing
healthy myocardium from scarred and fibrotic areas, prompted exploration of LI as another
potential mapping feature. Table 4.2 consolidates published studies investigating LI’s
mapping capabilities and key findings.

Overall, the usage of LI feature may add valuable information while guiding ablation,
which often translates in shorter and less powerful ablation deliveries. However, the potential
drawbacks of its application remain underexplored. In Nakamura et al.’s study [139], the
incidence and characteristics of postablation silent cerebral events (SCEs) were compared
between ablation index-guided ablation with CARTO (Biosense Webster) and LI-guided
ablation with Rhythmia. The latter group exhibited a significantly higher SCE incidence, but
caution is warranted in generalizing these results due to differing materials used between the
two groups, such as ablation and mapping catheter, electroanatomical mapping system, and
sheath

Similarly, Lyan et al. [140] assessed the efficacy of lesion size index versus LI-guided
ablation, revealing differences in ablation time and PV gaps. However, the use of distinct
ablation catheters and systems with varying CF and RF delivery devices may contribute to
these disparities.

Explorations into LI mapping in patients have showcased its potential to complement
classical mapping based on EGMs [128]. Moreover, other technologies measuring local
dielectric properties include wall thickness estimation [141], which could add important
value when using LI to assess ablation lesions.

Yet, challenges persist, with studies noting drawbacks like the frequency range used by
the Direct Sense™ technology in point-by-point acquisitions for constructing full chamber
maps [128]. Despite concerns, LI-based methods have been especially explored as innovative
approaches, such as different frequency measurements [130, 131].
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4.5 Conclusion

This study provides a comprehensive review of a novel method for characterizing myocardial
tissue based on local electrical impedance measurements. The local electrical impedance and
its drop have demonstrated their efficacy as good lesion formation predictor, in ex vivo and
in vivo studies, as well as in various clinical trials. While the application of LI in mapping is
not as widespread as its use in ablation assessment, several studies have explored its ability
to distinguish between healthy and diseased myocardium. By consolidating the most relevant
findings from ex vivo, clinical, and in silico studies in the field, this review highlights the
potential complement that LI represents to voltage mappings for improved ablation outcomes
in the future.





PART III

AN IN SILICO ELECTRICALIMPEDANCE FRAMEWORK





Chapter 5
In Silico Study of Local

Impedance Measurements in the
Atria

In this chapter, an in silico environment for the two clinically available tip ablation catheters
including local impedance (LI) measurements is presented. This serves the purpose to study
several influencing factors that impact LI measurements in the clinics without a known
ground truth.

The content of Chapter 5 was previously published under the CC-BY license in IEEE
Transactions on Biomedical Engineering [63]. The study was firstly explored by Laura Unger,
and the following concept was discussed and improved simultaneously by both authors. The
first geometrical model setup was developed by Laura Unger, whereas the sheath and the
second catheter were modeled by the author of this thesis. The conceptualization of the in
vitro experiments were developed by Laura Unger and carried out by both authors. Diverse
subsections of the results were presented by either author, as well as the development of
figures. Overall, decisions in the implementation of the code and subsequent improvements
were discussed by both. Its content has been rephrased with the consent of Laura Unger.

5.1 Introduction

The use of electrical impedance measurements has a long history in the medical and biomed-
ical field. Past studies have demonstrated that several biological tissues exhibit distinct
impedance spectra [48], a characteristic attributed to their microscopical composition [42].
Not only the material composition and the measurement frequency, but also the arrangement
of electrodes and temperature significantly influence the recorded impedance value.

Various technologies have attempted to measure the resistive load at the catheter-tissue
interface using generator impedance measurements, which have been an established method
for evaluating real-time radio frequency ablation delivery for decades in the past [77, 142].

43
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The transthoracic impedance encountered by the radio frequency energy between an intracar-
diac catheter electrode and a reference skin electrode helps identifying catheter-tissue contact
during ablation. However, significant impedance variation in the torso through other organs,
particularly the lungs, has limited its use as good measure [79, 80] and hinders thorough
tissue characterization in the surroundings of the catheter tip.

Recently, two novel intra-cardiac catheters manufactured by Boston Scientific (Marlbor-
ough, MA, USA) were released to the market including a more locally focused impedance
recording. These two catheters have all injecting and measuring electrodes built into the
ablation catheter itself [142], although their circuits differ. The IntellaNav MiFi™ OI [40]
employs a four-terminal circuit, where the current is injected from the distal tip electrode
to the proximal ring electrode. The voltage is measured between the distal ring electrode
and each of the three mini-electrodes, resulting in three LI measurements per recording. In
the clinical setup, only the maximum value among the three is displayed, as it is considered
to face towards the tissue directly. In contrast, the IntellaNav Stablepoint™ [87] uses a
three-terminal circuit where the current is injected from the distal tip electrode and the
proximal ring electrode. In this case, the voltage is measured between the distal tip electrode,
which is shared with the injection circuit, and the distal ring electrode. The DirectSense™
technology [40], integrated into the Rhythmia HDx electroanatomical mapping system,
provides an LI measurement. An LI drop, caused by a combination of resistive tissue heating
and subsequent myocardial destruction and lesion formation, serves as an indicator of lesion
quality and durability [40, 89].

In comparison to the transthoracic generator impedance, the LI highlights more local
changes in tissue impedance and it is less sensitive to far field artifacts [2, 3, 89, 90]. Even
though the local surroundings have a greater impact on the LI measurement in comparison to
the generator impedance, the LI is still affected by materials’ three-dimensional arrangement
and their specific properties [91]. It is important to note that LI should not be confused
with lumped impedance measurements, which condense all influencing properties to an
infinitesimal element. Beyond monitoring ablation lesion formation, LI has demonstrated
potential in characterizing cardiac tissue and distinguishing between healthy myocardium and
fibrotic or scar tissue [2, 3, 90]. Given the significant impact of atrial fibrillation (AF) as the
most common sustained cardiac arrhythmia on both patients and global health care systems,
and considering the suboptimal success rates of current treatment approaches, innovative
tissue characterization methods like LI are warranted further exploration.

Expanding the diagnostic utility of intracardiac LI measurements encounters significant
challenges posed by several confounding factors. These factors include not only diverse
tissue compositions but also variables such as the distance and angle between the catheter
and the tissue, the geometric characteristics of surrounding tissues, potential overlap of the
catheter with the transseptal sheath, or the influence of sodium chloride (NaCl) solution
irrigation, among others. While some of these effects have been observed in in human
studies, their quantification remains challenging due to the complex overlay of multiple
factors and the absence of a clear ground truth. Although in vitro and ex vivo experiments
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can provide insights into different scenarios, they come with significant costs and, depending
on the experimental setup, may leave the underlying ground truth still underdetermined.

In this study, we introduce a highly detailed in silico framework modeling the IntellaNav
MiFi™ OI and the IntellaNav Stablepoint™ catheters combined in several clinically relevant
scenarios. Several artifacts, such as the effect of the distance and angle in catheter-tissue
contact, the presence of scar tissue, the insertion of the catheter into a pulmonary vein (PV),
the overlap with a transseptal sheath, and the impact of NaCl solution irrigation, were studied
and validated with in vitro and in human measurements.

Including a highly detailed comparison between two real ablation catheter geometries, as
well as the investigation of confounding factors that affect clinically relevant scenarios, this
work sets the ground for a less expensive improvement in the comprehension of intra-cardiac
LI measurements and future development of cardiac catheters.

5.2 Methods

5.2.1 In Silico — Geometrical Setup

Clinically available radio frequency (RF) ablation catheters which include LI measure-
ments, namely the IntellaNav MiFi™ OI and the IntellaNav Stablepoint™, were mod-
eled as illustrated in Figure 5.1 (a-d). Highly detailed models with a resolution below
100 µm were achieved using measurements extracted from the specific product specification
sheets [143, 144] and calibrated photographs.

The IntellaNav MiFi™ OI, as shown in detail in Figure 5.1 (a-b), is composed of a
4.5 mm tip electrode, three ring electrodes of 1.3 mm width with 2.5 mm spacing between
them, three equally distributed mini-electrodes of 0.8 mm diameter immersed in the tip
electrode, a cooling chamber that stores the NaCl solution, and six irrigation holes. The
inside of the catheter includes electrical and mechanical steering wires. However, as the
inside is electrically isolated from the electrodes, the interior of the modeled catheter shaft
was filled with insulating material.

Similarly, the IntellaNav Stablepoint™ comes with a 4 mm tip electrode, three ring
electrodes of 1.3 mm width each and 4 mm, 2.5 mm, and 2.5 mm spacing between them,
respectively. Additionally, six irrigation holes and a cooling chamber filled with NaCl
solution are included. In this case, the tip does not incorporate any embedded mini-electrodes
Proximal to the tip, the diameter increases in a conical way from a diameter of 2.33 mm until
reaching a shaft diameter of 2.5 mm. The force sensing spring [87] existing in the interior of
the tip of the catheter was neglected as it was assumed to be irrelevant for the spread of the
electrical field into the tissue. Thus, the interior of the modeled catheter shaft was filled with
insulating material as well. Detailed measures of its geometry are shown in Figure 5.1 (c-d).

A transseptal sheath was also modeled based on the 8.5 F Agilis™ NxT steerable
introducer (Abbott, Chicago, IL, USA) as illustrated in Figure 5.1 (e).
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Figure 5.1: Geometrical models of both RF ablation catheters including an LI module and a transseptalsheath: (a) 3D model and (b) cross-section of the IntellaNav MiFi™ OI, (c) 3D model and (d) cross-section of the IntellaNav Stablepoint™, (e) cross-section of a transseptal sheath including one of thetwo irrigation holes. Image taken with permission from [63].

Either catheter was embedded in a box spanning 140 mm× 140 mm× 140 mm as
depicted in Figure 5.2 (a) filled with either blood or NaCl depending on the simulation
setup. Geometry representation and tetrahedral meshing was performed in Gmsh (version
4.5.6) [145]. Mesh resolution was adapted to the size of local structures being the highest at
the IntellaNav MiFi™ OI mini-electrodes, surrounding the tip and close to the tissue surface,
while it decreased for larger distances to the catheter and reached the lowest at the outer
boundary of the surrounding box. Depending on the simulation setup, 2.5 million to 5 million
tetrahedral elements comprised the mesh.

Standardized NaCl Solutions

In this simulation setup, either catheter was introduced in the surrounding box filled with
NaCl solution of eight different molar concentrations beginning with 0.02 mol

l until reaching
0.09 mol

l in steps of 0.01 mol
l .
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Tissue

Within a surrounding box filled with blood, a squared patch of tissue measuring 110 mm×
110 mm× 2.5 mm resembling a piece of atrial myocardium of typical wall thickness [146]
was placed below either catheter, as depicted in Figure 5.2 (a). As seen in Figure 5.2 (b),
the distance between the catheter and the tissue dT was varied from −2 to 10 mm in steps
of 0.5 mm. In this case, negative distances describe an immersion of the catheter into the
tissue represented as replacement of the tissue by the catheter without mechanical interaction
modeled.

Figure 5.2: Simulation setups. All setups are depicted at the example of the IntellaNav MiFi™ OI andwere equally conducted with the IntellaNav Stablepoint™: (a) tissue patch with line of scar within thesurrounding blood box, (b) variation of distance and angle between catheter and tissue, (c) insertionof the catheter into the PV, (d) insertion of the catheter into the transseptal sheath, (e) irrigation withNaCl solution. Image taken with permission from [63].

In a second setup, the angle αT between either catheter and the tissue was varied
from 0° to 180° in steps of 15°. For those angles 90° < αT ≤ 180°, one of the mini-
electrodes faced directly towards the tissue. Contrarily, for angles 0° ≤ αT < 90°, the two
remaining mini-electrodes were pointed towards but not directly at the tissue, as it can be
observed in Figure 5.2 (b). The pivot point was located at the intersection of the catheter’s
distal plain and the outer wall of the catheter shaft at the left and right side, respectively.
The simulations were conducted for five different distances between catheter and tissue
dT ∈ {0.0mm,0.5mm,1.0mm,2.0mm,4.0mm}.

Transmural Lesion

Complementing the general tissue setup described above, a central line of scar tissue of width
wSc ∈ {3mm,6mm}, as depicted in Figure 5.2 (a), was implemented representing damaged
tissue from a previous ablation procedure or naturally developed myocardial scar. Either
catheter was moved for two different catheter-tissue distances (dT = 0mm and dT = 1mm)
perpendicularly to the line of scar starting at a distance to the center of the scarred line of
dSc =−10mm, crossing the line for dSc = 0mm and up to a distance of dSc = 10mm at a
step size of 1 mm for |dSc|> 2mm and 0.5 mm for for |dSc|< 2mm.
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Pulmonary Vein

Either catheter was introduced into a PV simulated by extending the tissue setup with a
perpendicular tube filled with blood. Using a PV wall thickness thPV = 2mm, four different
inner PV radii rPV ∈ {2mm,3mm,4mm,6mm} were modeled. For rPV = 6mm, extra PV
wall thicknesses of thPV ∈ {1mm,3mm,4mm} were implemented in the simulations. Either
catheter was inserted into the PV with the variable distance dT to the surface of the tissue
patch varied from −20 to 10 mm in steps of 1 mm. Negative distances represent the catheter
being inside the PV while positive distances describe its elevation above the tissue.

Transseptal Steerable Sheath

Either catheter was placed in a surrounding box filled with blood and withdrawn into the
transseptal sheath with the variable distance dSh representing the distance between the
catheter tip and the distal edge of the sheath, as seen in Figure 5.2 (d). dSh was varied from
−2 to 19.5 mm in steps of 0.5 mm, where negative distances describe the withdrawal of the
catheter into the sheath.

Irrigation

Catheter irrigation was modeled by placing a sphere of physiological NaCl solution at the
center of each irrigation hole, as seen in Figure 5.2 (e), and displacing encircled elements
representing blood. The radius rNaCl of each NaCl sphere was modified from 0 to 2 mm in
steps of 0.05 mm.

5.2.2 In Silico — Material Properties

The tetrahedral elements of the mesh were assigned characteristic conductivity values for
the respective material at 14.5 kilohertz (kHz) as described in Table 5.1 together with the
employed temperature found in the corresponding study.

In vitro experimental setups with several concentrations NaCl solutions were performed
at different temperatures and compared to in silico investigations based on the conductivity
values described by Gabriel et al. [48], which did not specify the temperature at which the
experiments were carried out. Comparing to the conductivity of 0.5% NaCl solution given for
20 °C [147] suggests that Gabriel et al. used a slightly higher temperature TGab, as included
in Table 5.1. Taken into account the reference values [147] and the temperature coefficient of
approximately 2.1 %

°C [148], Gabriel et al. most likely measured NaCl solutions significantly
below body temperature (BT) contrary to their measurements of biological tissue. Since
their dataset [48] was consistent in itself, the exact temperature employed was assumed to be
negligible for the validation setups with NaCl solutions of different concentrations.
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Table 5.1: Conductivities of relevant materials at 14.5 kHz used in this work. BT: body temperature;
TGab: temperature used in Gabriel et al. [48].

Material Conductivity σ (S/m) Temperature (°C) Reference
Metallic electrode 400,000 [149]Insulator 10−7

Sheath 10−7

Blood 0.700 BT [49, 50]Myocardium 0.164 BT [49, 50]Connective tissue (scar) 0.387 BT [49, 50]NaCl 0.020 moll (0.12%) 0.220 TGab [48]NaCl 0.030 moll (0.18%) 0.330 TGab [48]NaCl 0.040 moll (0.23%) 0.430 TGab [48]NaCl 0.050 moll (0.29%) 0.530 TGab [48]NaCl 0.060 moll (0.35%) 0.620 TGab [48]NaCl 0.070 moll (0.41%) 0.720 TGab [48]NaCl 0.080 moll (0.47%) 0.800 TGab [48]NaCl 0.086 moll (0.50%) 0.820 20 [147]NaCl 0.090 moll (0.53%) 0.880 TGab [48]NaCl 0.154 moll (0.90%) 1.444 20NaCl 0.171 moll (1.00%) 1.600 20 [147]

The remaining simulations setups were parameterized with given conductivities for
blood, myocardium and scar tissue at BT, as well as physiological 0.9% NaCl solution for
catheter irrigation at an approximate room temperature of 20 °C as explicitly described in
Table 5.1. Due to the lack of an explicit reference for the conductivity of physiological
0.9% NaCl solution, it was interpolated from the values of 0.5% and 1% NaCl solution at
20 °C [147] as indexed in Table 5.1.

5.2.3 In Silico — Impedance Forward Simulation

To simulate the spread of the electrical field created by the Rhythmia HDx electroanatomical
mapping system (Boston Scientific, Marlborough, MA, USA) used in the clinics, an alter-
nating current of 5 µA peak-to-peak amplitude at 14.5 kHz was modeled using the software
EIDORS v3.10 [150] in MATLAB R2021a (The MathWorks, Inc., Natick, MA, USA). In
short, this software solves the Poisson equation with a finite element model F . The injection
currents are given as boundary conditions, whereas the current density and the potential field
are the solution. The extracted voltage between two electrodes v is obtained as the potential
difference and depends on the given conductivities σ at the elements of the model and the
stimulation pattern q of the electrode model with v = F (σ,q) [150].

