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Prof. Dr. José Millet Roig .
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Abstract

Arrhythmias, particularly atrial fibrillation (AF) and ventricular tachycardia (VT), are
major contributors to cardiovascular morbidity and mortality. Accurate characteriza-
tion of the electrical conduction patterns underlying these arrhythmias is essential
for diagnosis and treatment, particularly in guiding catheter ablation therapy. Recent
advancements in high-density (HD) catheters have improved intracardiac signal ac-
quisition; however, challenges such as signal orientation dependency and insufficient
mapping resolution still limit their clinical effectiveness. This doctoral dissertation
explores novel signal processing techniques that leverage HD catheters to better
characterize arrhythmogenic substrates, with the goal of improving arrhythmia
diagnosis and treatment.

The core of this research focuses on two key developments. First, a novel cross-
clique configuration for omnipolar electrogram (EGM) reconstruction is introduced,
addressing the limitations of traditional triangular-clique configurations, which are
sensitive to signal propagation direction. The cross-clique method was validated
through both simulations and animal model experiments, demonstrating its ability
to provide orientation-independent, accurate EGM reconstructions. Second, this
thesis develops an advanced metric for quantifying conduction heterogeneity at a
local level: the Vector Field Heterogeneity (VFH) metric. This metric was designed
to identify and quantify conduction abnormalities with high-density multiarray
catheters, helping clinicians target regions of interest for ablation therapy. Addi-
tionally, a metric for global spatio-temporal analysis (REACT) was developed to
complement the local understanding of electrical disarray in arrhythmia conduction
patterns.

The results of this research highlight the significant potential of these methods. The
cross-clique configuration was shown to improve the precision of omnipolar EGM
signals compared to existing techniques, providing a robust tool for intracardiac
mapping. The VFH metric, validated through simulation and experimental models,
was found to be a reliable marker of local conduction disarray, particularly useful
for identifying functional isthmuses in VT substrate mapping. Similarly, the REACT
metric demonstrated its ability to capture global patterns of disorganization in AF,
offering insights into patient-specific responses to ablation therapy and predicting
clinical outcomes.

In conclusion, this thesis makes several important contributions to the field of cardiac
electrophysiology. The novel signal processing techniques developed here offer
enhanced diagnostic accuracy and treatment guidance for both atrial and ventricular
arrhythmias. By improving the precision of omnipolar EGMs and introducing new
methods for assessing conduction heterogeneity, these findings have the potential
to improve ablation strategies and improve clinical outcomes. Future work will
focus on further validating these methods in larger clinical trials and integrating
them with emerging technologies, such as ECGi, to enhance non-invasive diagnostic
capabilities.
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Resumen

Las arritmias, en particular la fibrilación auricular (FA) y la taquicardia ventricular
(TV), contribuyen en gran medida a la morbilidad y mortalidad cardiovasculares.
La caracterización precisa de los patrones de conducción eléctrica subyacentes a
estas arritmias es esencial para el diagnóstico y el tratamiento, en particular para
guiar la terapia de ablación con catéter. Los recientes avances en los catéteres de alta
densidad (HD) han mejorado la adquisición de señales intracardiacas; sin embargo,
problemas como la dependencia de la orientación de la señal y la insuficiente
resolución del mapeo siguen limitando su eficacia clı́nica. Esta tesis doctoral explora
nuevas técnicas de procesamiento de señales que aprovechan los catéteres de alta
densidad para caracterizar mejor los sustratos arritmogénicos, con el objetivo de
mejorar el diagnóstico y el tratamiento de las arritmias.

El núcleo de esta investigación se centra en dos desarrollos clave. En primer
lugar, se introduce una novedosa configuración en cruz para la reconstrucción de
electrogramas (EGM) omnipolares, que aborda las limitaciones de las configuraciones
triangulares tradicionales, que son sensibles a la dirección de propagación de la
señal. El método cross-clique se validó mediante simulaciones y experimentos con
modelos animales, demostrando su capacidad para proporcionar reconstrucciones
EGM precisas e independientes de la orientación. En segundo lugar, esta tesis
desarrolla una métrica avanzada para cuantificar la heterogeneidad de la conducción
a nivel local: la métrica de heterogeneidad del campo vectorial (VFH). Esta métrica
se diseñó para identificar y cuantificar las anomalı́as de la conducción con catéteres
multiarray de alta densidad, ayudando a los médicos a seleccionar las regiones
de interés para la terapia de ablación. Además, se desarrolló una métrica para el
análisis espacio-temporal global (REACT) para complementar la comprensión local
de la disarray eléctrica en los patrones de conducción de la arritmia.

Los resultados de esta investigación ponen de relieve el importante potencial de
estos métodos. Se demostró que la configuración cross-clique mejora la precisión de
las señales EGM omnipolares en comparación con las técnicas existentes, propor-
cionando una herramienta robusta para el mapeo intracardiaco. La métrica VFH,
validada mediante simulación y modelos experimentales, resultó ser un marcador
fiable de la desorganización de la conducción local, especialmente útil para iden-
tificar istmos funcionales en la cartografı́a de sustratos de taquicardia ventricular.
Del mismo modo, la métrica REACT demostró su capacidad para captar patrones
globales de desorganización en la FA, ofreciendo información sobre las respuestas
especı́ficas de los pacientes al tratamiento de ablación y prediciendo los resultados
clı́nicos.

En conclusión, esta tesis hace varias contribuciones importantes al campo de la
electrofisiologı́a cardiaca. Las novedosas técnicas de procesamiento de señales aquı́
desarrolladas mejoran la precisión diagnóstica y la orientación terapéutica de las
arritmias auriculares y ventriculares. Al mejorar la precisión de las EGM omnipolares
e introducir nuevos métodos para evaluar la heterogeneidad de la conducción, estos
hallazgos pueden mejorar las estrategias de ablación y los resultados clı́nicos. El
trabajo futuro se centrará en validar aún más estos métodos en ensayos clı́nicos
más amplios e integrarlos con tecnologı́as emergentes, como ECGi, para mejorar las
capacidades de diagnóstico no invasivo.
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Resum

Les arrı́tmies, en particular la fibrilació auricular (FA) i la taquicàrdia ventricular
(TV), contribueixen en gran manera a la morbiditat i mortalitat cardiovasculars. La
caracterització precisa dels patrons de conducció elèctrica subjacents a aquestes
arrı́tmies és essencial per al diagnòstic i el tractament, en particular per a guiar
la teràpia d’ablació amb catèter. Els recents avanços en els catèters d’alta densitat
(HD) han millorat l’adquisició de senyals intracardı́acs; no obstant això, problemes
com la dependència de l’orientació del senyal i la insuficient resolució del mapatge
continuen limitant la seua eficàcia clı́nica. Aquesta tesi doctoral explora noves
tècniques de processament de senyals que aprofiten els catèters d’alta densitat
per a caracteritzar millor els substrats arritmogènics, amb l’objectiu de millorar el
diagnòstic i el tractament de les arrı́tmies.

El nucli d’aquesta investigació es centra en dos desenvolupaments clau. En primer
lloc, s’introdueix una nova configuració en creu per a la reconstrucció d’electrogrames
omnipolars (EGM), que aborda les limitacions de les configuracions triangulars tradi-
cionals, que són sensibles a la direcció de propagació del senyal. El mètode en creu
s’ha validat mitjançant simulacions i experiments amb models animals, demostrant
la seua capacitat per a proporcionar reconstruccions EGM precises i independents
de l’orientació. En segon lloc, s’ha desenvolupat una mètrica avançada per a quan-
tificar l’heterogeneı̈tat de la conducció a nivell local: la mètrica d’heterogeneı̈tat del
camp vectorial (VFH). Aquesta mètrica s’ha dissenyat per a identificar i quantificar
les anomalies de la conducció amb catèters multielectrode d’alta densitat, per tal
d’ajudar els metges a seleccionar les regions d’interès per a la teràpia d’ablació. A
més, s’introdueix una mètrica per a l’anàlisi espaciotemporal global (REACT) per a
complementar la comprensió local de la desorganització elèctrica en els patrons de
conducció de l’arrı́tmia.

Els resultats d’aquesta investigació posen en relleu l’important potencial dels
mètodes proposats. Aixı́, s’ha demostrat que la configuració en creu millora la
precisió dels senyals EGM omnipolars en comparació amb les tècniques existents,
proporcionant una ferramenta robusta per al mapatge intracardı́ac. La mètrica VFH,
validada mitjançant simulació i models experimentals, ha resultat ser un marcador
fiable de la desorganització de la conducció local, especialment útil per a identificar
istmes funcionals en la cartografia de substrats de taquicàrdia ventricular. De la
mateixa manera, la mètrica REACT ha demostrat la seua capacitat per a captar
patrons globals de desorganització en la FA, oferint informació sobre les respostes
especı́fiques dels pacients al tractament d’ablació i predient els resultats clı́nics.

En conclusió, esta tesi fa diverses contribucions importants al camp de l’electrofisiologia
cardı́aca. Les noves tècniques de processament de senyals desenvolupats milloren
la precisió diagnòstica i l’orientació terapèutica de les arrı́tmies auriculars i ventric-
ulars. En millorar la precisió dels EGM omnipolars i introduir nous mètodes per
a avaluar l’heterogeneı̈tat de la conducció, aquests avanços poden millorar les es-
tratègies d’ablació i els resultats clı́nics. El treball futur es centrarà en validar encara
més aquestos mètodes en assajos clı́nics més amplis i integrar-los amb tecnologies
emergents, com ECGi, per a millorar les capacitats de diagnòstic no invasiu.
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Chapter 1

Introduction

This chapter introduces the doctoral dissertation, which is presented as a compilation
of research articles based on work conducted up to 2023 and published by 2024.
It outlines the motivation, hypotheses, main objectives, and sub-objectives of the
research, and provides a clear overview of the dissertation’s structure.