Both the stimulation and measurement circuits were modeled according to the clinical
system of each catheter: a four-terminal circuit and three-terminal circuit for IntellaNav
MiFi™ OI and IntellaNav Stablepoint™, respectively. For the IntellaNav MiFi™ OI, current
injection was implemented between the distal tip electrode and the proximal ring electrode,
whereas the measurements were taken between the mini-electrodes and the distal ring
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electrode [40]. The three resulting voltage measurements were reduced to their maximum
value as done in the clinical system. On the other hand, the IntellaNav Stablepoint™
followed a three-terminal circuit with current injection between the distal tip electrode and
the proximal ring electrode and voltage measurements taken between the distal tip electrode
and the distal ring electrode. The complete electrode model was used [151]. To obtain LI
as the magnitude of impedance, the resulting voltage amplitude |v| was then divided by the
amplitude of the injected current.

5.2.4 In Vitro Setup

All experiments were conducted using the Rhythmia HDx system (Boston Scientific, Marl-
borough, MA, USA) and both catheters, namely the IntellaNav MiFi™ OI, and the IntellaNav
Stablepoint™. NaCl solutions of several concentrations and known conductivity values σ

were mixed to validate the simulation framework. The molar mass starting from 0.02 mol
l

up to 0.09 mol
l in steps of 0.01 mol

l , as given in [48], was converted to weight percentages.
The needed weight of NaCl was obtained using a scale of 10−3 g resolution and 10−3 g
precision and dissolved in 250 ml of de-ionized water. For all concentrations prepared, an
aqueous solution was obtained after the complete dissolution of NaCl. A thermometer of
0.1 °C resolution was used to keep track of the solution’s temperature. The LI was measured
with either catheter in each solution at least at 7 and maximum at 13 different temperatures
between 18.2 °C and 38.8 °C. For better comparison, the simulated results for the respective
NaCl solutions were validated against the LI at three different temperatures, namely 21 °C,
25 °C, and 36 °C.

In addition, the catheter-tissue contact effect on LI was measured in vitro. A cardiac
tissue phantom made of 100 ml de-ionized water, 3 g agar-agar, and 0.0499 g NaCl [152] was
prepared. At 25 °C and 14.5 kHz, the expected conductivity of 0.16 S

m matched myocardial
values well. However, as in vitro measurements in this work were taken at 20.5 °C, the
actual conductivity might have varied slightly. Typical temperature coefficients reported for
similar materials justified the neglect of deviations induced by the described temperature
change [148, 153]. Additionally, a small porcine patch of left atrial tissue was used. Both
samples were set at a slightly elevated ring to not disturb measurements by the mount in
0.35% NaCl solution. Either catheter was positioned at either sample in both orthogonal and
parallel orientations.

Finally, the effect of catheter irrigation with physiological NaCl solution on LI mea-
surements was studied by incrementing the flow rate of the HAT 500® irrigation pump
(Osypka AG, Rheinfelden, Germany) from 0 ml

min to 2 ml
min and 17 ml

min in a 250 ml bath of
0.35% NaCl solution. The flow rate of 2 ml

min is clinically applied in standby mode, while it is
typically adjusted to 17 ml

min during ablation application. The bath model used did not include
circulation.
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5.2.5 In Human Setup

Clinical measurements complement the in silico analysis of the effect on the LI when the
catheter is withdrawn into the transseptal sheath. Either catheter was located in the left atrium
after transseptal puncture using the transseptal sheath, namely the Agilis™ NxT steerable
introducer. Verifying the location of the proximal ring electrode outside of the sheath using
an X-ray scan, and a central position in bloodpool without endocardial contact, the catheter
was gradually pulled back into the sheath at constant speed while the LI was being recorded.
In the electroanatomical system, clinical LI was represented by its moving average calculated
with a sliding window of 1.5 s width. All measurements were approved by the local ethics
committee in accordance with the Declaration of Helsinki and all patients provided written
informed consent.

5.3 Results

5.3.1 Aqueous NaCl Solutions

LI in vitro measurements in NaCl solutions prepared at 21 °C, 25 °C, and 36 °C following
Table 5.1 are presented in Figure 5.3 together with simulated LI values for the corresponding
in silico molar concentrations. For constant NaCl concentrations, higher temperatures
resulted in lower LI values. Both in vitro and in silico observations followed a hyperbolic
trend where LI decreased with increasing conductivity values.

In silico LI results laid between the corresponding in vitro experiment values at 21 °C and
25 °C for both catheters with a median deviation of −2.7 Ω and −2.8 Ω from the measurements
at 21 °C for the case of IntellaNav MiFi™ OI and IntellaNav Stablepoint™, respectively.
This negative deviation aligns with the previous assumption stated in Section 5.2.4 of
20 °C< TGab ≪ 36 °C. Due to these results, where in silico and in vitro traces match in
morphology and compare well in absolute value, the simulation environment was treated as
valid for the relevant range of conductivities used in further settings.

Mass concentrations of 0.35% and 0.41%, meaning NaCl concentrations of cNaCl =

0.06 mol
l and cNaCl = 0.07 mol

l , yielded similar LI measurements to human blood. At a
concentration of cNaCl = 0.06 mol

l , simulated LI resulted in 98.3 Ω and 154.5 Ω compared to
in vitro measurements at 21 °C of 101.9 Ω and 156.2 Ω for the IntellaNav MiFi™ OI and
the IntellaNav Stablepoint™, respectively. These values were in line with the ranges of
bloodpool LI observed in the clinical environment.

As given in Table 5.1, the simulated bloodpool LI at conductivity σ = 0.7 S
m [50] was at

the lower bound of values observed in the clinical environment with 87.1 Ω for the IntellaNav
MiFi™ OI and 138.9 Ω for the IntellaNav Stablepoint™.

Using a linear regression, LI measurements between both catheters (LIMiFi and LIStPt)
led to a perfect linear relationship (R2 < 10−4) for in silico and in vitro experiments. An



52 Chapter 5. In Silico Study of Local Impedance Measurements in the Atria

extended set of measurements in 25 NaCl solutions of concentrations between 0.15% and
2.00% yielded the following linear relationship:

LIStPt = 1.42 ·LIMiFi +8.7Ω (5.1)

Figure 5.3: In vitro LI measurements in NaCl solutions of different molarity compared with correspond-ing simulated LI values. Dashed lines of increasing distance correspond to measurements at 21 °C,25 °C, and 36 °C, respectively, whereas star marks refer to simulation results. IntellaNav MiFi™ OI andIntellaNav Stablepoint™ values are shown in blue, and orange, respectively. Image taken with permis-sion from [63].

5.3.2 Transseptal Steerable Sheath

Simulated LI results of the IntellaNav MiFi™ OI and the IntellaNav Stablepoint™ together
with an exemplary clinical trace for the withdrawal of each catheter into a transseptal sheath
are illustrated in Figure 5.4 (a) and (b), respectively.

Simulated bloodpool LI values of 87 Ω and 139 Ω using the IntellaNav MiFi™ OI and
the IntellaNav Stablepoint™, respectively, were the starting point for an increase of more
than 2 Ω for the distal edge of the sheath located between the proximal and 2nd to proximal
ring electrode. With the sheath covering the distal ring electrode, the steep increase of LI
values commenced. For the distal edge of the sheath located between the distal ring electrode
and the tip electrode, the steepness decreased until forming a small plateau, especially
pronounced for the IntellaNav Stablepoint™. The LI increased up to 1353 Ω and 2200 Ω

for the sheath fully covering the IntellaNav MiFi™ OI and the IntellaNav Stablepoint™,
respectively. At the final stage, the simulated LI decreased as the sheath progressed, covering
the tip electrode and revealing the proximal insulator. In contrast, the clinical trace remained
closer to the maximum value, forming a plateau until the end of the experiment.

Both in silico traces were in line with the clinically measured LI.
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Figure 5.4: Withdrawal of (a) IntellaNav MiFi™ OI and (b) IntellaNav Stablepoint™ into a transseptalsheath. Simulated LI is represented by solid lines while clinical LI is represented by dashed lines. Sheathpositions are depicted on the horizontal axes. Image taken with permission from [63].

5.3.3 Catheter-Tissue Interaction

Catheter Distance and Orientation

Again with simulated bloodpool LI values of 87 Ω and 139 Ω for the IntellaNav MiFi™ OI
and the IntellaNav Stablepoint™, respectively, a decrease of the distance to the tissue surface
with the catheter in perpendicular position (αT = 90°) yielded increasing LI values as shown
in Figure 5.5. Respectively for the IntellaNav MiFi™ OI and IntellaNav Stablepoint™,
the LI was exceeding the bloodpool value by more than 2% at a distance dT = 3.5mm and
dT = 2.5mm. For dT = 0mm, the LI exceeded the bloodpool LI by 16.0% and 14.9% for
either catheter, respectively. The LI trace became steeper the closer the catheter advanced
towards the tissue. For negative distances dT < 0mm, i.e. the catheter being introduced into
the tissue, the LI increased constantly. For the IntellaNav MiFi™ OI, a small LI plateau was
formed between dT =−1.0mm and dT =−1.5mm.

Simulated LI values are shown in Figure 5.6 for modified angles αT between either
catheter and the tissue for selected distances. All traces, i.e. both catheters and all distances,
resulted in a w-shape. From a perpendicular position and tilting towards a parallel position,
LI dropped first and increased again later. For a parallel orientation at a distance dT =

0mm, the simulated LI value exceeded the result for a perpendicular position by 14.0 Ω

(αT = 0°) and 12.9 Ω (αT = 180°) for the IntellaNav MiFi™ OI and by 9.4 Ω for the
IntellaNav Stablepoint™. While the traces were symmetric to αT = 90° for the IntellaNav
Stablepoint™, the LI was dependent on the mini-electrodes orientation for the IntellaNav
MiFi™ OI, as represented in Figure 5.6 with the mirrored traces. If one of the measuring
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mini-electrodes faced the tissue directly (90°< αT ≤180°), the LI values exceeded those of
the same distance and angle without any of the mini-electrodes pointing directly towards the
tissue (0°≤ αT <90°).

In vitro experiments with either catheter in contact with a tissue phantom and a myocar-
dial tissue sample in perpendicular and parallel position resulted in comparable differences
between both orientations. The LI for the parallel position exceeded the LI measured per-
pendicularly by approximately 11 Ω and 10 Ω for the IntellaNav MiFi™ OI and IntellaNav
Stablepoint™, respectively.

Figure 5.5: Dependency of LI on the distance dT to myocardial tissue for IntellaNav MiFi™ OI in blueand IntellaNav Stablepoint™ in orange. Image taken with permission from [63].

Transmural Lesion

LI theoretically drops in the surroundings of myocardial scarred tissue caused by the lower
conductivity of healthy myocardium in comparison to connective tissue. Figure 5.7 shows LI
traces for the virtual catheter passing linear lesions of width wSc = 3mm and wSc = 6mm.
At a catheter-tissue distances dT = 0mm, the absolute LI drop was bigger for the IntellaNav
Stablepoint™ due to its higher baseline LI value for either lesion width. However, the
percentage drop taking the LI at the furthest point to the lesion and the measurement at direct
tissue contact was similar with 3.8% and 6.0%, and 3.9% and 5.7%, for lesion widths of
wSc = 3mm and wSc = 6mm for the IntellaNav MiFi™ OI and the IntellaNav Stablepoint™,
respectively. Raising the catheter 1 mm above the myocardial tissue led to a larger LI drop in
the baseline values with comparison to the scar scenario for both catheters.

In Figure 5.8, the potential field (a) and the current density (b) are depicted for the setup
with direct catheter-tissue contact including a scar width wSc = 3mm. The current spreads
between the injecting electrodes with similarity to an electrical dipole field. The current
density reveals the edges of the tissue directly underneath the distal tip electrode, where
higher current densities are shown in the central scar line compared to the surrounding tissue
of higher conductivity.
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Figure 5.6: Dependency of LI on the angleαT between catheter andmyocardial tissue for the IntellaNavMiFi™ OI in blue and the IntellaNav Stablepoint™ in orange. Different distances dT between catheterand tissue, as well as the mirrored traces for the IntellaNav MiFi™ OI are depicted with several linestyles. Image taken with permission from [63].

5.3.4 Insertion into a Pulmonary Vein

Characteristic LI traces for the progressive introduction of a tip catheter into a PV are
depicted in Figure 5.9 (a) for the IntellaNav MiFi™ OI, and Figure 5.9 (b) for the IntellaNav
Stablepoint™. For the IntellaNav MiFi™ OI, the simulated LI value increased from 87 Ω

in bloodpool up to peak values between 93 Ω and 176 Ω depending on the radius rPV and
the thickness thPV of the modeled PV. Similarly, simulated LI values for the IntellaNav
Stablepoint™ started from 139 Ω in bloodpool, increasing up to 145 Ω and 240 Ω depending
on rPV and thPV.

The radius rPV was found to strongly influence the maximum LI with smaller radii
yielding higher LI values. The narrowest simulated PV, with a radius rPV = 2mm, yielded
a maximum LI of 176 Ω with the IntellaNav MiFi™ OI and 240 Ω with the IntellaNav
Stablepoint™, whereas an increase of the radius to rPV = 3 mm resulted in a maximum LI
of 127 Ω and 186 Ω, respectively.

Maximum values for all in silico setups corresponded with the insertion of the ablation
catheter tip into the PV. The marginal following decrease for further insertions was linked
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Figure 5.7: Dependency of the LI on the horizontal distance dSc to a linear scar centered in a patch oftissue for (a) the IntellaNav MiFi™ OI, and (b) the IntellaNav Stablepoint™. Either catheter hung abovethe tissue at two vertical distances dT = 0mm and dT = 1mm for two different scar widths wSc = 3mmand wSc = 6mm. Image taken with permission from [63].

Tissue patch Tissue patch

Figure 5.8: Cross section of a transmural lesion setup with a scar of width wSc = 3mm centered ina patch of myocardial tissue and surrounded by blood. The (a) potential field and (b) current densitycharacterize the electrical field. Arrows represent the current flow direction. Image modified withpermission from [63].
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Figure 5.9: LI traces during the gradual insertion of ablation catheter into a PV: (a) IntellaNav MiFi™ OIin blue and (b) IntellaNav Stablepoint™ in orange. The horizontal axis indicates the distance dT betweenthe tip of the catheter and the edge of the tissue. Negative distances correspond to positions insidethe PV. Image taken with permission from [63].

to the passage of the surrounding tissue plate, which contributed to an additional rise of LI
values.

The thickness thPV was found to be an additional determinant of the absolute LI value,
as shown for a radius rPV = 6mm with several thickness thPV ∈ {1mm,2mm,3mm,4mm}.
Within the same radius, thicker PVs yielded higher simulated LI values.

5.3.5 NaCl Solution Irrigation

Simulated LI values for flushing of either catheter with NaCl solution of physiological
concentration from the cooling lumen at the irrigation holes is shown in Figure 5.10. By
changing the radius of the bubble rNaCl from 0 to 2 mm, the variation of irrigation flow rate
was modeled. The simulated LI values remained almost invariant for NaCl bubbles up to
a radius rNaCl = 0.7mm and rNaCl = 0.55mm, with less than 1% change compared to the
bloodpool measurements of 87Ω and 139Ω for the IntellaNav MiFi™ OI and the IntellaNav
Stablepoint™, respectively. For the IntellaNav MiFi™ OI, the in silico LI slightly increased
then reaching a maximum value of 1.4 Ω above the bloodpool for rNaCl = 0.85mm because
of the slight overlap of the bubbles with the mini electrodes’ distal edges. Right after, the LI
values decreased with increasing rNaCl until 76.4 Ω, reached for rNaCl = 2mm. According LI
traces decreased monotonously for the IntellaNav Stablepoint™ down to 116.6Ω at NaCl
bubbles of rNaCl = 2mm.

Mini panels in Figure 5.10 (a-b) illustrate the in vitro LI experiments for onset and offset
of irrigation at two different flow rates, i.e. 2 ml

min and 17 ml
min . In vitro traces at a flow rate of



58 Chapter 5. In Silico Study of Local Impedance Measurements in the Atria

2 ml
min showed an instantaneous drop of 0.6 Ω and 1 Ω, as well as oscillations of 0.6 Ω and

1 Ω peak-to-peak amplitude for the IntellaNav MiFi™ OI and the IntellaNav Stablepoint™,
respectively. For the IntellaNav Stablepoint™, LI dropped abruptly by 2.5 Ω at the onset of
irrigation at 17 ml

min . LI progressively decreased as a result of a modest bath volume merging
with the irrigation solution of higher conductivity.

Figure 5.10: In silico LI for different irrigation radii of NaCl solution for the IntellaNav MiFi™ OI in blueand the IntellaNav Stablepoint™ in orange. Subpanels (a) and (b) report in vitro measurements for theonset of irrigation flow rates of 2 mlmin and 17 mlmin . Irrigation times are shaded in blue. Image taken withpermission from [63].

5.4 Discussion

In summary, we introduced a computational environment that closely simulated in human
and in vitro LI measurements. This in silico setup enabled the quantification of several
factors affecting the measurements with an established ground truth.

5.4.1 Aqueous NaCl Solutions

Validation of the model using standard aqueous NaCl solutions with known conductivity
confirmed the simulation environment to be appropriate. NaCl solutions can be assumed
to behave as resistors at the employed measurement frequency of 14.5 kHz. Therefore, the
hyperbolic relationship between conductivity and LI can be attributed in this setup to the
reduction of impedance, which is reciprocally related to conductivity.
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In the in vitro experiments, it was demonstrated that NaCl solutions at mass concentra-
tions ranging from 0.35% to 0.4% at 21 °C are suitable as equivalent of human blood at body
temperature for a measurement frequency of 14.5 kHz.

The fact that LI measurements with the IntellaNav MiFi™ OI and the IntellaNav Sta-
blepoint™ resulted in a perfectly linear relationship is of significant clinical value. Clinical
trials carried out with one catheter can be translated and extrapolated to the respective other
device, ending up in a reduction of efforts and financial costs. Taking measurements with
several catheter items yielded to slight deviations of the linear coefficients. This may be
caused by minor – but still acceptable within a tolerance – differences in manufacturing or
due to its previous use for radio frequency ablation prior to the in vitro experiments.

5.4.2 Transseptal Steerable Sheath

Simulated results showed that LI began to rise remarkably once the steerable sheath exceeded
the proximal ring electrode. LI measurements used in clinical practice to characterize both
the substrate and the ablation lesion should therefore always ensure full catheter withdrawal
out of the sheath, as of helping in the prevention of confounding influences on the measured
LI.

5.4.3 Catheter-Tissue Interaction

For 0 mm distance to the tissue, i.e. 0 g so-called "contact force", to −2 mm distance to the
tissue, the increase of LI above the bloodpool value ranged from 14Ω to 33Ω, respectively,
comparing well with the mean ranges between 16Ω and 20Ω [128] observed in the clinical
practice for the IntellaNav MiFi™ OI. The simulated upper bound of an immersion depth of
2 mm most likely overestimates the LI for mean contact force in the clinical application due
to neglecting a realistic tissue deformation effect.

Detailed in vitro experiments on catheter-tissue interaction using the IntellaNav MiFi™ OI
catheter had been performed in previously published work by Sulkin et al. [40], where the au-
thors found a non-linear and monotonic increase of LI with the approximation of the catheter
towards a perpendicular position. The in silico results presented in this work mimicked the
morphology of the curve well but led to scaled absolute values and slopes presumably caused
by discrepancies in the underlying tissue and blood conductivities. In the case of Sulkin et
al., the right ventricular tissue employed was probably thicker than the 2.5 mm thickness
of the modeled atrial tissue used in this work, which may explain both the higher absolute
values and slopes in the previous study. Furthermore, the existing variability of conductivity
in real tissue samples can cause a spread of measured LI values in Sulkin’s work that are not
present in our work due to the choice of one specific conductivity phantom within the human
myocardial range.

Varying the catheter-tissue angle yielded higher LI values in parallel than in perpendicular
catheter orientations for distances dT > −2 mm both in the work by Sulkin et al. and the in
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silico experiments presented here. Garrott et al. [87] measured a mean LI difference of 13 Ω

between parallel and perpendicular catheter orientation using the IntellaNav StPt™, which
aligns well with the simulated results computed in this work.

In silico experiments computed with the IntellaNav MiFi™ OI showed a slight plateau
for the immersion into a myocardial tissue patch by 1.0 mm to 1.5 mm, as well as a sudden
decrease in LI measurements for an angle αT = 180 °C that did not match well with the
respective trend of adjacent distances and angles. It can be assumed that the close interaction
between the mini-electrodes and the tissue induced both findings.

Clinical studies for the use of IntellaNav MiFi™ OI reported different ranges of LI mea-
sured on healthy and scar tissue, e.g. 109Ω±15Ω and 104Ω±12Ω [154], 111Ω±14Ω

and 92Ω±16Ω [155], and 132Ω±12Ω and 85Ω±11Ω[90], respectively. Different op-
erators and force applied at the contact may explain the variability in range. Scar tissue
presented lower LI simulated values in comparison with healthy myocardium following
previous clinical findings. In both in silico and clinical observations it can be explained as
an increasing in conductivity due to the increase in extracellular space for the scar tissue.
However, simulated values displayed in Figure 5.7 were slightly lower in comparison with
the clinical studies [90, 154, 155], most likely caused by the selected conductivities or due to
an insufficient catheter-tissue contact modeled in this in silico study. Our model represents
the equivalent of 0 g so-called "contact force", whereas in the experimental and clinical
environment the typical value oscillates from 5 to 20 g. The larger the lesion area within
the footprint of the catheter, the lower the LI dropped. For quantitative applications of
LI measurements, the results shown in Figure 5.7 pointed out the importance of adequate
catheter-tissue contact and regulated contact force. Only by 1 mm distance to the endocardial
surface the LI drop from baseline values was larger than the difference between LI measured
at healthy myocardium and scar tissue. As LI values depend highly on the selected con-
ductivity for the in silico model, an accurate and precise validation of the atrial scar tissue
conductivity would reinforce the results presented in this work.

In this preliminary study, myocardial tissue was only modeled as a homogeneous and
transmural block. The potential effect that fiber anisotropy and three-dimensional atrial
tissue structures may have on in silico LI results was out of the scope of this work. Future
studies will have to consider the mechanical response of the myocardium to catheter-tissue
contact using more realistic myocardial models.

5.4.4 Insertion into a Pulmonary Vein

The results presented in Figure 5.9 highlighted the strong effect that the PV radius has on
the LI measured inside of the vein. Although the PVs and the atrial myocardium differ
histologically, no differences were considered between them in terms of modeling in this in
silico study, which may affect the difference with LI measured in human PVs.
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5.4.5 NaCl Solution Irrigation

Both catheters employed in this simulation study, namely the IntellaNav MiFi™ OI and
the IntellaNav Stablepoint™, include an open irrigated tip for cooling purposes using 0.9%
NaCl solution during radio frequency delivery. However, as seen in Table 5.1, human blood
is having a different conductivity than the so-called physiological NaCl solution at lab
temperature by a factor of approximately 2. According to previous studies, this solution
irrigation does have an effect on lesion formation during ablation delivery. As current flow is
attracted to the highly conductive saline solution, the current flowing through the ablation
target tissue is reduced and smaller lesions in comparison with the ones created with a less
concentrated irrigation fluid, i.e. 0.45% NaCl solution or dextrose water, are obtained [156–
159]. While measuring LI, special attention needs to be drawn to irrigation fluid flow in two
specific situations: when there is a constant flow of liquid, and when the flow rate changes.
Constant irrigation flow may be related to the use of LI as substrate mapping feature, while
situations with a change of flow rate can be related to radio frequency ablation delivery. In
either case, clinical LI is mainly interpreted as a comparison between the bloodpool reference
or the LI value at the beginning of the ablation delivery, rather than looking at absolute
values.

During radio frequency ablation delivery, the typical irrigation flow rate increases from
the default value of 2 ml

min to 17 ml
min or even 30 ml

min , which increases the volume of NaCl
solution enclosing the tip and may have an effect in the LI drop that is not related with tissue
heating. However, in Figure 5.10 the LI drop caused by changes in the irrigation flow rate
seems to be unimportant considering typically desired minimum LI drops between 12 Ω and
16 Ω during radio frequency power delivery using the IntellaNav MiFi™ OI [89], which
confirms the assumption that the NaCl solution irrigation is merged fast with the circulatory
blood.

On the other hand, when it comes to LI used in substrate mapping, slight differences
become of importance. Keeping the flow rate consistently low at 2 ml

min restricts the chances
of affecting the measurement. Looking at the LI only in differential manner can make the
results be influenced when the distribution of NaCl near the catheter tip changes, for example
due to blood flow. Moreover, due to the high electrical conductivity of NaCl in comparison
to tissue and blood, less current flows through the measurement area.

The lack of a precise correlation between spherical NaCl radius in this work and irrigation
flow rates used in the clinical setups limit the results together with the oversimplified spheres
of irrigation fluid at the catheter tip. The in vitro setup used for comparison with the
simulations did not include a circulatory blood flow, whose inclusion may have added more
detailed information about the influence of irrigation changes on the LI measurements.
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5.4.6 Sensitivity

The geometrical model of the catheter was of high importance for the obtained LI value.
Small deviations in the dimensions, especially in the electrodes, caused notable changes
in the results. For quantitative analysis, a detailed and accurate model of the investigated
catheter is crucial. This was guaranteed in this study.

In silico experiments in this study proved that a subset of clinically relevant settings,
such as the presence of scar tissue, resulted in small variations of the measured LI. However,
the loss of appropriate catheter-tissue contact has a bigger impact on LI, sometimes even
more significant. LI measurements in a non-controlled clinical environment with artifacts
and background noise in the measurements may make the changes in LI hard to notice. This
highlights the need of assuring a suitable contact with the heart wall and controlling other
recording conditions when using LI technology in practice.

In addition to the clinical measurement noise, the presence of air in the lungs, as well
as their inflation and deflation process, is of evident impact on the LI measurement [128]
due to the close proximity of the lungs to certain chambers of the heart. The conductivity of
inflated lungs is reported to be 0.0954 S

m at 14.5 kHz, increasing up to 0.247 S
m in deflated

state [49]. As the respiratory state of the patient is known, this respiratory oscillations could
be compensated in LI measurement traces.

To account for the suitability of catheters and electrode arrangements for impedance
measurements, different catheter settings and how their electrode distribution affects the
measured LI need to be estimated. The close distance of the catheter will take more influence
on the measured LI value in comparison to the generator impedance measurements. Clinically
relevant examples such as varying the catheter-tissue distance, the catheter-tissue angle, or
introducing an insulating sheath were tested in this study. However, not only the variation in
the position of the setting around the catheter, but also size and conductivity variations on
the setting itself should be included. Future studies should account for catheter and electrode
arrangement affecting LI measurements to further optimize their settings.

5.5 Conclusion

In this preliminary work, an in silico model with highly detailed catheter and sheath ge-
ometries included in a simple myocardial tissue patch was used to study local electrical
impedance measurements using point ablation catheters. Clinically relevant scenarios, such
as catheter-tissue interaction varying distance, angle, and tissue substrate, the insertion of a
catheter into a PV, its withdrawal into the transseptal steerable sheath, and saline solution
irrigation were reproduced in silico. Forward simulations of the electrical field provided
a better understanding of the quantitative effects of single and combined modifications in
several parameters on the LI measurements. The resulting environment proved to be a
valuable tool that offers deeper insight into the clinical interpretation of LI and has the
potential to support future catheter development.



Chapter 6
In Silico Evaluation of the Effect of

Contact Force on Local
Impedance

This chapter aims to give some insights about how local electrical impedance measure-
ments are affected by catheter-tissue pressure contact and deformation of the underlying
myocardium.

The content of Chapter 6 is taken from conference proceedings published in Europace
2022 [160] and Computing in Cardiology 2022 [161]. Most passages in this chapter have
been quoted verbatim from the publications and are adapted with permission from the
authors and Oxford Academic Press. Work presented in Section 6.2.1 and subsequent results
were carried out during the master thesis of M.Sc. Andreas Heinkele [162].

6.1 Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia and it is characterized by a
remodeling of the cardiac substrate. A standard treatment for patients with AF is ablation.
Applying controlled force to the tissue with the catheter can assure good electrode-tissue
contact, which is important to perform effective lesions during ablation procedures.

In persistent AF patients, ablation lesions can be placed in areas of scar tissue in addition
to usual pulmonary vein isolation (PVI). Currently, the characterization of the substrate is
supported by voltage mapping to locate these scar tissue areas. Recently, local impedance
(LI) has been gaining attention due to its independence on the electrical activity to better dif-
ferentiate healthy tissue from scar [90]. Therefore, it may improve the current understanding
of underlying substrate. In this chapter, the term "scar tissue" is employed for both scar and
fibrotic tissue.

The new generation of ablation catheters, as the IntellaNav Stablepoint™ (Boston
Scientific, Marlborough, MA, USA), can help achieving good electrode-tissue contact by
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measuring the contact force (CF) at the tip, and also recording LI. The combination of both
techniques results in a novel method to characterize the process of lesion formation.

Some studies have recently investigated the effect of CF in ablation assessment [163].
However, the effect of CF on the LI measurements to characterize the substrate needs to be
further explored. In silico experiments are helpful to better understand tissue behavior in a
controlled environment without noise sources and measurements uncertainties. To show its
clinical utility, validation of the model is performed by comparing the simulated data with LI
clinical data acquired at manually controlled CF values,

In this work, we study the effect of mechanical deformation of the atrial tissue on LI
measurements for several thicknesses and CFs using the in silico framework from Chapter 5.
Our objective is to study the possibility to characterize healthy tissue and scar tissue by
means of LI taking into account the effect of tissue thickness and CF.

Including an extension of the previously described model by introducing mechanical
deformation, as well as the validation with clinical data taken at different CFs, this work
continues studying the comprehension of LI measurements and the potential development of
mapping catheters including this feature.

6.2 Methods

In Figure 6.1, the in silico framework used to conduct the simulations in this work is depicted.
The IntellaNav Stablepoint™ was model in a similar way as in Pollnow et al. [164] – just
as described in Chapter 5 – and was placed within a 140 mm× 140 mm× 140 mm box
representing the surrounding blood. Centered below the tip of the catheter and in direct
contact with it, a squared patch of tissue measuring 110 mm× 110 mm× tth was positioned,
where tth defines the tissue thickness within the anatomical range of 2.5 to 7.5 mm [146] in
steps of 1 mm.

Geometry representation and tetrahedral meshing was performed in Gmsh (version
4.5.6) [145]. A total of 1,577,670 million tetrahedral elements comprised the mesh. Mesh
resolution of blood and tissue elements was adapted to be the highest surrounding the tip
and close to the tissue surface, while it decreased for larger distances to the catheter. The
minimum, average, and maximum length of the elements were 0.0008 mm, 1.9668 mm, and
11.1377 mm, respectively.

6.2.1 Atrial tissue deformation model

To identify the impact of CF on LI measurements, mechanical deformation was simulated by
finite element analysis with Ansys (Ansys®Academic Research Mechanical, Release 18.1).
An elastic model with Young’s modulus reported by Bellini et al. [165] for human cardiac
tissue was adopted for the tissue’s mechanical behavior. In the case of scar tissue, the healthy
Young’s modulus was increased five-fold as described in the work of Villemain et al. [166].
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Figure 6.1: In silico experiment setup that contains the IntellaNav Stablepoint™ catheter with its differ-ent conductive (light blue) and isolator (dark blue) parts, tissue patch (pink) with different thicknesses,and bloodpool (grey).

Consequently, the Young’s modulus for healthy and scar atrial tissue was set to 19.19 kPa
and 88.73 kPa, respectively.

A perpendicular CF between 1 and 6 g in steps of 1 g for both healthy and scar tissue
was applied in the model. Furthermore, the range between 10 and 25 g in steps of 5 g was
also simulated for the scar tissue case. In Figure 6.2, a healthy deformed mesh after applying
a CF of 5 g with the corresponding displacement of each cell element is depicted.

6.2.2 Local electrical impedance simulation

After the mechanical simulations, the electrical properties were assigned to each tetrahedral
element of the setup mesh. Conductivity values at 14.5 kilohertz (kHz), as detailed in
Table 6.1, were chosen for the metallic electrodes, insulator, blood, healthy tissue, and scar
tissue as 400,000 S/m, 10−7 S/m, 0.7 S/m, 0.164 S/m, and 0.387 S/m, [50] respectively. To
simulate the electrical field created by the Rhythmia HDx electroanatomical mapping system
(Boston Scientific, Marlborough, MA, USA) used in the clinics, an alternating current of
5 µA peak-to-peak amplitude at 14.5 kHz was modeled using the software EIDORS [150]
in MATLAB (The MathWorks, Inc., Natick, MA, USA, version 2021a). Stimulation and
measurement circuits were defined according to the catheter system and the resulting voltage
amplitude was divided by the amplitude of the injected current to obtain the LI.
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Figure 6.2: Exemplary image of an atrial mesh deformed after applying 5 g of CF. The absolute displace-ment value of each cell element is color-coded ranging from 1.16mm in the red zone, to 0mm in thedark blue.

Table 6.1: Conductivities of relevant materials employed in the simulations at 14.5 kHz for body tem-perature in this work.
Material Conductivity σ (S/m) Reference
Platinum electrode 400,000 [149]PEBA insulator 10−7

Blood 0.700 [49, 50]Myocardium 0.164 [49, 50]Connective tissue (scar) 0.387 [49, 50]

6.2.3 Clinical cohort

Patients diagnosed with either AF or atrial flutter (AFlut) undergoing left atrium (LA) ablation
therapy with the IntellaNav Stablepoint™ catheter and the Rhythmia HDx electroanatomical
mapping system (Boston Scientific, Marlborough, MA, USA) at the Städtisches Klinikum
Karlsruhe (Karlsruhe, Germany) were included in this analysis. The clinical cohort comprised
10 patients (2 female) with a mean age of 63.9±10.2 years, including both de novo ablations
and redo procedures. The study was approved by the local ethics committee and all patients
provided written informed consent.