1.1 Motivation

Arrhythmias affect an estimated 1.5% to 5% of the general population, with atrial
fibrillation (AF) being the most common sustained form [1]. These conditions,
which may present with or without symptoms, complicate accurate prevalence
assessments and are linked to increased morbidity and mortality. Early detection
and effective management are essential to mitigate these risks. Arrhythmias occur
when there is an irregularity in the electrical signals propagating through the heart,
often due to structural or functional abnormalities [2]. Bradycardias, characterized
by slower-than-normal heart rates, are typically less harmful, whereas tachycardias,
which involve elevated heart rates, pose greater risk and can arise in both the atria
and ventricles. AF results from chaotic electrical activity in the atria, leading to
uncoordinated heartbeats [3], while atrial flutter (AFL) features more organized but
rapid signals. In the ventricles, disorganized electrical signals can lead to ventricular
fibrillation, a life-threatening condition that requires immediate intervention [4, 5].

Accurate signal acquisition, processing, and interpretation are crucial for diagnosing
and treating arrhythmias, particularly for guiding catheter ablation therapy [6, 7].
Recent advances in cardiac signal acquisition, such as the development of high-
density (HD) catheters, have greatly enhanced the ability to diagnose and treat
complex arrhythmias like ventricular tachycardia (VT) [8], Brugada syndrome [9],
and AF [10]. These technologies provide high-resolution mapping of the heart’s
electrical activity. However, their effectiveness depends on sophisticated signal
processing techniques. Current techniques face limitations: unipolar electrograms
(EGMs) often contain noise and artifacts [11, 12], while bipolar signals are sensitive
to wave propagation direction and catheter positioning [13, 14]. In response to these
challenges, omnipolar reconstruction was recently introduced, particularly with
the HD grid catheter (Abbott Laboratories, Illinois, US). This technique addresses
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1. Introduction

some of the limitations of conventional mapping methods [15, 16, 17, 18] and has
been clinically applied to detect scar tissue [19], characterize conduction gaps [20],
and diagnose arrhythmias such as AF [21], and VT [22]. However, omnipolar
reconstruction is not entirely independent of the signal’s propagation direction,
leaving room for further improvement [23, 12].

AF, the most common and complex arrhythmia, poses a significant societal burden
due to its links to stroke, heart failure, and mortality [24, 25]. The mechanisms
sustaining AF remain debated, with various theories proposing different ablation
targets. Nademanee et al. suggested that low-voltage, fractionated EGMs are crucial
in maintaining AF [26, 27, 28], while others argue that focal sources or rotors are
responsible. Although rotor-based mapping, like FIRM-guided systems, has shown
promise, outcomes are inconsistent, with potential false rotor detection [29, 30, 31,
32]. Dominant frequency (DF) mapping also helps localize arrhythmogenic zones
[33, 34], and fibrosis, as shown by Marrouche et al., improves ablation outcomes
when targeted via MRI [35].

In addition to atrial fibrillation (AF), macroreentrant atrial tachyarrhythmia (MRAT),
often called atrial flutter (AFL), is a common atrial arrhythmia. MRAT is driven by
reentrant circuits in the atria, with slow conduction regions that allow the arrhythmia
to persist by facilitating repolarization and repeated activation. Catheter ablation,
particularly targeting slow conduction zones like the cavotricuspid isthmus, is the
primary treatment [36, 37]. Electroanatomical mapping aids ablation but remains
time-intensive, especially for atypical MRAT.

VT is another serious arrhythmia, characterized by three or more consecutive QRS
complexes at a rate exceeding 100 beats per minute [38]. VT can significantly impair
quality of life and is a major risk factor for sudden cardiac death, particularly in
patients with structural heart disease [39, 40]. VT often precedes ventricular fibrilla-
tion, a lethal condition that requires immediate intervention [41, 38]. Mechanistically,
VT can be focal or reentrant, with reentrant VT typically associated with myocardial
infarction-induced scar tissue [42, 43]. VT mapping and ablation are complicated by
the instability of the arrhythmia during episodes, necessitating advanced mapping
strategies to improve treatment outcomes.

In this dissertation, AF, MRAT, and VT will serve as the primary clinical validation
scenarios. AF is the most common atrial arrhythmia, atypical MRAT is challenging
due to its diverse reentrant circuits and slow conduction regions that make ablation
time-intensive, and VT poses significant risks in ventricular pathology. By focusing
on these three arrhythmias, this research aims to develop advanced signal processing
techniques that optimize the use of high-density catheters, ultimately enhancing
diagnostic and therapeutic interventions for these conditions.