CF and LI data were acquired after bipolar voltage electroanatomical mapping in healthy
tissue areas on the anterior wall. In 8 of the patients, at least one point in low voltage regions
of the LA was recorded as scar tissue. After evaluating the viability of the recording points,
the available dataset, described in Table 6.2, was compound of 20 anterior points and 9 scar
points. Each LI measurement was correlated with its corresponding CF value, which was
increased from 0 g to the saturation point (∼70 g).

Due to the susceptibility to oscillations of raw LI recordings, a moving average approach
was chosen instead. All LI measurements from each patient recorded at every applied CF
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Table 6.2: Detailed description of the clinical dataset used in this work. Disaggregated number ofpoints recorded per patient, recorded per anatomical region, total number of points per patient andper anatomical region, and total amount of viable points are specified.
Patient n° Total points (#)1 2 3 4 5 6 7 8 9 10

Anterior points (#) 2 2 2 3 2 2 1 2 2 2 20Scar points (#) - - 1 1 - 1 2 2 1 1 9
Total points (#) 2 2 3 4 2 3 3 4 3 3 29

were collected. Due to slightly different sampling frequencies between the two parameters
that causes a non-simultaneous recording, namely 20.0115 Hz and 19.8908 Hz for LI and
CF respectively, the closest corresponding timestamp to the annotated start and end times
were found in either signal recording. Afterwards, outliers determined as values not included
in median± 1.5× IQR were removed. At each selected CF, all LI measurements from
each patient were represented as median and interquartile range after removing the outliers,
resulting in one in human value for each CF.

6.3 Results

In silico LI results, as depicted in Figure 6.3, from simulations with mechanical deformation
showed lower values in scar than in healthy tissue at identical applied CF. Moreover, LI
values were higher for larger CFs and thicker tissues indistinctly from the tissue type.

Figure 6.3: In silico LI values at CFs between 0 and 6 g in healthy myocardium (solid lines) and scartissue (dashed lines) for tth between 2.5 and 7.5mm. In scar tissue LI values for in silico experiments at10, 15, 20, and 25 g are also shown.
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In healthy myocardium, in silico LI values ranged from 160 Ω to 175 Ω for CF between
0 and 6 g, whereas values between 148 Ω and 151 Ω were obtained for scar tissue. When
applying higher CFs to the scar, i.e. between 10 and 25 g, LI values increased up to 156 Ω.
There was no overlap between values obtained for healthy tissue and scar tissue for any of
the given tissue thicknesses and applied CFs.

Table 6.3: LISIM results in Ω for healthy myocardium with tth between 2.5 and 7.5mm at applied CFbetween 0 and 6 g.
CF (g) Tissue thickness tth (mm)2.5 3.5 4.5 5.5 6.5 7.5
0 160.005 161.308 162.075 162.578 162.940 163.2141 160.759 161.970 162.627 162.965 163.398 163.7092 162.893 164.220 165.085 165.375 165.697 165.9123 165.026 166.502 167.312 167.564 167.745 167.9724 167.202 168.681 169.325 169.941 170.327 170.4665 169.691 171.816 172.143 172.540 172.946 172.9956 171.864 173.816 174.629 174.960 175.297 175.341

Table 6.4: LISIM results in Ω for scar with tth between 2.5 and 7.5mm at applied CF between 0 and 6 gin steps of 1mm, and 10 to 25 g in steps of 5mm.
CF (g) Tissue thickness tth (mm)2.5 3.5 4.5 5.5 6.5 7.5
0 149.148 149.965 150.463 150.801 151.051 151.2441 147.799 148.556 149.032 149.364 149.555 149.7072 148.065 148.864 149.270 149.492 149.798 149.9903 148.417 149.160 149.788 150.008 150.053 150.1974 148.693 149.482 149.918 150.242 150.553 150.5455 148.870 149.759 150.124 150.259 150.775 150.6896 149.089 149.883 150.527 150.698 150.954 151.05310 149.982 150.836 151.341 151.620 151.871 151.78815 151.021 151.998 152.540 152.687 153.011 152.92020 152.166 153.223 153.757 154.171 154.344 154.54925 153.443 154.879 155.399 155.597 155.597 155.972

Figure 6.4 shows trends for both healthy and scar tissue when increasing CF. Simulated
values laid in the range of clinical data for scar and healthy tissue. Healthy and scar clinical
data did not follow the trend of in silico values from 0 to 6 g as well as scar tissue did from 6
to 25 g, as depicted in Figure 6.5.

Differences between simulated and clinical data acquired in healthy tissue were not
statistically significant (Wilcoxon rank sum test for unpaired samples), whereas they were
for the case of scar tissue. In parallel, clinical data acquired in scar and healthy tissue did
not yield statistically significant differences while simulated measurements demonstrated
statistical significance.
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Figure 6.4: LI values for in silico (diamond) at CFs between 0 and 6 g in tissues of 2.5 mm (red) and7.5 mm (yellow) and clinical data (circles). Healthy tissue is represented by solid lines while scar tissueis represented by dashed lines.

Figure 6.5: LI values for in silico (diamond) and in human (circles). LISIM results at CFs between 0 and 6 gin tissues of 2.5 (red) and 7.5mm (yellow) are plotted for healthy (solid lines) and scar tissue (dashedlines). Median clinical value (circles) among 10 patients and its interquartile range are shown for healthy(light purple) and scar (dark purple) at each CF value. For scar tissue, CF values between 10 and 25 gare also plotted.
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6.4 Discussion

In silico experiments were performed to evaluate the effect of CF on LI measurements in
deformed atrial tissue. For CF values between 1 and 6 g, first mechanical deformation and
subsequently electrical impedance measurement were simulated. For the case of 0 g, no
mechanical interaction was performed. These CF were applied in both healthy and scar
myocardial tissue with thicknesses between 2.5 and 7.5 mm.

In silico results showed in Figure 6.3 that healthy and scar tissue can be distinguished
even when increasing the contact force and tissue thickness. Moreover, in silico results laid
in the range of clinical data, as depicted in Figure 6.4, for healthy and scar tissue. However,
healthy clinical data shows a drop at 3 g and 5 g, which was not observed in silico but could
be explained due to the extreme difficulty getting exact CF values below 10 g measured by
human. However, trends of clinical data followed the expected behavior as scar tissue usually
presents lower LI values than healthy tissue [128]. In silico healthy values showed more
similar results when comparing with healthy clinical data than scar tissue.

Even when increasing the contact force to up to 25 g and varying tissue thickness, in
silico results showed that healthy and scar tissue can be clearly distinguished. However, LI
from in silico experiments tended to overlap between healthy and scar clinical data acquired
on 10 patients, even though the simulations remain within an acceptable range of values.
Statistical studies showed that clinical and in silico data cannot be considered different for
the case of healthy tissue. However, that is not the case for scar scenarios. Besides, clinical
data do not differ statistically between healthy and scar, which could have been caused by
difficulties during the acquisition or simply due to the low number of patients recruited.

In this study, the whole tissue patch was simply changed to scar properties when simu-
lating scar. In a more realistic way, diffuse patches of fibrosis and healthy tissue should be
interspersed to better model the mechanical and electrical interaction. Moreover, left atrial
tissue was model as an elastic tissue with ventricular parameters due to the lack of more
specific literature. The introduction of an hyperelastic model in future studies will allow to
model broader ranges of CF as used in the clinics.

Nonetheless, our in silico setup helped to better understand the link between CF and LI
in both healthy and scar tissues, showing similar results as those obtained in both in vitro and
in human environment [87, 163, 167]. LI values are expected to distinguish between healthy
and scar tissue independent from the atrial rhythm, which can improve the understanding of
underlying substrate, even more, when corrected for an eventual lack of contact by combining
it with CF. Understanding how this CF affects the LI will allow to move slowly towards an
intracavitary impedance electroanatomical mapping system.
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6.5 Conclusions

We evaluated the effect of the CF and tissue thickness on LI measurements for healthy
and scar tissue. Simulated LI values increased with CF, as well as with tth. Simulations
performed in tissues applying identical CF yielded to lower LI values in scar than in healthy
myocardium. Healthy and scar tissue can still be distinguished by means of LI. Comparing to
clinical data, our simulations laid within the range of clinical measurements for both healthy
and scar tissue. To conclude, mechanical deformation does have an effect on LI simulations
in atrial tissue, especially in healthy tissue, and still can help characterizing fibrotic substrate
by means of LI. A larger dataset of clinical data with higher variability should be acquired
for more detailed analyses in future work.





Chapter 7
In Silico Study of Local

Impedance in Multielectrode
Catheters

In previous chapters, an in silico framework with ablation catheters to evaluate local
impedance (LI) confounding factors has been developed and explored. By extending this
setup with multielectrode mapping catheters, this chapter aims to give some more insights
about how local electrical impedance measurements can be used to characterize atrial sub-
strate.

7.1 Introduction

In Chapter 5 and Chapter 6, an in silico framework with ablation catheters to evaluate LI mea-
surements in the cardiac tissue has been presented. However, these in silico measurements
were limited to those catheters including the DirectSense™ technology, which nowadays
only consists of ablation catheters.

The DirectSense™ technology [40] (Boston Scientific, Marlborough, MA, USA), in-
tegrated into the Rhythmia HDx electroanatomical mapping system (Boston Scientific),
provides impedance measurements on an ablation catheter without the need of a reference
skin electrode. This technology determines only point-by-point values obtained at the tip of
the catheter, but can serve as a starting point to extend the concept towards a mapping system.
The main advantage lies in having two distinct pairs of electrodes as part of the injection
and measurement circuit, which minimizes the impact of contact impedance between the
electrode and the tissue.

Beyond monitoring ablation lesion formation, LI has demonstrated potential in charac-
terizing cardiac tissue and distinguishing between healthy myocardium and fibrotic or scar
tissue [2, 3, 90]. Unger et al. [128] also demonstrated the potential use of LI by acquiring
full atrial impedance maps. Thus, the implementation of LI measurements onto multielec-
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trode catheters may show potential benefit in better tissue characterization when combined
with widely extended methods such as voltage maps obtained from electrogram (EGM)
recordings.

This work introduces a preliminary study of in silico LI measurements using the layout
of a multielectrode mapping catheter. Located in a simple myocardial tissue patch, different
electrodes from the catheter will serve as part of the injection and measurement bipolar pairs
to account for substrate characterization sequentially.

7.2 Methods

7.2.1 Geometrical setup

(a) (b) (c)
Figure 7.1: Geometrical setup to simulate forward electrical propagation. (a) A tissue patch is embeddedinside a blood box, and a 4×4 grid catheter with spherical electrodes is placed on the center at directcatheter-tissue contact. (b) Top view of the circular catheter geometry with inter-electrode distanceparameter, and (c) front view of an electrode elevation showing its position above the tissue surface incross-section.

An in silico environment was developed for simulating the forward propagation of the
electrical field. As illustrated in Figure 7.1 (a), a tissue patch measuring 70 mm× 70 mm×
2.5 mm was embedded into a box of blood of measures 100 mm× 100 mm× 100 mm.

A multielectrode grid setup was implemented in 4× 4 configuration mimicking the
Advisor™ HD Grid (Abbott, Chicago, IL, USA). The spacing between the electrodes was
defined as dE = 4mm as shown in Figure 7.1 (b). Denoted as dT and schematically presented
in Figure 7.1 (c), the catheter-tissue distance ranged from 0 to 2 mm in steps of 0.5 mm. The
electrodes were configured as spheres parameterized by the radius rS = 0.5mm.
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For the geometrical setup previously described, three different tissue configurations
depicted in Figure 7.2 were employed, encompassing homogeneous physiological tissue,
homogeneous scar tissue, and a central transmural scar line with a width of 8 mm flanked by
healthy myocardium.

(a) Healthy tissue. (b) Scar tissue. (c) Line of scar 8 mm width.
Figure 7.2: Tissue configurations surrounded by a box of blood represented by a cross section (upperrow), and their corresponding top view with the electrodes placed as in the simulation setup (bottomrow): (a) homogeneous healthy tissue, (b) homogeneous scar tissue, and (c) healthy tissue with a line ofscar tissue.

7.2.2 Material Properties

The tetrahedral elements of the mesh were assigned characteristic conductivity values for the
respective material at 14.5 kilohertz (kHz) as described in Table 7.1 for body temperature.
The employed frequency was chosen to match the frequency implemented in the Direct-
Sense™ [40] by the Rhythmia HDx electroanatomical mapping system (Boston Scientific,
Marlborough, MA, USA) used in the clinics.
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Table 7.1: Conductivities of relevant materials used in the simulations at 14.5 kHz at body temperaturein this work.
Material Conductivity σ (S/m) Reference
Platinum electrode 400,000 [149]PEBA insulator 10−7

Blood 0.700 [49, 50]Myocardium 0.164 [49, 50]Connective tissue (scar) 0.387 [49, 50]

7.2.3 Stimulation Patterns

For the squared catheter, a total of eight different bipolar pairs were simulated, as depicted
in Figure 7.3. A four electrode circuit was always used, meaning that two electrodes were
part of the injecting pattern and a potential difference was measured between another two.
The horizontal patterns where the electrodes are aligned in the same row are depicted in
panels (a-d). Here the outer electrodes are the stimulating pair and the inner electrodes the
measuring pair. Similarly, for the vertical patterns the electrodes are aligned in the same
column. The stimulating electrodes are placed at the top and bottom and the measurement
electrodes in the center, as depicted in panels (e-h).

(a) (b) (c) (d)

(e) (f) (g) (h)
Figure 7.3: Bipolar electrode pairs in horizontal (a-d) and vertical (e-h) patterns for a 4×4 squaredcatheter mimicking the Advisor™ HD Grid on a slice of tissue with a central line of scar. Grey dotsrepresent electrodes, marked in red if part of the stimulating bipole, or in black if belonging to themeasuring bipole.
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7.2.4 Forward Simulation

As in Section 5.2.3 and Section 6.2.2, to simulate the spread of the electrical field created
by the Rhythmia HDx electroanatomical mapping system (Boston Scientific, Marlborough,
MA, USA), an alternating current of 5 µA peak-to-peak amplitude at 14.5 kHz was modeled
using the software EIDORS v3.10 [150] in MATLAB R2023b (The MathWorks, Inc., Natick,
MA, USA). Combining eight stimulation patterns, four catheter-tissue distances, and three
geometrical setups, the analysis comprised 96 simulated LI measurements.

7.3 Results

7.3.1 Catheter-Tissue Interaction

Increasing the catheter-tissue distance yielded monotonously decreasing LI values. As shown
in Table 7.2, starting at a median LI value of 63.91 Ω across the eight measurements in
healthy tissue at direct contact, the median LI decreased to 62.80 Ω, 60.80 Ω, 58.46 Ω, and
56.02 Ω, each time the catheter moved 0.5 mm away from the tissue, respectively. This
represents a 2% decrease after the first loss of contact at 0.5 mm distance, scaling to 3%, 4%,
and 4% decrease of the LI with increasing catheter-tissue distance.

Similarly, in Table 7.3 the decreasing effect can be seen in scar tissue. At direct catheter-
tissue contact, the median LI value was 52.77 Ω, decreasing between 0.5 and 2% each step,
meaning 52.50 Ω, 51.76 Ω, 50.76 Ω, and 49.80 Ω, respectively. Not only the median value at
direct contact, but also the drop percentage as the catheter moved away from the tissue were
lower in scar tissue than in the healthy patch.

7.3.2 Tissue Characterization

Theoretically, LI drops in the surroundings of myocardial scarred tissue due to the lower
conductivity of healthy myocardium in comparison to connective tissue. It can be observed in
Table 7.2 and Table 7.3 that scar tissue always yielded lower LI values than healthy scenarios.
When comparing median measurements at direct catheter-tissue contact, LI on healthy tissue
exceeded the value on connective tissue by 17%.

Table 7.4 shows the LI data corresponding to healthy tissue with a transmural scar line of
8 mm width in the center. Overall, the median LI value across all adjacent bipoles at direct
catheter-tissue contact was 58.51 Ω, which was 9% lower than for myocardial tissue and 10%
higher than for connective tissue. This median value therefore lays in between the measured
values on homogeneous tissue patches.

Accounting for the location of bipolar pairs, horizontal bipoles recorded their respective
LI measurements across the scar line, whereas vertical pairs were located completely on
either healthy or scar tissue. Horizontal pairs measured 57.65 Ω, 57.55 Ω, 57.59 Ω, and
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57.63 Ω at direct contact. These measurements were in line with LI values being in between
healthy and scarred tissue. On the contrary, vertical pairs showed clear differences between
the outer adjacent pairs measuring 63.07 Ω and 63.05 Ω, and the internal adjacent pairs
obtaining 55.80 Ω and 55.77 Ω, matching the expected values according to the tissue beneath
the electrodes involved.