1.2 Objectives

This doctoral research aims to explore the potential of high-density catheters, com-
bined with advanced digital signal processing techniques, to deepen our under-
standing of the electrophysiological (EP) mechanisms underlying arrhythmias. The
project will adopt a translational approach, beginning with in-silico simulations to
model cardiac electrical activity in a controlled environment. These simulations
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will be followed by animal studies to validate the proposed methods under prede-
fined experimental conditions. Finally, retrospective clinical experiments will be
performed to assess the efficacy of these methods in real world scenarios.

The primary objective is to leverage the capabilities of new high-density catheters for
intracavitary signal acquisition and enhance the accuracy of arrhythmia characteri-
zation and treatment through advanced signal processing and mapping techniques.
Specifically, the following tasks have been outlined:

1. Study limitations of multielectrode catheters for omnipolar EGM estimation:
Investigate the challenges and constraints associated with using diagnose
multielectrode array catheters in the estimation of omnipolar EGM conceived
as a virtual bipolar EGM aligned with the direction of propagation.

2. Develop and validate techniques to improve omnipolar EGM reconstruc-
tion: Propose and test new methods to enhance the reconstruction quality of
omnipolar EGMs, aiming for a more precise and reliable representation of the
underlying EP activity.

3. Propose new metrics to quantify local electrical disarray: Introduce and
validate novel metrics for local quantification of inhomogeneous conduction,
a key characteristic of impaired EP tissue. These metrics will be developed to
better identify arrhythmogenic substrates.

4. Propose new metrics to quantify global electrical disarray: Examine the
global spatio-temporal heterogeneity of the substrate using global mapping
techniques with intra-cardiac catheters.

5. Translate improved diagnostic techniques to clinical settings: Assess the
applicability of enhanced omnipolar EGM reconstruction techniques and new
metrics in a clinical context, investigating their relevance for diagnosing and
treating patients with complex arrhythmogenic substrates.

Ultimately, this work aims to develop tools that enhance the diagnosis and treatment
of arrhythmias, enabling more accurate mapping and characterization of arrhyth-
mogenic substrates. By addressing both atrial and ventricular arrhythmias, this
research will expand our understanding of cardiac EP and provide a foundation for
improving clinical outcomes in patients with these complex conditions.

1.3 Hypotheses

We hypothesize that by developing advanced signal analysis methods for high-
density catheters, we can more effectively characterize arrhythmogenic tissue, lead-
ing to a better understanding of the mechanisms underlying arrhythmia initiation
and perpetuation, with a focus on clinical applications.

Specifically, the first hypothesis is that in high-density multi-electrode catheters, the
recordings from four electrodes arranged in a 2x2 square can be used to reconstruct
omnipolar signals. We further hypothesize that these signals can overcome the
limitations of current triangular omnipoles, bipoles, and unipoles, particularly in
terms of orientation independence.
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Secondly, we hypothesize that using a robust representation of omnipolar signals,
we can create accurate propagation maps that serve to design biomarkers to quantify
the heterogeneity of electrical propagation patterns in patients with arrhythmias.
These biomarkers could be used to identify regions of interest in substrate mapping
within clinical settings.

Our third hypothesis is that raw unipolar signals from global mapping catheters can
be analyzed to evaluate the spatio-temporal heterogeneity of propagation patterns.
These metrics could be used to identify the etiologies or spectra of clinical responses
in patients with atrial or ventricular arrhythmias.

1.4 Structure of this dissertation

This dissertation is presented as a compendium of articles and is structured as
follows. Chapter 1 introduces the motivation, hypothesis, main objective, and
subobjectives of the thesis. This is followed by chapter 2, which provides the
necessary background knowledge, covering both physiological aspects (first three
sections) and methodological aspects (last three sections). The subsequent six
chapters (from chapter 3 to chapter 8) constitute the compendium of articles that form
the core of this doctoral thesis. These chapters compile the research work conducted
up to 2023 and published by 2024.

In a nutshell, chapter 3 explores non-invasive methods to assess intra-cardiac sig-
nal propagation, conduction velocity (CV), and patterns, providing a means to
non-invasively differentiate between AFL types. Shifting to a more invasive stand-
point, Chapter 4 introduces the novel concept of the cross-omnipole in high density
multi-electrode catheters, demonstrating its superiority over previous configurations
and validating it through simulations. Chapter 5 builds on this by validating the
cross-omnipole configuration in an animal model. Expanding on these foundations,
chapter 6 presents a local heterogeneity metric for characterizing propagation pat-
terns at a local level in cardiac tissue, while chapter 7 evaluates its clinical potential
to identify isthmus regions in VT patients using substrate maps. Lastly, chapter 8
extends the concept by evaluating the global heterogeneity of electrical patterns in
the atria and validating the approach in AF patients, assessing a spectrum of clinical
responses.

The final chapters include chapter 9, which discusses the thesis as a whole and
reflects on the work presented in the various chapters. This section also addresses
limitations, future directions, and how the findings align with the initial hypotheses
and objectives. Lastly, chapter 10 presents the conclusions and impact of the research
conducted in this dissertation.
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Chapter 2

State of the Art

This Chapter provides an overview of the state of the art, beginning with a clini-
cally focused exploration of the electrophysiological processes underlying cardiac
arrhythmias. The first three sections focus on key aspects of heart anatomy, electro-
physiological conduction, and the mechanisms behind different arrhythmias. The
third, fourth and fifth sections transition to a more technical perspective, with an
emphasis on signal processing methods, including the non-invasive and intracardiac
measurement of cardiac activity, electrograms, and advanced techniques in mapping
and analyzing electrophysiological signals.

2.1 The heart: role and anatomy

The heart is the central organ in the cardiovascular system, responsible for maintain-
ing the continuous flow of blood to meet the metabolic demands of the body. This
section provides an overview of the heart’s role in both pulmonary and systemic
circulation, highlighting how its anatomical structures and mechanical functions
work in concert to sustain life. Additionally, it explores the structural details of the
heart, offering insight into how these components contribute to the overall efficiency
of the circulatory system.

2.1.1 The cardiovascular system in a nutshell

The heart plays a crucial role in the circulatory system, which takes care of efficiently
transporting substances across cells, tissues, and organs to meet the metabolic needs
of a multicellular body. Simple diffusion is insufficient for this task, necessitating the
heart’s function as a powerful pump within the cardiovascular system. This system
also includes blood vessels, which act as conduits, and blood, which carries solutes,
water, and cells. The heart’s pumping action supports two primary circulatory
pathways: pulmonary circulation, moving blood from the right ventricle through
the lungs to the left atrium, and systemic circulation, transporting blood from the
left ventricle to the body’s tissues and back to the right atrium. Arteries carry
oxygen-rich blood from the heart to tissues, while veins return oxygen-depleted
blood to the heart. This coordinated process ensures that oxygen is delivered to
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organs and tissues through red vessels and that deoxygenated blood is returned
through blue vessels [44, 45].

2.1.2 Structural anatomy of the heart

Located in the chest, the heart is protected by the epicardium and the pericardium,
a fibrous sac filled with a lubricating fluid. The heart wall, or myocardium, is
primarily composed of cardiac muscle cells, while its inner surface is lined with the
endothelium [44]. The pericardium and epicardium provide mechanical protection
to the heart, with the pericardium serving as a shock absorber against physical
impacts and the epicardium providing a smooth, frictionless surface for the heart
to move within the chest cavity. The myocardium, being the muscular layer, is
responsible for the contractile force needed to pump blood throughout the body.
This muscle is unique in its endurance and rhythmic contractions, driven by the
heart’s intrinsic electrical conduction system.

The human heart consists of four chambers: two atria and two ventricles. Each side
of the heart contains an atrium and a ventricle, separated by atrioventricular (AV)
valves. The left AV valve, known as the bicuspid or mitral valve, and the right AV
valve, known as the tricuspid valve, allow blood flow from the atria to the ventricles.
The ventricles are divided by a muscular wall called the interventricular septum. AV
valves are passive structures that open and close in response to pressure gradients;
they open when the pressure in the atrium exceeds that in the ventricle and close
when the pressure gradient reverses. These valves are anchored to the papillary
muscles by chordae tendineae to maintain their function [46, 47]. A schematic
representation of the human heart is depicted in fig. 2.1.A.

To ensure blood flows into the arteries during ventricular contraction and to prevent
backflow into the ventricles during relaxation, the heart contains semilunar valves
located in the pulmonary trunk and the aorta. The pulmonary valve, situated in
the pulmonary trunk, and the aortic valve, located in the aorta, operate based on
pressure gradients between the ventricles and the arteries[44, 47]. These valves are
crucial for maintaining unidirectional blood flow through the heart and into the
systemic and pulmonary circulations.

Understanding the orientation of the heart within the thorax is essential for interpret-
ing its anatomical planes, and how they may affect the representation of non-invasive
recordings such as electrocardiograms (ECGs) and reconstructions of these such
as the VCG. While the body is traditionally studied in coronal, axial, and sagittal
views, the heart’s primary planes are conventionally the long-axis, four-chamber,
and short-axis, corresponding to frontal, horizontal, and sagittal views, respectively
[48]. These reference systems are not aligned, which must be considered when
examining anatomical representations [49].