7.4 Discussion

In Chapter 5, an in silico framework to measure local electrical impedance in atrial tissue
was presented. In that previous work, only tip ablation catheters were employed, leaving
room for the extension of its implementation to multielectrode mapping catheters.

Increasing the distance between the catheter and the tissue yielded monotonously decreas-
ing in silico LI results. The simulated LI values never overlapped between measurements on
homogeneous healthy and scar tissues. LI measured at the furthest tested distance on healthy
tissue never reached the LI measured at direct contact in homogeneous scar tissue, being
approximately 3 Ω higher. Nevertheless, that was not the case for the tissue with a scar line.
In silico LI 2 mm apart from the tissue ranged from 51.71 Ω to 55.51 Ω depending on the
bipoles in use, laying within the margin of LI measured in homogeneous scar tissue between
direct contact and a catheter-tissue distance of 1 mm. However, these results were never in
the range of healthy tissue LI. When considering the clinical application of LI as mapping
feature, it is crucial to strike a balance between misidentifying healthy tissue as scar and vice
versa.

The presence of a scar line altered the LI measurements compared to the healthy ho-
mogeneous tissue patch. Depending on the location and direction of the measuring and
stimulating patterns, the results were closer to those obtained on healthy myocardium than on
scar tissue. As it can be seen in Figure 7.3 (a-d), injected current through horizontal bipoles
crossed the scar line, yielding to LI values corresponding to the range in between healthy
and scar tissue. However, vertical bipoles were located completely either on healthy or scar
tissue. Outer vertical bipoles, as in Figure 7.3 (e) and (h), were located fully in healthy tissue
and thus, showed similar LI values than in a homogeneous healthy patch. On the contrary,
LI measured at inner vertical pairs located on scar tissue, as depicted in Figure 7.3 (f) and
(g), decreased in comparison to measurements taken by outer vertical pairs and horizontal
pairs, however their values were still far from measurements recorded on homogeneous scar
tissue. The results from this work may indicate that not only the properties of the tissue
directly underneath the electrodes but also the nearby area is relevant when characterizing
atrial substrate by means of LI.
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Table 7.2: LI simulated values measured at each adjacent bipole (columns) with increasing catheter-tissue distance (rows) in a homogeneous healthy tissue patch.
Distance (mm) LI in healthy tissue (Ω)

0.0 63.97 63.85 63.89 63.94 63.96 63.85 63.84 63.950.5 62.80 62.78 62.79 62.82 62.93 62.70 62.70 62.861.0 60.87 60.71 60.75 60.81 60.87 60.80 60.75 60.841.5 58.45 58.33 58.28 58.38 58.44 58.27 58.32 58.382.0 56.06 55.98 55.98 56.11 56.05 55.96 55.93 56.11

Table 7.3: LI simulated values measured at each adjacent bipole (columns) with increasing catheter-tissue distance (rows) in a homogeneous scar tissue patch.
Distance (mm) LI in scar tissue (Ω)

0.0 52.81 52.73 52.77 52.79 52.81 52.73 52.72 52.810.5 52.57 52.48 52.49 52.50 52.59 52.45 52.41 52.531.0 51.81 51.69 51.72 51.76 51.81 51.76 51.72 51.781.5 50.84 50.74 50.69 50.77 50.83 50.68 50.73 50.772.0 49.83 49.76 49.76 49.87 49.82 49.74 49.72 49.87

Table 7.4: LI simulated values measured at each adjacent bipole (columns) with increasing catheter-tissue distance (rows) in a healthy tissue patch with a centered 8mm line of scar.
Distance (mm) LI in tissue with line of scar (Ω)

0.0 57.65 57.55 57.59 57.63 63.07 55.80 55.77 63.050.5 57.84 57.75 57.77 57.80 62.06 55.36 55.33 61.991.0 56.93 56.81 56.85 56.88 60.05 54.42 54.36 60.001.5 55.43 55.30 55.24 55.34 57.67 53.00 53.00 57.582.0 53.78 53.71 53.71 53.82 55.35 51.75 51.71 55.41
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7.5 Conclusion

In this work, an in silico model with a 4×4 grid catheter located over a simplified cardiac
tissue patch was employed to study the potential use of local electrical impedance mea-
surements in multielectrode mapping catheters. Several stimulating and measuring bipolar
pairs were tested to account for the characterization of a vast majority of the tissue surface.
Forward simulations of the electrical field provided a better understanding of the effects
of scar tissue presence and catheter-tissue distance on the overall measured LI. The result-
ing environment and simulations represent a valuable starting point to deeper study the
incorporation of LI into the clinical mapping field and optimize future catheter development.
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Chapter 8
Inverse Reconstruction with a

Circular Multielectrode Catheter

In this chapter, an intracardiac electrical impedance tomography (EIT) environment for
multielectrode mapping catheters is presented. This aims to study the local impedance (LI)
reconstruction of tissue as surrogate for atrial substrate. Several in silico distributions of scar
tissue exploring the potential distribution of an LI mapping catheter are conducted to this
purpose.

The content of Chapter 8 was developed in strong collaboration with Laura Unger, a
previous researcher from the Institute of Biomedical Engineering at Karlsruher Institut für
Technologie (KIT). The study was firstly explored by Laura Unger, and the following concept
was discussed and improved simultaneously by both. The geometrical simulation setting was
developed in parallel by both. The analysis of first results and figures were performed by
Laura Unger for her PhD Thesis. Overall, decisions in the implementation of the code and
subsequent improvements were discussed by both. As a result, it was previously published
under the CC-BY license in Chapter 8 of her PhD Thesis [46] in 2022. Its content has been
rephrased with the consent of the author.

8.1 Introduction

As described in Chapter 5, the usage of electrical impedance has a long story in the medical
and biomedical field. Previous studies like the ones carried out by Gabriel et al. [48] demon-
strated the different dielectric properties of several biological tissues. These characteristics
have been used by EIT techniques in the medical field and especially in the lungs, as ex-
plained in Section 3.4. By injecting an alternating current between a pair of electrodes lower
than the MHz range, the spatial conductivity distributions are reconstructed measuring the
potential difference created using another pair of electrodes. In the specific case of the lungs,
this method is employed to monitor the ventilatory state of the lungs in a non-invasive way
thanks to the contrast between the conductivity of the air and the tissue. Currently, impedance
measurements, and more specifically LI measurements, have also gained attention as a novel
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real time indicator for durable lesion formation and proper catheter-tissue contact during
radio frequency delivery. The benefits from LI over classical impedance measurements
rely mainly on the lack of other body structures as the lungs and torso in general, which
used to limit the value of the previously used generator impedance. However, the classical
problem shown by EIT techniques remains, and the resolution keeps being a limiting factor.
Lately, researchers have attempted to monitor the temperature changes caused by radio
frequency ablation delivery using EIT principles. This approach employs a skin grid of
chest electrodes in combination with an intracardiac catheter, aiming to reconstruct the tissue
heating using a tomographic multielectrode system [168]. However, some impedance related
artifacts, such as respiratory ventilation and muscular interferences, have been identified.
Other experimental studies [169, 170] found a successful composite of intracardiac and
external electrodes that reconstructed the demarcation and depth of ablation lesions.

The novel DirectSense™ technology [40], integrated into the Rhythmia HDx elec-
troanatomical mapping system, acquires point-by-point impedance measurements without
the need of a reference skin electrode. This feature does not provide tomographic results, but
on the contrary it includes a four-terminal circuit in the same catheter. The biggest advantage
of these circuits, with two separate pairs of electrodes to inject and measure the current, is
the absence of influence on the measurement of the contact impedance between the electrode
and the subject. The so-called LI has clinically gained attention as another modality for atrial
substrate assessment as it does not rely on the dynamically changing electrical activity of the
heart. An LI drop, caused by a combination of resistive tissue heating and subsequent my-
ocardial destruction and lesion formation, serves as an indicator of good lesion performance
[40, 89]. Beyond monitoring ablation lesion formation, LI has demonstrated potential in
characterizing cardiac tissue and distinguishing between healthy myocardium and fibrotic or
scar tissue [2, 3, 90]. Moreover, in human studies carried out by Unger et al. [128] have also
proved the capabilities of LI to complement low voltage mapping by acquiring full intraatrial
maps. However, as mentioned above, there are some confounding factors that represent
significant inconveniences when it comes to achieve quantitative LI mapping the way we can
think on electrogram (EGM)-based substrate characterization nowadays.

This work introduces an intracardiac EIT environment that could be implemented for
any multielectrode mapping catheter. It aims to study the LI reconstruction of tissue as
surrogate for atrial substrate. Several in silico distributions of scar tissue are used to test the
potential arrangement of an ideal LI mapping catheter. By exploring the clinically available
multielectrode recording systems in the market, we aim to discover future clinical potential
of LI mapping and real applicability of this new technique.
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(a) (b) (c)
Figure 8.1: Geometrical setup to simulate forward electrical propagation. (a) A tissue patch is locatedinside a blood box, and a series of electrodes is hanging above the tissue. The catheter is representedwith cuboid electrodes, but the setup is equal for the rest of catheter and electrode arrangements.(b) Top view of the circular catheter geometry with radius parameter, and (c) front view of an eleva-tion showing its position above the tissue surface in cross-section. Image modified with permissionfrom [46].

8.2 Methods

8.2.1 Geometrical Setup

An in silico environment was developed for simulating the forward propagation of the
electrical field, as illustrated in Figure 8.1 (a). A tissue patch measuring 36 mm× 36 mm×
2.5 mm was embedded into a box of blood of measures 40 mm× 40 mm× 25 mm. A flat
circular catheter with a variable number of electrodes was centrally placed above the tissue
mimicking clinically available Achieve Advance™ (Medtronic, Dublin, Ireland), Advisor™
FL circular mapping catheter (Abbott, Chicago, IL, USA), or LASSO™ catheter (Biosense
Webster, Irvine, CA, USA). Its circular configuration including 10 electrodes is depicted
in Figure 8.1 (b). The radius rL was varied ∈ {7.5mm;12.5mm} to incorporate typical
clinically available samples. The catheter-tissue distance dT , as schematically displayed in
Figure 8.1 (c), was varied from 0 to 2 mm in steps of 0.5 mm.

Five different electrode configurations were implemented, including a zero-dimensional
point electrode and four three-dimensional geometrical electrodes, as illustrated in Figure 8.2.
The spherical electrode was characterized by a radius rS ∈ {0.25mm;0.50mm;0.75mm}.
The cylindrical electrodes consisted of a central conducting part flanked by insulating
cylinders on both lateral sides. The cylinder’s radius rC ∈ {0.25mm;0.50mm;0.75mm},
the length of the conductor lC ∈ {0.5mm;1.0mm;1.5mm;2.0mm}, and the length of each
insulator segment lI = 1mm parameterized the cylindrical electrode. Similarly, the cuboid
electrode was modeled with a central conducting part surrounded by insulating segments on
both laterals. The fixed height zC = 0.2mm was combined with varying width and length
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of the conductor segment xC = yC ∈ {0.5mm;1.0mm;1.5mm}. The adjacent insulating
segments measured lI = 1mm in length. Finally, the cuboid electrode with a rear insulator
was defined according to the previous cuboid electrode, adding an insulating plate surface of
height hI = 0.1mm covering the surface in opposite direction to the tissue. In total 22 distinct
electrodes resulted from the described combinations of parameters. All variations reported
summed up to 22 electrodes× 2 catheter arrangements× 5 distances = 220 geometrical
setups.

(a) (b) (c) (d)
Figure 8.2: Four three-dimensional electrode geometries and their defined variable parameters:(a) spherical, (b) cylindrical, (c) cuboid, and (d) cuboid with rear insulator. Image modified with per-mission from [46].

For each geometrical setup previously described, six different tissue configurations
depicted in Figure 8.3 were employed, encompassing homogeneous physiological tissue,
an equal division of physiological tissue and scar, a central scar line with a width of 1 mm,
a central scar line with a width of 3 mm, a central cylinder of scar tissue with a radius of
2 mm, and a central cylinder of scar tissue with a radius of 5 mm. All scars were fully
transmural, meaning that they occupy the totality of the tissue patch thickness. Consequently,
1320 different scenarios, as a result from 220 geometrical setups × 6, were simulated and
subsequently reconstructed as described in following sections.

(a) Healthy. (b) Half scar. (c) Line 1mm. (d) Line 3mm. (e) 2mm cylin-der. (f) 5mm cylin-der.
Figure 8.3: Different pathological configurations of scar tissue and homogeneous control tissue sur-rounded by a box of blood represented by a cross-section (top row) and their corresponding top view(bottom row). Image modified with permission from [46].
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8.2.2 Material Properties

Similarly to previously presented in Chapter 5, Chapter 6, and Chapter 7, the tetrahedral
elements of the mesh were assigned characteristic conductivity values for the respective
material at f1 = 14.5kHz and f2 = 2.5MHz, as described in Table 8.1 for body temperature,
i.e. σ1 and σ2. f1 was chosen to match the frequency implemented in the DirectSense™ [40]
by the Rhythmia HDx electroanatomical mapping system (Boston Scientific, Marlborough,
MA, USA) used in the clinics. f2 was chosen as a secondary frequency needed when
employing a frequency-difference imaging technique.

In Figure 8.4, the conductivity spectra of human blood, myocardial tissue and connective
tissue is displayed. The latter was chosen as the most similar to represent scar tissue due to
its composition primarily of extracellular fluid, which causes minimal variations in terms of
conductivity along different frequencies. In opposition to that behavior, the conductivities of
blood and myocardial tissue rise with increasing frequency, mainly attributed to the enhanced
accessibility of intracellular space as the capacitive impedance of cell membranes decreases
along higher frequencies.

In time-difference imaging techniques, two measurements at different points in time
are usually employed, being able to capture variations in the spatial distribution of the
conductivities under study. One of the images is designated as the reference background for
difference imaging. Instead of acquiring a second measurement at a different point in time,
the background image can be synthetically computed assuming a uniform background, so the
reconstruction process adjusts for deviations with respect to the homogeneity. Two different
homogeneous background conductivities were then employed, as specified in Table 8.1,
where σBI refers to the conductivity of myocardial tissue. On the contrary, as the specific
conductivity of healthy myocardium is usually not known in practice, σBII was chosen to be
a slightly lower value than both myocardium and connective tissue conductivities.

Table 8.1: Conductivities of employed materials for body temperature at frequencies used in the simu-lations, f1 = 14.5kHz and f2 = 2.5MHz.
Material Conductivity σ1 (S/m) Conductivity σ2 (S/m) Reference
Platinum electrode 400,000 400,000 [149]PEBA insulator 10−7 10−7

Blood 0.700 0.958 [49, 50]Myocardial tissue 0.164 0.398 [49, 50]Connective tissue / scar 0.387 0.395 [49, 50]Homogeneous background I (σBI) 0.164 (-)Homogeneous background II (σBII) 0.150 (-)
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Figure 8.4: Conductivity of blood and specific tissue types (myocardial and connective) used in the con-ducted simulations at frequencies between 10 kHz and 10MHz. Vertical lines point out the frequenciesemployed in this study f1 = 14.5kHz and f2 = 2.5MHz. Data taken from [49, 50]. Image reproducedwith permission from [46].

(a) Adjacent bipoles. (b) Opposite bipoles. (c) All bipoles.
Figure 8.5: Patterns of bipolar (a) adjacent, (b) opposite, and (c) combination of both pairs for the circularcatheter. Cuboid electrodes are represented from a top view, with black arrows denoting measuringbipolar pairs and red arrows depict one exemplary injecting bipolar pair of each pattern. Imagemodifiedwith permission from [46].

8.2.3 Stimulation Pattern

For the current stimulation, two distinct patterns of bipolar pairs of electrodes were defined.
Adjacent pairs accounted for directly neighboring electrodes, whereas opposite pairs linked
two electrodes in opposition to each other, which in this 10-electrode catheter referred to
those with exactly five electrodes distance between them. In Figure 8.5, adjacent and opposite
pairs are depicted in panel (a) and (b), respectively. With these distinct patterns, three sets of
stimulation were employed: only using adjacent bipolar pairs, only using opposite bipolar
pairs, and a third one combining both adjacent and opposite approaches. For each set of
stimulations, each bipolar pair belonging to the pattern was employed as stimulating pair
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once. The remaining pairs which were not part of the stimulating electrodes were used as
measuring pairs to always account for the employment of a four-terminal circuit. At each
simulated scenario, the three sets were individually computed.

8.2.4 Forward Simulation

The method employed in this work, as described in Section 3.4.1, simulates the spread of the
electrical field. Using the software EIDORS v3.10 [150] in MATLAB (The MathWorks, Inc.,
Natick, MA, USA), an alternating current of 5 µA peak-to-peak amplitude at 14.5 kHz was
modeled. This software primarily solves the Laplace equation that describes the distribution
of electrical potentials, which depends on the given conductivities σ at the different elements
of the model and the injected currents I of the electrode model with v = F (σ, I). The
complete electrode model was used for all the conducted simulations. A set of M bipolar
measurements was gathered to conform the measurement vector v = [v1,v2, . . . ,vM], which
was provided as input together with the geometrical mesh to the inverse reconstruction
pipeline.