Left atrial anatomy

Of noticeable importance for this dissertation is the left atrial chamber, given the
significance of AF and flutter in the field of EP. The left atrium is the highest and
most posterior chamber of the heart, receiving oxygenated blood, which is then
pumped into the left ventricle for systemic circulation.
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Separated from the right atrium by the obliquely positioned inter-atrial septum, the
left atrium has a cuboidal shape and is surrounded by anterior, left lateral, medial,
posterior, and superior walls [50]. The anterior wall is situated behind the pericardial
sinus and the aortic root, while the posterior wall houses the terminal ends of the
pulmonary veins[51]. Notably, the atrial wall behind the aorta is fragile, which is
important during catheter ablation treatments for atrial tachyarrhythmias, such as
AFL [52]. Compared to the right atrium, the left atrium is smaller and thicker, with
three primary openings: the mitral valve distally, the left atrial appendage (LAA)
laterally, and the pulmonary veins proximally [51]. The wall narrows near the mitral
annulus.

The structure of the left atrium originates from the pulmonary veno-atrial junctions,
bordered by fibro-fatty tissue, which transitions into the atrioventricular junction
at the mitral orifice [53]. There is an aperture from the body of the left atrium to
the LAA, which is smaller, slenderer, and more curved than in the right atrium.
Blood enters the left atrium through the inferior and superior pulmonary veins,
which also includes the LAA on the lateral side, a septal portion, and an inferior
vestibule. The left lateral ridge is a common site for ectopic foci, often treated
through ablation procedures [54]. Ectopic foci are abnormal pacemaker sites outside
the sinoatrial node that can disrupt the heart’s normal rhythm [55]. An overall view
of the anatomical structures discussed can be seen in fig. 2.1.B.

2.2 Electrophysiology behind the pulse

The heart’s rhythmic contractions are governed by intricate electrophysiological
processes, which are essential for maintaining effective blood flow throughout the
body. This section begins by examining the heart’s conduction system, highlighting
how electrical impulses are generated and propagated to control the heartbeat. It
then explores the mechanisms behind cardiac action potentials, the electrical signals
that trigger muscle contractions. Finally, it discusses how these signals spread across
the heart to ensure the coordinated pumping action of the atria and ventricles.

2.2.1 Electrophysiology and conduction system

The heart muscle cells, organized in tightly bound thin layers, form the myocardium
and contract approximately once per second, totaling around three billion times
over a typical lifespan [44]. Heart cell activation is heavily influenced by innervation.
Sympathetic postganglionic fibers from thoracic and spinal nerves innervate both
atria and ventricles, releasing norepinephrine onto beta-adrenergic receptors on
cardiac muscle cells [57]. In contrast, parasympathetic fibers from the vagus nerve
innervate the atria, acting on muscarinic receptors for acetylcholine [58].

2.2.2 Cardiac action potentials

Cardiac contraction signals originate in the autorhythmic cells of the myocardium,
which are noncontractile and interconnected via gap junctions that enable the rapid
spread of depolarization [59, 60]. An action potential (AP) is triggered when
the membrane potential reaches a specific threshold, causing rapid depolarization
followed by repolarization. The resting membrane potential of myocardial contractile
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Figure 2.1: A: shows the anatomy of the heart in a sagittal section, highlighting the right (blue)
and left (red) sides that correspond to the pulmonary and systemic circulations, respectively. The
right atrium and right ventricle are part of the pulmonary circulation, depicted in blue, where
deoxygenated blood is directed towards the lungs. On the other hand, the left atrium and left
ventricle, depicted in red, are part of the systemic circulation, carrying oxygenated blood to the
body. Arrows indicate the direction of blood flow through the heart chambers and major vessels.
Key anatomical structures such as valves (tricuspid, bicuspid/mitral, aortic, and pulmonary valves),
septa (interatrial and interventricular), and key vessels (pulmonary arteries, veins, and aorta)
are labeled for clarity. This image was retrieved from [44]. B: offers a detailed view of the left
atrium, showing a cut through this chamber and the adjacent structures. This diagram highlights
important features such as the aortic valve and the structure of the left atrial appendage. The
image has been worked over a figure in [56].
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cells is closer to the equilibrium potential of potassium ions (-90mV) than that
of sodium ions (+60mV), indicating higher potassium permeability [60]. During
depolarization, voltage-gated sodium channels open, allowing sodium ions to enter
and depolarize the cell. Repolarization involves the transient opening of potassium
channels, resulting in a distinctive action potential plateau (Figure 2.2).

Autorhythmic cells exhibit a pacemaker potential, an unstable membrane potential
due to the influx of positive charges through funny current (If) channels, leading to
spontaneous depolarization. Depolarization in myocardial cells triggers the opening
of voltage-gated calcium channels (L-type), balancing potassium efflux and creating
the action potential plateau. Eventually, these calcium channels close, and potassium
efflux through open channels returns the membrane potential to its resting state
[61].

The strength of cardiac muscle contraction varies depending on the amount of
calcium ions entering the cell, which in turn triggers further calcium release from
the sarcoplasmic reticulum [62, 63]. The heart rate is influenced by epinephrine
and norepinephrine acting on β1 receptors, which increase the rate of pacemaker
depolarization, while acetylcholine from the vagus nerve reduces the heart rate via
muscarinic receptors. Nodal cell APs differ from those of myocardial contractile
cells, featuring slow depolarization that ensures a continuous heartbeat without a
stable resting potential [61].

2.2.3 Electrophysiological signal propagation: the heartbeat

Effective pumping of blood through the pulmonary and systemic circulations re-
quires atrial contraction to precede ventricular contraction, initiated by muscle cell
depolarization spread via gap junctions [65, 66]. The sinoatrial node (SN) serves as
the heart’s pacemaker, generating APs that trigger myocardial depolarization and
contraction [67, 68]. The heart rate is thus determined by the SN’s discharge rate [69,
70].

Although located in the right atrium, the SN’s rapid conduction ensures simultane-
ous atrial contraction. The APs then travel to the ventricles via the atrioventricular
node (AN), which delays conduction to allow complete atrial contraction before
ventricular excitation. Internodal pathways facilitate AP conduction through the
atria [66]. Post-AN excitation, the AP propagates through the bundle of His along
the interventricular septum, branching into left and right pathways and into Purk-
inje fibers within the ventricular walls. This rapid conduction ensures synchronous
ventricular contraction and coordinated heart function.

2.3 Cardiac arrhythmias

Cardiac arrhythmias encompass a wide range of abnormal heart rhythms that
can significantly affect patient outcomes, varying from benign conditions to life-
threatening episodes. In this section, we focus on atrial flutter AFL, atrial fibrillation
AF, and ventricular tachycardia VT, as these arrhythmias represent key clinical
scenarios in which our proposed techniques will be applied. Each of these conditions
presents unique pathophysiological mechanisms that provide valuable information
to develop targeted diagnostic and therapeutic approaches.
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Figure 2.2: Membrane potential and ion permeability of cardiac cells. A1: Depiction of
the action potential in myocardial contractile cells, highlighting key ion permeability changes for

Ca
2+

, Na
+
, and K

+
. A2: Temporal changes in ion permeability during the action potential of

contractile cells. B1: Illustration of the action potential in autorhythmic cells of the myocardium,

showing ion permeability changes for Ca
2+

, Na
+
, and K

+
, and the activity of funny current (If)

channels. B2: Time course of ion permeability variations in autorhythmic cardiac cells. This
figure is inspired on figures from [44, 56, 64].

2.3.1 Atrial flutter

AFL is a type of supraventricular tachycardia, characterized by a distinctive, uniform,
and regular ECG waveform. AFL is physiologically defined by a macroreentrant
circuit (MC), where the electrical activity circulates around a large anatomical
obstacle, often in a circular or elliptical pattern, commonly repetitive. The most
common form of AFL occurs in the right atrium (RA) and is referred to as typical or
common AFL, where the tricuspid valve acts as the central obstacle around which
the reentry circuit revolves [71].

The electrocardiographic signal of AFL is often marked by a characteristic “sawtooth”
pattern, most evident in leads II, III, and aVF. In typical AFL, the MC is anatomically
constrained by structures such as the venae cavae and crista terminalis, with the
cavotricuspid isthmus (CTI) serving as a critical component of the circuit. The
electrical signal in common AFL must traverse the CTI, which is crucial for the
perpetuation of the arrhythmia. The atrial rate in AFL typically ranges between 150
and 320 beats per minute, depending on the conduction ratio with the ventricles
[72].
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AFL can be classified into typical and atypical forms. Typical AFL is more common
and occurs in the RA. Conversely, atypical AFLs can occur in either the right or
left atrium, involving reentrant circuits around various obstacles, such as the mitral
valve in the case of perimitral AFL. Atypical AFL is often associated with structural
heart disease or post-surgical atrial scarring, which can create electrically silent areas
that facilitate reentry [73]. The ECG patterns in atypical AFL are more variable but
still exhibit the repetitive atrial activity within the QRS complexes.

The treatment of AFL primarily involves catheter ablation, especially in cases of
typical AFL where the target is the CTI. In this case, ablation aims to create a line of
conduction block between the tricuspid valve and the inferior vena cava, thereby
interrupting the reentrant circuit and preventing the continuation of the arrhythmia.
This procedure is guided by EP mapping, which allows for precise localization of the
circuit and effective delivery of ablation energy. While radiofrequency (RF) ablation
is the most commonly used technique, cryoablation is also employed in certain cases,
depending on the specific anatomical and clinical considerations [74]. The success
rate of catheter ablation for AFL is high, making it a preferred treatment option for
long-term rhythm control.