8.2.5 Inverse Reconstruction

After the forward calculation, an inverse reconstruction following the method described in
Section 3.4.2 was performed. This process involves the calculation of the Jacobian matrix
J and the subsequent least square residuals minimization. Both zero-order Tikhonov
and the Laplace regularization methods were applied varying the regularization parameter
λ = 10x with x ranging from -7.5 to -4.5 in steps of 0.5. Three distinct difference imaging
approaches were employed: 1) frequency-difference imaging with two different frequencies
f1 = 14.5kHz and f2 = 2.5MHz, 2) time-difference imaging with a homogeneous tissue
background conductivity σBI = 0.164 S

m matching myocardial conductivity, and 3) time-
difference imaging with a homogeneous tissue background conductivity σBII = 0.150 S

m
slightly lower than both myocardium and connective tissue conductivities.

For the time-difference imaging approach, all tissue elements were assigned either σBI

or σBII as conductivity, whereas the blood elements remained unchanged.
The inverse reconstruction was conducted on a two-dimensional mesh with three-

dimensional electrode positions projected onto the tissue surface. The surface enclosed
by the catheter outline was expanded radially by 1.5 mm and re-meshed with triangles of an
average length of 0.2 mm.

Combining two regularization matrices, seven parameterizations of λ , three different
stimulation patterns, and three background images, the analysis resulted in 126 reconstruction
parameterizations. Taking into account the previously mentioned 1,320 geometrical scenarios,
a total of 166,320 reconstructions were examined.
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8.2.6 Reconstruction Quality

The reconstruction quality was evaluated mainly by two metrics: the correlation coefficient
and the mutual information. Both metrics compared the ground truth of the spatial distribution
of conductivities with the corresponding reconstructed image information.

8.3 Results

The shape of the totality of the pathological geometries was successfully reconstructed.
Based on the chosen parameters and setup geometries, their reconstruction quality varied as
will be discussed in the following. Absolute conductivity values were not given importance,
as the study aimed on reconstructing differences in conductivity with comparison to the
respective background image.

In Figure 8.6, the ground truth conductivity distributions and their corresponding recon-
structed images are represented. The shapes of all distributions were correctly reproduced,
although detailed size distinctions were more challenging due resolution restrictions in the
chosen colorbar limits, which were set to the minimum and maximum individual values of
each reconstruction. This range was narrower for smaller scar structures, namely the 1 mm
line and 2 mm cylinder, in comparison to larger scar structures, such as the 3 mm line and
5 mm cylinder.

(a) 50:50. (b) Line 1mm. (c) Line 3mm. (d) Cylinder 2mm. (e) Cylinder 5mm.
Figure 8.6: Pathological configurations of scar tissue defined as ground truth (top row) and one of theircorresponding relative conductivity reconstruction examples (bottom row) for a circular catheter radiusof 7.5mm. The colorbar of the reconstructed images was individually scaled for each example from themaximum to the minimum relative conductivity value. Healthy myocardium is depicted in light green,whereas scar tissue is represented in dark green. The reconstruction was conducted using adjacentstimulation patterns, a frequency-difference reconstruction method, and a Laplace regularization pa-rameter λ = 10−6.5. Image reproduced with permission from [46].
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8.3.1 Reconstruction Parameters

At the beginning, the performance of different reconstruction parameters was evaluated
using non-dimensional point electrodes with direct catheter-tissue contact as exemplary setup
configuration. The reconstruction method was influenced by the choice of several factors,
such as the regularization matrix, the regularization parameter, the background image, and
the stimulation pattern. For the analysis of other parameters, such as the catheter radius,
the pathological configuration, the electrode geometry, and the catheter-tissue distance, all
simulations contributed to the overall statistics. As depicted in Figure 8.7, the Laplace
regularization outperformed the zero-order Tikhonov regularization across all regularization
parameter λ choices. Additionally, the use of adjacent current injection showed a slight
advantage over opposite current injection. The selection of the regularization parameter
had minimal impact on the reconstruction outcome within the analyzed range. In summary,
the combination of adjacent current injection with the Laplace regularization and λ = 10−7

yielded the best performance.

(a) Laplace regularization. (b) Zero-order Tikhonov regularization.
Figure 8.7: Correlation coefficients for diverse stimulation patterns using point electrodes and directcatheter-tissue contact. Regularization parameters were chosen to be (a) Laplace and (b) zero-orderTikhonov. Each image depicts the results of using different stimulation pattern: adjacent in blue, oppo-site in red, and the combination of both in yellow. The horizontal axes represents the variation of x aspart of the regularization parameter λ = 10x. Image reproduced with permission from [46].

Figure 8.8 illustrates the comparison of different reconstruction methods depending on
their impact on the reconstruction parameter. The Laplace regularization consistently outper-
formed the zero-order Tikhonov regularization. The frequency-difference imaging approach
yielded the best results for the Laplace regularization, closely followed by the homogeneous
background image with σBI matching the conductivity of healthy myocardium. An homoge-
neous background image with σBII represented by a biased conductivity value resulted in
the poorest performance for the Laplace regularization. The influence of the parameter λ on
the reconstruction quality was minimal, particularly in the context of frequency-difference
imaging.
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(a) Laplace regularization. (b) Zero-order Tikhonov regularization.
Figure 8.8: Correlation coefficients for diverse reconstruction parameters using point electrodes anddirect catheter-tissue contact. Regularization parameters were chosen to be (a) Laplace and (b) zero-order Tikhonov. Each image depicts the results of using different reconstruction method: frequency-difference in blue, homogeneous background with σBI in red, and homogeneous biased backgroundwith σBII in yellow. The horizontal axes represents the variation of x as part of the regularization pa-rameter λ = 10x. Image reproduced with permission from [46].

8.3.2 Geometrical Setup

The actual geometric arrangement significantly impacted the quality of the reconstruction.
For all the comparisons, only the optimal set of reconstruction parameters was selected for
each specific arrangement. The most commonly used method for the reconstruction – but not
the exclusive one – was frequency-difference with a regularization parameter λ = 10−7 using
a Laplace constraint and adjacent bipolar pairs for both current injection and measurement.

In Figure 8.9 (a), the pronounced influence of pathological geometry on the reconstruction
quality is depicted. Coarser pathological setups, such as the even split of the tissue in healthy
myocardium and scar, yielded correlation coefficients highly clustered around 0.9. The
poorest reconstruction quality was observed in setups with finer structures, such as the
1 mm-wide line of block. In parallel, the catheter-tissue distance did show minimal impact
on the reconstruction quality, as shown in Figure 8.9 (b).

Figure 8.10 (a) depicts the impact of electrode geometry on the reconstruction quality.
Point electrodes exhibited a slightly superior correlation coefficient compared to the three-
dimensional electrodes. Among them, neither the size nor the geometry had a strong influence
on the reconstruction quality. On the contrary, varying the radius of the catheter produced
notable changes in the results, leading to better reconstruction quality when using a smaller
radius of 7.5 mm.

8.4 Discussion

This study is the first to evaluate the potential of EIT in reconstructing the relative conductivity
of atrial tissue using in silico measurements recorded with a multielectrode mapping catheter.
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(a) Pathological geometries (b) Catheter-tissue distances
Figure 8.9: Correlation coefficients for: (a) different pathological geometries, and (b) catheter-tissuedistances. In panel (a), pathological geometries are coded as: C being cylinder, L being line, 50:50 forthe even split in healthy myocardium and scar tissue, and ymm meaning the width or radius of therespective setup. Only the best choice of the rest of reconstruction parameters is displayed for eachindividual setup. Image reproduced with permission from [46].

(a) Electrode types (b) Catheter radii
Figure 8.10: Correlation coefficients for: (a) different electrode types and (b) catheter radii. In panel (a),point electrodes are depicted in blue, spherical electrodes in red, cylindrical electrodes in yellow, cuboidelectrodes in purple, and cuboid electrodes with roar insulator in green. The corresponding geometricaldimensions are annotated on the top and bottom of the horizontal axis. Only the best choice of the restof reconstruction parameters is displayed for each individual setup. Image reproduced with permissionfrom [46].

8.4.1 Reconstruction Parameters

All implemented pathological geometries were successfully reconstructed from measure-
ments obtained at a centered catheter position. However, the accurate determination of
the pathological structure to their actual extent posed a challenge due to the absence of
an absolute reference. Comparisons of reconstructed images using a common reference
suggested that the extent of structures could be compared more reliably. In general, coarser
structures exhibited higher reconstruction quality than fine structures, which was attributed
to the limited resolution of the tomographic approach and led to blurring and lower contrast
in the reconstruction of finer structures.
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The choice of the reconstruction quality measure is crucial. Both the correlation coeffi-
cient and mutual information were used in this study, yielding similar results. Nevertheless,
the consideration of other additional parameters such as the contrast between regions or
relative standard deviation could enhance the quality measure.

When it comes to stimulation patterns, adjacent bipolar pairs for current injection and
voltage measurement demonstrated slightly better results than opposite ones. The inferiority
of opposite bipolar pairs was attributed to their fewer numbers and longer current paths,
reconstructing tissue conductivity over a greater distance. Despite central structures being
directly crossed by opposite bipolar pathways, the observed effects still favored adjacent
bipolar pairs.

To determine the optimal set of reconstruction parameters, including the regularization
parameter and the regularization matrix, a brute force approach was used. Using well-
known methods like the L-curve for selecting the regularization parameter could further
improve reconstruction quality. In addition, two standard regularization constraints were
employed with the Tikhonov and Laplace operator. The exploration of different or even
combined regularization constraints for intracardiac applications is recommended. In a
clinical setting implementation, a fixed set of parameters or dynamic adaptation based on
current measurements would be necessary due to the unavailability of ground truth.

The selection of the background image is critical for difference-based EIT methods. This
approach may face challenges in clinical practice implementation due to the unknown conduc-
tivity of healthy myocardium, with a random bias negatively influencing the reconstruction.
The bloodpool conductivity was assumed as known because it can be easily measured in
clinical practice. However, the influence of inaccuracies should be taken into account when
using time-difference approaches. Alternatively, frequency-difference imaging represents a
more robust choice that avoids the need for a background conductivity assumption by using
two different frequencies. Implementing this in clinical hardware, particularly in the MHz
range, presents big challenges but promises better outcome.

8.4.2 Geometrical Setup

Despite the apparent lack of influence of the catheter-tissue distance on the reconstruction
quality, it is fundamental to acknowledge that the imposition of constant distances between
electrodes and tissue represents a significant limitation. This constraint restricts the ap-
plicability of the findings, as slightly elevation of the catheter from the tissue by a few
millimeters can result in drops in measured voltage amplitude similar to the presence of
pathological structures – as it was previously discussed in Chapter 5. Ensuring consistent
catheter-tissue contact is crucial for meaningful measurements. To address this limitation, an
extension of this in silico study should delve into the effects of varying and uneven distances
between electrodes and tissue within a single measurement. Employing ultrasound-based
distance measures or contact force (CF) sensors could be instrumental in mitigating any dis-
advantageous effects stemming from variations in electrode-tissue distances. This additional
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investigations would provide a more comprehensive understanding of the reconstruction
process under realistic conditions where electrode-tissue distances are not fixed.

While there is considerable room for improvement and further investigations, this pre-
liminary study has illuminated the substantial potential of EIT for reconstructing atrial tissue
conductivity based on mapping catheter measurements. To validate and expand upon these
findings, the next logical steps involve conducting ex vivo and in vivo studies. Given the
existing clinical use of linear catheters including DirectSense™ technology, the transition
to human measurements using mapping catheters presents a challenge but is definitively
feasible. This advancement could significantly contribute to the clinical application of EIT
in understanding and characterizing atrial tissue conductivity in real-world scenarios.

8.4.3 Future Perspectives

The current analysis of the circular catheter only explored one possible electrode arrangement.
Advanced high-density mapping two-dimensional catheters, such as the PentaRay™ NAV
Eco (Biosense Webster, Irvine, CA, USA) or the Advisor™ HD Grid (Abbott, Chicago, IL,
USA), or even three-dimensional ones such as the IntellaMap Orion™ (Boston Scientific,
Marlborough, MA, USA), or the Sphere-9™ (Medtronic, Dublin, Ireland), could offer a
denser configuration of electrodes. Unlike the circular catheter, these newer proposals cover
the central part of the area of interest in a more comprehensive way, eliminating the need for
extrapolation of information from the center.

In the previous Chapter 7, an in silico model of a grid-shaped catheter, resembling the
Advisor™ HD Grid mapping catheter, was geometrically implemented in an effort to address
this. By the use of cylindrical and cuboid electrodes with a rear insulator, this model could
represent the Advisor™ HD Grid or the IntellaMap Orion™, respectively. The stimulation
patterns available in a grid catheter surpass those of a circular catheter, enabling the definition
of horizontal, vertical, and diagonal bipoles in addition to the already defined adjacent and
opposite pairs. Preliminary thoughts suggested that the reconstruction quality could be
further improved by leveraging the advantages of the grid arrangement. The close proximity
of neighboring electrodes and the even coverage of the area of interest may be advantageous
for reconstruction. Specifically, fine structures, such as a centered cylinder with a 2 mm
radius, could potentially be reconstructed in higher detail with a 4×4 grid compared to
the circular reconstruction described earlier. Nevertheless, in an effort to implement this
geometry in the presented inverse reconstruction pipeline, it yielded no conclusive results
presumably due to a non-sparse matrix when including many injection patterns and leading
to non convergence of the computational system. However, the improvement of the already
implemented method in EIDORS was out of scope and the efforts should be redirected
towards the finding of a better solution. Still, a comprehensive study is needed to thoroughly
explore and validate the potential enhancements offered by grid-shaped catheters.

Moreover, in this work all pathological configurations were represented as fully trans-
mural and compact scar patterns. The introduction of more realistic fibrosis patches at
several depth positions representing endocardial, midmyocardial, and epicardial pathological
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structures may be of help when accounting for realistic representation of fibrotic structures
in the heart. On top of that, not only purely geometrical structures but also diffuse and less
compact fibrosis patterns should be taken into account when evaluating the feasibility of
incorporating LI mapping in the clinical environment.

As a follow-up of this work, using point electrodes, direct catheter-tissue contact, Laplace
regularization and frequency-difference reconstruction, different pathological geometries
will be tested towards the implementation of a multielectrode catheter device. In the same
way, more diffuse and realistic fibrotic patterns will be included in the next chapter of this
thesis to test the feasibility of impedance measurement in the clinics.

8.5 Conclusion

In this work, an in silico EIT model to reconstruct relative myocardial tissue conductivity
from multielectrode measurements was presented. The model incorporated various relevant
scenarios, encompassing factors such as catheter-tissue distance, electrode types, catheter
radii, and diverse pathological geometries. By conducting forward simulation and inverse
reconstruction of an electrical field on a two-dimensional mesh, an extensive set of parameters
were studied. The developed model and simulations lay the groundwork for the optimization
of catheter and electrode arrangements specifically tailored for LI measurements. This
optimization represents a crucial step towards the potential clinical integration of LI mapping
in the EP study and improved characterization of atrial tissue conductivity.



Chapter 9
Local Electrical Impedance in

Non Fully Transmural Fibrosis

In this chapter, the performance assessing non fully transmural fibrotic substrate of the previ-
ously presented in silico electrical impedance tomography (EIT) environment is compared
with the widely extended voltage map method based on electrogram (EGM) computation.
This work aims to shed some light on local impedance (LI) ability to detect and characterize
atrial substrate when it is not extended through a substantial myocardial thickness.

The content of Chapter 9 was previously published as part of the Computing in Cardi-
ology 2023 Proceedings [137]. Most passages in this chapter have been quoted verbatim
from the publications and are adapted with permission from the authors. Work presented
in Section 9.2.1 and subsequent results were carried out during the master thesis of B.Sc.
Nansi Caslli [171].

9.1 Introduction

A standard treatment for atrial fibrillation (AF) involves creating lesions in the pulmonary
veins (PVs) to isolate them. In patients with persistent AF, additional ablation lesions can be
placed in areas of fibrotic tissue, which can include complex fibrotic patterns that fractionate
the wavefront and could potentially promote reentries [172]. During an ablation procedure,
mapping techniques are currently used to estimate the location of these abnormal substrate
areas. EGM can be recorded in a unipolar or bipolar technique [39] and can be used to
produce local activation time (LAT) and voltage maps to represent the electrical activity of
the heart.

While EGM-based substrate mapping has shown inconclusive success, recently, LI has
been gaining attention as a surrogate to differentiate pathologically altered substrate due to
its independence on the electrical activity [90]. LI may improve the current understanding of
underlying substrate, including the possibility of computing full-chamber maps [128].

In this work, we study the ability of EGMs and LI to identify non-transmural fibrosis
areas in different locations of the endo-, midmyo-, and epicardium using in silico experiments.
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By using an EIT system applied to a multi-electrode mapping catheter [46], we aim to explore
the possibility to differentiate fibrotic tissue located on the midmyo- and epicardial surface
by means of LI mapping where EGMs lose track of the atrial substrate.

9.2 Methods

An in silico squared patch of tissue measuring 36 mm× 36 mm× 2.5 mm was embedded
in a 40 mm× 40 mm× 25 mm box that represents the surrounding blood, as depicted in
Figure 9.1. A circular catheter with 10 zero-dimensional point electrodes in a circular
arrangement of 7.5 mm radius mimicking the Lasso™ catheter (Biosense Webster, Irvine,
CA, USA) was placed centrally above the tissue.

Figure 9.1: Geometrical model setup of one exemplary fibrosis patch in its distinct configurations withcuts along two planes for visualization purposes. Each tissue is surrounded by a blood bath (grey) andits cells are assigned as healthy (pink) or fibrotic (yellow). (a) Endocardial: fibrosis area on the surface ofthe tissue patch. (b) Midmyocardial: fibrosis area in themiddle of the tissue patch. (c) Epicardial: fibrosisarea at the bottom of the tissue patch. (d) Transmural: fibrosis area throughout the total thickness ofthe tissue patch.

Centered below the catheter, 4 fibrosis patterns with different levels of entropy [173], as
shown in Figure 9.2, were placed. Each pattern was realized with 4 distinct configurations:
endo-, midmyo-, epicardial, and transmural. For the endo-, midmyo-, and epicardial cases,
the thickness of the fibrotic area was set to 1.25 mm, i.e. half of the total tissue thickness,
varying only its location along the z-axis. The transmural configuration occupied the totality
of the tissue thickness. In total, 16 different configurations were studied. Meshes comprising
1,020,544 tetrahedral elements were generated using Gmsh [145].

Figure 9.2: Ground truth of each fibrosis pattern F1−4. Light green represents healthy tissue, whereasdark green areas are assigned to fibrosis. F2 and F4 show the lowest and highest entropy, respectively.
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Mesh resolution of blood and tissue elements was adapted to be the highest surrounding
the electrodes and close to the tissue surface, while it decreased for larger distances to the
catheter.

9.2.1 Electrogram computation

Electrical propagation in the tissue and its surroundings was simulated by solving the pseudo-
bidomain model in openCARP [174]. Cellular electrophysiology was modeled using the
ionic model proposed by Courtemanche et al. [52]. A stimulus of 50 µA/cm2 lasting 2.5 s
was placed at one lateral face of the tissue to simulate a planar wavefront.

For healthy tissue, intracellular and extracellular conductivity were set to 0.36 S/m and
1.29 S/m [175], respectively. Similarly, the fibrotic region and the blood were modeled with
a conductivity of 10−5 S/m, and 0.7 S/m [176].

The extracellular potentials of each point within 9 mm radius measured from the center
of the catheter at the surface of the tissue were extracted to compute voltage maps. At each
point, the peak-to-peak (p2p) voltage was computed as the difference between the maximum
and the minimum value over time. As suggested by Nairn et al. [75], a bipolar voltage
threshold of 1 mV was translated to a unipolar threshold of 1.32 mV.

9.2.2 Local electrical impedance simulation

The local electrical impedance simulation was performed as described in the previous chapter.
The spread of the electrical field was modeled using the software EIDORS [150] in MATLAB
(The MathWorks, Inc., Natick, MA, USA, version 2023b). An alternating current of 5 mA
peak-to-peak amplitude at 14.5 kilohertz (kHz) was simulated. Conductivity values at body
temperature for blood, healthy tissue, and connective tissue at f = 14.5 kHz were modeled as
0.7 S/m, 0.164 S/m, and 0.387 S/m, respectively [50].

Stimulation, i.e. current injection, was performed using adjacent bipolar electrode pairs.
For each set of simulations, each bipolar pair was chosen to be the stimulating pair once
and measuring pair the rest of the times, sticking to four-terminal circuits during all sets.
Zero-order Laplace discrete regularization with λ = 10−7 was applied. A time-difference
imaging approach with an homogeneous tissue background conductivity σBI = 0.164 S/m
was employed.

On a two-dimensional mesh, three dimensional electrode positions were projected to the
surface to perform an inverse reconstruction. The enclosed surface was extended radially by
1.5 mm and meshed with triangles of an average edge length of 0.2 mm.

9.2.3 Comparison between the modalities

To compare both mapping techniques, the Pearson correlation coefficient between the two
binarized images and the ground truth of each fibrosis configuration was computed.
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9.3 Results

9.3.1 Voltage maps

No fibrosis was recognized for any midmyo- or epicardial structure, as shown in Figure 9.3 (a).
Fibrotic structures not located on the surface yielded high voltage values, whereas endocardial
and transmural configurations were better identified. However, after applying the voltage
threshold, only F2 in the transmural configuration led to some low voltage extent with a
correlation of 0.7.

(a) Voltage maps. (b) LI maps.
Figure 9.3: Continuous voltage maps (left panel) and binary reconstructed structures (right panel) offour different fibrosis configurations F1−4: (a) endocardial, (b) midmyocardial, (c) epicardial, and (d) trans-mural. Low voltage values below 1.32mV are color coded in grey.

9.3.2 LI maps

Differences in conductivity compared to the respective background image were reconstructed.
For all the configurations and patterns, fibrotic structures were identified at some extent, as
shown in Figure 9.3 (b). Reconstruction quality varied by pattern, increasing as the entropy
of the pattern decreased. Correlation coefficients are detailed in Table 9.1.

In the transmural case, the correlation values ranged between 0.16 and 0.72, whereas
values between 0.25 and 0.74 were obtained for the endocardial configuration. For midmyo-
and epicardial configurations, lower absolute value correlations between 0.03 and 0.68 were
observed.
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Among the different patterns, correlation values of 0.68, 0.68, 0.72, and 0.74 were
obtained for F2 in midmyocardial epicardial, transmural and endocardial configurations,
respectively. For the smaller patterns F1,3,4, mean correlation values decreased respectively
to 0.29, 0.18, and 0.17. A negative correlation of -0.02 was found for F3 in midmyocardial
configuration.

Table 9.1: Correlation values between ground truth structures and relative conductivity reconstruction(LI maps) for each pattern F1−4 (columns) and configuration (rows).
F1 F2 F3 F4 Mean

Endocardial 0.29 0.74 0.25 0.32 0.40Midmyocardial 0.24 0.68 0.10 -0.02 0.27Epicardial 0.33 0.68 0.15 0.18 0.34Transmural 0.32 0.72 0.19 0.16 0.35
Mean 0.29 0.70 0.17 0.17

9.4 Discussion

In a previous in silico study [46], simple fibrosis patterns were used to explore the capabilities
of this new method to account for conductivity changes. Up to the authors’ knowledge, no
previous works evaluated the ability of voltage and LI maps to account for realistic fibrosis
patterns while examining non-transmural fibrosis configurations in tissue.

Voltage maps were not able to detect any epi- nor midmyocardial fibrosis pattern The
threshold used to identify low voltage regions might be too low for this in silico setting
and could be optimized in future work. LI maps yielded slightly better fibrosis detection.
Endocardial configurations showed the best results on average, whereas midmyocardial ones
performed worst. Among the fibrotic patterns, F2 led to an average correlation value of 0.70
due to its compactness. For the voltage maps, both configuration and thickness of the fibrotic
area were proven to be of importance. On the other hand, LI can detect fibrosis at different
locations in a similar extent but the size of the structure is clearly of importance. However,
reconstructed conductivity values were thresholded according to the distance to each relative
maximum value. The threshold is a balance between over- and undersensing of potential
arrhythmogenic substrate.

In this study, a patch of flat tissue without any anatomical structure or reentry was
used. A realistic geometry with a more complex simulation approach, which includes
sophisticated fibrosis modeling instead of taking it as a block element, may lead to better
outcomes in both methods. Moreover, only a circular catheter setting was employed. The
lack of electrodes outside of the circumferential shape causes a loss of information when the
structures are located at the innermost parts of this area. Using other two-dimensional catheter
setups, such as the Advisor™ HD Grid (Abbott, Chicago, IL, USA), the PentaRay™ NAV
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Eco (Biosense Webster, Irvine, CA, USA), or even tridimensional ones as the IntellaMap
Orion™ (Boston Scientific, Marlborough, MA, USA) or the recently approved Sphere-9™
(Medtronic, Dublin, Ireland) could improve the reconstruction quality when accounting for
smaller fibrotic patches located centrally.

In summary, this in silico comparison helped to better understand the limits of using
voltage for fibrosis detection, as it may lead to underestimation of non-transmural areas. LI
is expected to help distinguishing between a healthy atrium and fibrotic areas which are big
enough, improving the understanding of underlying substrate and paving the way towards
the use of impedance as a readout for non-transmural atrial fibrosis substrate.

9.5 Conclusions

An in silico evaluation of voltage and LI-based mapping techniques as a surrogate for
atrial substrate was conducted. Locations whose voltage maps were not able to detect any
fibrosis extent, the LI reconstruction led to higher correlation values in critical fibrotic
areas. Comparing to the ground truth, our simulations achieved good results for endocardial
configuration. More catheter and fibrosis configurations with more complex electrical
propagation simulations should be implemented for further analysis in the future.
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Chapter 10
In vitro Local Impedance in a

Multielectrode Catheter System

This Chapter explores the potential of using multielectrode catheters as impedance mapping
systems. Changing the focus compared to previous parts of this thesis, this work makes use
of in vitro experiments to measure impedance on tissue phantoms.

The experiments included in the work presented in Chapter 10 were conducted in the
facilities of Boston Scientific in Cambridge, MA, USA. This Chapter is the result of a
collaboration over 2 years between the Concepts Team from the R&D Rhythmia Department
of Boston Scientific Cardiology in Cambridge and the Biosignals Group at IBT at Karlsruher
Institut für Technologie (KIT).

10.1 Introduction

For several decades, attempts have been made to exploit impedance information in medicine,
particularly focusing on the varied conductivity of different tissues [48, 50]. Impedance
tomography, leveraging tissue conductivity differences, has been recently explored as a
valuable tool in medicine and, particularly during this thesis, in cardiac electrophysiology.
Local impedance (LI) has emerged as a key player in recent times, providing real-time
insights into lesion formation during catheter ablation. The applications of LI extend to
the assessment of effective lesion performance, with a focus on gap detection and conduc-
tion block identification. This approach holds promise for mapping and guiding medical
interventions, exemplified by the potential role of LI in complementing classical mapping
methods [128, 137].

The review of studies presented in Chapter 4 underscores the ability of LI to discern
disparities between healthy and scarred myocardium, paving the way for enhanced ablation
outcomes and indicating a broader potential for impedance-based mapping techniques in
cardiac arrhythmias. An observed drop in LI, resulting from a combination of resistive tissue
heating, myocardial destruction, and lesion formation during ablation, serves as a reliable
indicator of effective lesion performance, as highlighted in previous studies [40, 89].
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Beyond its primary function of monitoring ablation lesions, LI demonstrates promising
capabilities in differentiating between healthy myocardium’s higher impedance regions and
lower values associated with scar tissue [2, 3, 90]. Part of this thesis, previously presented
in Chapter 7 and Chapter 9, has demonstrated LI’s ability to complement, and at times
surpass, the efficacy of low voltage mapping, even providing comprehensive full chamber
maps [128, 137].

The main drawback presented by Unger et al. [128] regarding substrate mapping using
LI was the lack of contact force sensor within the IntellaNav MiFi™ OI (Boston Scientific,
Marlborough, MA, USA). Although the release of IntellaNav Stablepoint™ (Boston Scien-
tific, Marlborough, MA, USA) represents a step forward in this direction, multielectrode
catheters rarely include such technology. In such cases, impedance could act as surrogate to
assess the difference between catheter-tissue contact and non-contact by position the catheter
in the bloodpool.

Leveraging the distinct conductivity characteristics exhibited by various biological tis-
sues within a specific frequency range, LI holds potential for integration into multielectrode
catheters. This integration would enable the assessment of myocardial structures through
intracavitary recordings, complementing sometimes insufficient electrograms (EGMs). How-
ever, as mentioned previously, there are some confounding factors that represent significant
inconveniences when it comes to achieve quantitative LI mapping the way we can think on
EGM-based substrate characterization.

Building upon the in silico work presented in Chapter 8, this study introduces a pre-
liminary set of in vitro experiments utilizing a clinically available multielectrode mapping
catheter. The primary objective is to investigate the capability of LI in distinguishing be-
tween electrode-tissue contact and no contact by examining phantom tissue contact. To
determine how impedance behavior changed among contact settings, stimulating pairs, or
along time, comparisons among different measurements were carried out. By delving into
the distinctions among different catheter-tissue contact settings, the aim is to uncover and
demonstrate the future clinical potential of LI mapping, establishing its real-time sequential
applicability as a technique.

10.2 Methods

10.2.1 LI Recording

The Rhythmia HDx electroanatomical mapping system (Boston Scientific, Marlborough,
MA, USA) allowed for LI recordings with the Orbiter™ PV (Boston Scientific, Marlborough,
MA, USA) catheter.The Orbiter™ PV is a flat circular catheter, similar to the ones studied in
silico in Chapter 8 and Chapter 9, of variable radius ranging from 14.5 to 25 mm. It includes
14 cylindrical electrodes with an interelectrode distance of 5 mm, as schematically depicted
in Figure 10.1 (a). [177].
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An alternating current of 5 µA peak-to-peak amplitude was injected at 18.335 kHz
between two adjacent electrodes chosen between all available pairs in the catheter during the
experiment. This frequency, as previously shown in Figure 3.4, lies in the frequency range
that highlights the differentiation in blood and tissue conductivity. The electric field created
is influenced by the surrounding elements’ electrical properties. To measure this electric
field, the potential difference (∆φ ) is recorded between any remaining catheter electrode
and a system reference located in the signal station and isolated from its ground, yielding a
unipolar measurement. This measurement will serve to infer the electrical properties of the
materials directly around the catheter.

For the current stimulation, adjacent bipolar pairs of electrodes were defined. Each
recording made use of a unique pair of neighboring electrodes, (Ei,E j, with j=i+1) which
was varied among several experimental measurements. At each measurement, the remaining
electrodes that were not belonging to the injection pattern were available as measuring
pairs. Only the electrodes placed at one and two electrodes of distance from either electrode
involved in the stimulating pair were employed as measuring electrodes. An example of one
injection pair, the corresponding measuring electrodes, and the rest of the catheter electrodes
can be seen in Figure 10.1 (b).

Using Ohm’s law, ∆φ is divided by the injected current to obtain LI expressed in ohms
(Ω). At each measurement, data was recorded for 30 s at a sampling frequency of 20 Hz,
generating sets of 590 samples per measurement.
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Figure 10.1: Schematic top view representation of the Orbiter™ PV (Boston Scientific, Marlborough,MA, USA) mapping catheter. (a) The 14 equidistant electrodes, in grey, are fitted into an insulatingcircular tube, in purple. (b) An exemplary case of the catheter located in direct tissue contact (greenarea) with the electrodes from the injection pattern in red (E4 and E5) and measuring ones in black(E2,E3, E6 and E7).
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10.2.2 Experimental Setups

The experimental setup used in this Chapter can be seen in Figure 10.2. In short, it was
composed by a tank filled with saline solution in which an adipose tissue phantom sample
lies and the catheter was introduced to measure distinct contact settings.

The catheter was introduced in a tank filled with a homogeneous saline bath medium of
3.5 g

L that mimics human blood conductivity [49, 50]. The tank, which had a capacity of
11 L, included a structure to support and elevate the tissue phantom. Attached to the back
part of the tissue support, a fixation allowed to rotate the catheter in an X direction and
translating it along the YZ axes. To provide a stable reference required for the signal station,
the coronary sinus (CS) catheter was parked at the back wall of the tank. The CS catheter,
the DYNAMIC XT™ (Boston Scientific, Marlborough, MA, USA), is a linear catheter with
10 electrodes.

On the bottom part of the back side of the tank, two holes connected through two pipes
to a heater machine. One of the pipes took the saline solution from the tank, made it circulate
through the heating, and turned it back to the tank. With this constant flow and making use of
a thermocouple wire connected to a thermometer, the temperature of the bath was controlled
to lie within usual blood ranges (36.6-37.2 °C).

Moreover, two descendant tubes located at the upper back corners of the tank were
attached to an irrigation machine. This device was included to maintain a constant circulation
of 17 ml

min . To be sure that the impedance recordings were not affected by the flow, the inflow
pipe was not directly pointing to the mapping catheter but parallel to it.

In vitro phantoms with similar conductivity behavior as adipose tissue were employed. To
fix the phantoms to the tissue support table, non-conductive metallic needles, i.e. that do not
interfere with the electric field, were used. The catheter was placed above the tissue sample
or floating in the saline bath to measure their conductivity differences at various contacts, as
exemplary depicted with the Orbiter catheter in Figure 10.3 (a) and (b), respectively. Due
to the surface irregularities of the tissue samples, aiming for a full contact of all electrodes
sometimes was not possible, as we can see in Figure 10.3 (c). Thus, a third contact setting
with all electrodes in close proximity to the tissue defined as 1-2 mm catheter-tissue distance
was defined, where most of the electrodes were in touch and some others slightly floated in
saline.

10.2.3 Data Collection

Due to the change of stimulating pattern among recordings, firstly an automatic detection of
the signals from either source and sink electrodes was carried out. By using this method, it
was assured that the impedance measured at a certain electrode pair (E) did not depend on
the manufacturing setting of the catheter, i.e. its shape and interelectrode distances, but the
actual position with respect to the created electric field. For all recordings, the two closest
electrodes to either the source and the sink electrodes were selected: Ei−2, Ei−1, E j+1, and
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Figure 10.2: Graphical representation of the experimental setup setting used in this in vitrowork includ-ing the mapping catheter in contact with the catheter, as well as other employed materials: heatingcircuit pipes, thermocouple wire, irrigation flow pipes, tissue support, reference catheter, and tissuephantom.

(a) Floating in saline. (b) Full contact. (c) Close proximity.
Figure 10.3: Orbiter catheter in various contact settings: (a) catheter completely floating in the salinebath, (b) catheter with all the electrodes in contact with tissue, and (c) catheter with all electrodes inclose proximity to tissue.

E j+2, being the electrodes located two and one positions to the left of the source, and one and
two positions to the right of the sink, respectively. As the employed catheter was composed
of 14 electrodes, in those cases in which the stimulating pair was set to be E1 and E2, the
two closest electrodes to the source, Ei−2, Ei−1, were E13 and E14, respectively.

Selecting these four electrodes of interest yielded four separated data distributions, which
were represented by each one of the 15 measurements recorded, Mx, with x ranging from
1 to 15 and measured in ohms (Ω). In Table 10.1, a more detailed description of each
measurement recorded, as well as the stimulating pair, the contact setting, and the time at
which the measurement was recorded, can be found.
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Table 10.1: Description of all 15 measurements M1−15 recorded including their corresponding stimulat-ing electrodes (Ei and Ej), catheter contact setting (saline, full contact, or close proximity), and recordingtime (hh:mm:ss.msec).
Measurement n° Stimulating pair Contact Setting Measurement timeEi Ej hh:mm:ss.msec
M1 E1 E2 Saline 00:00:28.149M2 E1 E2 Saline 00:00:59.405M3 E3 E4 Saline 00:02:48.159M4 E5 E5 Saline 00:05:00.853M5 E5 E6 Saline 00:05:41.666M6 E5 E6 Close proximity 00:18:47.741M7 E5 E6 Close proximity 00:19:28.245M8 E1 E2 Close proximity 00:20:58.000M9 E1 E2 Close proximity 00:21:48.482M10 E3 E4 Full contact 00:29:56.160M11 E1 E2 Full contact 00:31:56.767M12 E1 E2 Full contact 00:33:03.249M13 E5 E6 Full contact 00:35:31.048M14 E5 E6 Full contact 00:36:36.272M15 E1 E2 Saline 00:46:46.023

10.2.4 Description of Measurements Comparisons

The previously explained measurements were then compared to account for differences in
the contact settings among them. The measured signal was always a voltage between one
electrode and a reference point. To get a voltage between two electrodes, the measured
voltage had to be subtracted. Thus, a ratio formula was taken to minimize the influence of
the electrode-surface contact impedance at each measurement.

In this ratio, always a reference measurement floating in saline, Mref, and a second
measurement in any of the three contact settings, Mx, were used. The reference measurement
floating in saline varied depending on the comparison we wanted to address Mref ∈ {M1,
M2, M3, M4, M5}. Similarly, Mx1 and Mx2 were selected to be the two measurements to be
compared. As some measurements were recorded twice to assess the time evolution, the
closest in time to Mx1 and Mx2 was chosen. Two populations of impedance measurements to
be compared, P1 and P2, were obtained:

P1 =
Mref −Mx1

Mref
,P2 =

Mref −Mx2

Mref
, (10.1)

where each one, unitless, is composed by four data distributions reflecting the recording of
either electrode of interest. Thus, at each comparison scenario, Cx, a reference measurement
Mref and two measurements to be compared, Mx1 and Mx2, were used.

The comparisons were labeled as identical, similar, or different depending on the com-
bination of contact setting and stimulating pair used. Identical comparisons refer to com-
parisons between two measurements that shared both contact setting and stimulating pair,
whereas similar comparisons only shared the contact setting, and different comparisons
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shared none of them. It is also noted if, independently of their contact setting and stimulating
pair, the measurements part of a comparison were recorded consecutively.

To determine how impedance behavior changed among contact settings, stimulating
pairs, or along time, 12 comparisons in total, C1−12, were carried out. Table 10.2 condenses
the information detailed in the following, describing their comparison label, as well as the
measurements involved in either comparison:

1. C1: comparison between two identical consecutive measurements, M11 and M12,
representing the same full contact position with E1 and E2 as stimulating pair and only
1 min of difference between recordings. The reference measurement, M2, also used E1

and E2 as stimulating pair.
2. C2: comparison between two similar measurements, M11 and M13, representing the

same full contact position using different stimulating pairs (E1 and E2 vs. E5 and E6)
and about 3 min of difference between recordings. The reference measurement, M2,
used E1 and E2 as stimulating pair, matching M11.

3. C3: comparison between two different measurements, M11 and M9, which represent
full contact and close proximity settings, respectively. In both cases, as well as in the
reference measurement, M2, E1 and E2 are used as stimulating pair.

4. C4: comparison between two identical measurements at the same full contact position,
M13 and M14, using E5 and E6 as stimulating pair and with only 1 min of difference be-
tween recordings. The reference measurement, M5, also used E5 and E6 as stimulating
pair.

5. C5: comparison between two similar measurements recorded about 3 min apart, M11

and M13, using M3 as reference measurement. Both measurements represent the same
full contact position, but the stimulating pairs differ among either the two compared
measurements and the reference (E1 and E2 vs. E5 and E6, vs. E3 and E4).

6. C6: comparison between two different measurements, M11 and M8, which represent
full contact and close proximity settings, respectively. Both cases employed E1 and E2

as stimulating pair, whereas the reference measurement, M3, used E3 and E4.
7. C7: comparison between two different measurements, M11 and M7, representing full

contact and close proximity settings, respectively, and using different stimulating pairs
(E1 and E2 vs. E5 and E6). The reference measurement, M4, shared E5 and E6 as
stimulating pair with one of the compared measurements, M7.

8. C8: comparison between two different measurements, M3 and M10, which refer to
the catheter floating in saline and positioned in full contact, respectively, and used
E3 and E4 as stimulating pairs. The reference measurement, M1, used E1 and E2 as
stimulating pair, differing from the compared measurements.

9. C9: comparison between two different measurements, M11 and M3, referring to full
contact and floating in saline catheter settings, respectively. M11 used E1 and E2 as
stimulating pair, whereas M3 employed E3 and E4. The reference measurement, M2,
shared the stimulating pair with M11, i.e. electrodes 1 and 2.

10. C10: comparison between two similar consecutive measurements, M3 and M5, recorded
about 2 min apart with the catheter floating in saline and using different stimulating
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pairs (E3 and E4 vs. E5 and E6). The reference measurement, M1 used E1 and E2 as
stimulating pair, differing from both compared measurements.

11. C11: comparison between two similar measurements, M2 and M15, sharing E1 and E2

as stimulating pair, but representing two different catheter locations floating in saline
recorded with 41 min of difference. The reference measurement, M1, is closer in time
to M2, and shared E1 and E2 as stimulating pair with both compared measurements.

12. C12: comparison between two different measurements, M3 and M15, which represented
a full contact setting and a catheter floating in saline, respectively. Each compared
measurement used a different stimulating pair (E5 and E6 vs. E3 and E4), which also
differed from the electrodes used at the reference measurement, M1, namely E1 and
E2.

10.2.5 Statistical Analysis

Statistical analysis was performed with MATLAB R2023a (The MathWorks, Inc., Natick,
MA, USA) to establish the comparisons. Initially, a Kolmogorov-Smirnov test was conducted
to assess the normal distribution of the populations. If at least one of them rejected the null
hypothesis at the 5% significance level, a non parametric tests, such as the Wilcoxon rank
sum test for comparing medians, was employed. Alternatively, if the populations showed no
deviation from normality, the equivalent parametric test, the two-sample t-test for comparing
means, was carried out.

Following the comparison of means or medians, the assumption that the two populations
originated from the same distribution was made if the null hypothesis was accepted at the
5% significance level. Conversely, the populations were determined to come from distinct
catheter contacts if the p-value was less than 0.05.

10.3 Results and Discussion

The comparison between a certain electrode in contact with an adipose tissue phantom with
respect to the catheter completely floating in the bath theoretically yields a higher impedance
value. In Table 10.2, it can be observed the contact scenarios that were compared and the
obtained results.

Figure 10.4 shows the boxplots corresponding to the results of those comparisons labeled
as different, in which two different contacts or a full contact and a measurement in saline,
were compared. Due to the conditions of each measurement, these comparisons were
expected to express differences, as they represent two distinct positions with a slightly
different number of electrodes in contact. Indeed, all five comparisons were proven to
be different, with a p-value p< 0.01 for all of them. When two different positions were
compared, the stimulating pair used in either scenario was not relevant, as C6, C7, C8, C9,
and C12 demonstrated, Not only the difference between floating completely in saline and
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Table 10.2: Description and statistical results from all 12 comparisons C1-12. Measurement numbersused as Mref, Mx1, and Mx2 are indicated, as well as the p-value obtained from the statistical analysis(N.S.: no statistical significance).
Label Contact Settings Measurements Result (p-value)Mref Mx1 Mx2

C1 Identical Full contact M2 M11 M12 N.S.C2 Similar Full contact M2 M11 M13 N.S.C3 Different Full contact vs. Saline M2 M11 M9 p< 0.01C4 Identical Full contact M5 M13 M14 N.S.C5 Similar Full contact M3 M11 M13 p< 0.01C6 Different Full contact vs. Close proximity M3 M11 M8 p< 0.01C7 Different Full contact vs. Close proximity M4 M11 M7 p< 0.01C8 Different Full contact vs. Saline M1 M10 M3 p< 0.01C9 Different Full contact vs. Saline M2 M3 M11 p< 0.01C10 Similar Saline M1 M3 M4 p< 0.01C11 Similar Saline M1 M2 M15 N.S.C12 Different Full contact vs. Saline M1 M14 M3 p< 0.01

being in full contact showed significance, but also the difference between two contact with
not all the electrodes on full contact did. These results are promising for the implementation
of this technology as complementary mapping feature.

Similarly, in Figure 10.5, the results from similar or identical comparisons are represented.
It was previously hypothesized that, due to their recording settings, the difference between
these comparisons were not statistically significant, which was correct for C1, C2, C4, and C11.
However, C5 and C10, which compared similar measurements, yielded statistical significance.
Both comparisons analyzed alike positions within few minutes with the stimulating pair
differing among the three scenarios. C2 also compared invariant contact settings, but the
stimulating pair from Mref, i.e. electrodes 1 and 2, was also used in one of the compared
measurements M11.

In Table 10.3, four exemplary comparisons of median values from each distribution of
P1 and P2 at C5, C6, C8, and C10 can be found. When comparing median measurements at
direct catheter-tissue contact, LI on tissue showed always higher results in the surroundings
of the injecting pair than floating on saline. Moreover, comparing between the full contact
and the close proximity settings, electrodes in the vicinity of the injecting pair also measured
higher LI.

10.3.1 Limitation of this Work and Future Perspectives

The analysis of this data aims to shed some light on LI ability to detect catheter-tissue
contact and set the potential to discern which type of tissue, healthy or scar, is underneath
the electrodes in contact.

Following the in silico work presented in Chapter 8, the current analysis only explored
the circular catheter arrangement. The stimulation patterns available in a basket catheter
exceed those of a circular catheter, enabling the definition of horizontal, vertical, and diagonal
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Figure 10.4: LI box-plots of various contact comparisons (P1 and P2) at each electrode of interest (E2−,E1−, E1+, and E2+) for different comparisons. From left to right and top to bottom: C3, C6, C7, C8,C9, and C12. All of them showed statistical significance. Results are zoomed in to show the majorconcentration of datapoints.

Table 10.3:Median values over time from either of the four electrodes distributions (E2−, E1−, E1+, andE2+) in C5, C6, C8, and C10. Each electrode of interest was compared between the compared measure-ments Mx1 and Mx2 using statistical test, whose p-value is shown (N.S.: no statistical significance).
Median LI over time P1 (Ω) Median LI over time P2 (Ω) Result (p-value)E2− E1− E1+ E2+ E2− E1− E1+ E2+C5 0.92 0.89 0.23 0.65 -0.15 -0.65 7.15 -0.11 p< 0.01C6 0.84 0.74 -0.05 0.41 0.92 0.89 0.23 0.65 p< 0.01, N.S., N.S., p< 0.05C8 0.35 -0.88 -0.01 0 0.51 -0.71 0.01 0.44 p< 0.01, N.S., N.S., p< 0.05C10 0.35 -0.88 -0.01 0 0.14 -2.32 8.31 -0.21 N.S., p< 0.01, p< 0.01, N.S.

bipoles among the various splines. Three-dimensional high-density mapping catheter, such
as the IntellaMap Orion™ (Boston Scientific, Marlborough, MA, USA), or the Sphere-9™
(Medtronic, Dublin, Ireland), could offer a more solid cover by electrodes of the tissue
surface, allowing for multiple measures acquired sequentially. Nevertheless, these catheters
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Figure 10.5: LI box-plots of various contact comparisons (P1 and P2) at each electrode of interest (E2−,E1−, E1+, and E2+) for similar and identical comparisons. From left to right and top to bottom: C1, C2,C4, C5, C10, and C11. Only C4 and C5 showed statistical significance. Results are zoomed in to showthe major concentration of datapoints.

do not offer a flat surface of contact and it may be difficult to assure a full catheter-tissue
contact ground truth during the in vitro measurements.

Although the frequency used lies in the spectrum range with a good differentiation
between blood and myocardium, adipose, or connective tissue, the use of a broader spectrum
that gets into the range of MHz would help giving some further insights about cardiac
substrate. Within the range of MHz, the phenomenon of β -dispersion, and thus, changes
in conductivity and permittivity, fades slightly, yielding to significantly higher conductivi-
ties [42]. However, achieving this frequency range in the practice using electroanatomical
systems and their related signal stations is not so straightforward due to their waveform
limitations.

Moreover, in this work, 10 out of 12 comparison cases yielded the expected results.
Choosing the reference scenario to have the same stimulating pair as one of the compared
scenarios may be of importance to not introduce differences in the measurements. However,
it will make it more difficult to integrate LI measurements with sequential recordings. Intro-
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ducing the possibility of recording alternatively from different stimulating pairs sequentially
would clearly improve the resolution. The main drawback of impedance measurements as
mapping systems have always been their reduced resolution, which may be improved with a
smaller catheter radius as the in silico studies of Chapter 8 suggested.

As a follow-up of this work, the use of two phantoms of different conductivities, such as
myocardial and adipose tissue, could present further challenges to the tissue detection by
means of impedance. Hovering the catheter with half of the electrodes in contact with either
tissue would extend the understanding of LI behavior and resolution. With the previously
presented in silico tool, these in vitro measurements could be simulated to help confirming
the findings of this study. However, in vitro experimentations include external factors that
are not present in the "cleaned" in silico setup and thus, in addition, further experimentation,
particularly ex vivo and in vivo measurements, should be carried out to test the future
feasibility of impedance measurements in the clinics.

Overall, these findings together with the in silico results presented in Chapter 7, remain
being promising for the implementation of this technology as complementary mapping
feature.



PART VI

CONCLUSION AND OUTLOOK





Chapter 11
Conclusion and Outlook

This dissertation, “Impedance Characterization for Scar and Fibrosis Detection”, served as a
robust preliminary study exploring the additional potential of local impedance (LI)-based
mapping. By combining in silico and in vitro experiments, significant progress towards
the clinical implementation of this technology onto a multielectrode impedance mapping
system has been made. This initial work in the field shed light on the advantages and
possibilities of using LI as a supporting method to the already well established voltage maps
and electrograms (EGMs) use.

While LI is often available in ablation catheters mainly to monitor lesion formation, the
move towards multielectrode catheters could contribute to atrial substrate characterization.
Thanks to its independence of depolarization fronts, LI could contribute to detection of
certain fibrotic tissue structures.

This mapping modality should undergo further investigation in both modalities. For in
silico, the use of several different catheters that provide diversity in geometric arrangement,
injection and measurement current patterns, as well as the jump to a three-dimensional
configuration, should be explored in the future. For this purpose, the computational method
used in this work was not entirely suitable, but its improvement exceeded the scope of this
work. In parallel with the in silico experiments, in vitro testing should explore more complex
contact situations that yield to more realistic situations, especially in order to extend the
studies to an ex vivo and in vivo setting.

Although limited, special attention needs the in vitro experiments. The data collection
carried out, did not only serve to verify the feasibility of the simulated results, but also
revealed artifacts, such as the need of a stable reference measurement, that could affect the
clinical application of LI measurements. All in all, this work has contributed in progressing
towards the overall objective of characterizing atrial substrate by means of LI.
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