2.3.2 Atrial fibrillation

AF is the most common sustained cardiac arrhythmia, characterized by rapid and
irregular atrial activity. It significantly increases the risk of stroke, thromboembolism,
heart failure, and overall mortality [75]. The prevalence of AF escalates with age,
particularly in those with underlying conditions such as hypertension, coronary
artery disease, and heart failure [76]. Studies, including the Framingham study, have
reported that the lifetime risk of developing AF is approximately 25% for men and
women aged 40 years and older [77, 78].

AF is typically classified into paroxysmal, persistent, and permanent forms, depend-
ing on the duration and frequency of episodes [79, 80]. Electrocardiographically,
AF is identified by the absence of discrete P waves and an irregular R-R interval,
indicative of disorganized atrial electrical activity. The management of AF involves
strategies for either rhythm control, which aims to restore and maintain sinus
rhythm, or rate control, which focuses on controlling the ventricular rate while
accepting AF as the persistent rhythm. Stroke prevention through anticoagulation is
a central aspect of AF management due to the high risk of thromboembolic events
associated with this condition [80, 81].

Catheter ablation has become a widely accepted treatment for symptomatic, drug-
refractory AF, particularly in younger patients and those without significant struc-
tural heart disease. This procedure typically involves the isolation of the pulmonary
veins, which are often the source of ectopic foci that trigger AF, thereby preventing
the recurrence of the arrhythmia [54, 82, 83].

2.3.3 Ventricular tachycardia

VT is a severe arrhythmia that originates from the ventricles and is defined by three
or more consecutive QRS complexes occurring at a rate greater than 100 beats per
minute [38]. Episodes of VT can significantly reduce the quality of life and increase
the risk of mortality [39, 40]. VT is the most common sustained arrhythmia and is
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a precursor to ventricular fibrillation, a leading cause of sudden cardiac death [41,
38]. The risk of VT is particularly high in patients with underlying structural heart
disease, where it can lead to cardiac arrest or sudden cardiac death. VT can arise
from several pathological conditions, including myocardial infarction, structural
heart abnormalities, inherited arrhythmia syndromes, and electrolyte imbalances
[84].

VT can be classified based on duration, morphology, hemodynamic characteristics,
and underlying mechanisms. Hemodynamically, VT may be classified as stable
or unstable. Stable VT might present with minimal symptoms, while unstable VT
requires immediate medical intervention due to significant impairment of cardiac
function. The latter condition often results in unmappable tachycardias, complicating
the mapping and treatment of the arrhythmia during episodes [38]. This instability
is a key factor in selecting appropriate mapping strategies for ablation.

Mechanistically, VT can be either focal or reentrant. The earlier results from abnormal
automaticity or triggered activity from a specific area, spreading activation in all
directions. Conversely, reentrant VT, the more common type, is associated with
myocardial infarction, where the formation of scar tissue disrupts normal electrical
conduction [42, 43].

Scar-related VT

Scar-related VT is the predominant form observed in patients with structural heart
disease [85]. It involves reentrant circuits within fibrotic or scarred myocardial re-
gions, where slow and heterogeneous electrical conduction through narrow myocar-
dial channels supports the reentrant activity by re-exciting previously depolarized
tissue [86, 87]. This substrate is characterized by regions of slow conduction and
unidirectional block, which are crucial for the maintenance of the reentrant circuit
[43]. The three-dimensional structure of the reentrant circuit and substrate can vary
widely, including subendocardial, intramural, or subepicardial localizations, and
may extend across the entire ventricular wall [88, 89].

In the context of scar-related VT, understanding the anatomical and functional sites
within the scar tissue that contribute to the arrhythmia is essential for effective
mapping and ablation. The critical isthmus (IS) within the scar is a narrow channel
of surviving myocardial fibers that allows electrical conduction. This region is
marked by slow conduction and is bordered by areas of complete or functional
block, sustaining the reentrant circuit [90, 85]. Targeting the isthmus during ablation
is crucial for disrupting the reentrant circuit and terminating VT.

In later chapters we will refer to low voltage areas (LVAs) as bystander areas,
comprising excitable tissue regions within the scar that are not part of the reentrant
circuit but can be passively activated by the propagating wavefront [91]. On the
other hand, normal voltage areas (NVAs), or alternatively healthy areas, are regions
of the myocardium unaffected by the scar, maintaining normal electrical conduction
properties. These regions can connect to the scarred myocardium and serve as the
origin or exit point for the reentrant circuit [92]. A further description of these
regions is provided in chapter 7.
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2.4. Non-invasively measuring the cardiac activity

2.4 Non-invasively measuring the cardiac activity

This section introduces the key principles behind non-invasive methods for mea-
suring cardiac activity, focusing on the electrocardiogram (ECG). Beginning with
the historical development of the ECG, it highlights the significant contributions of
Willem Einthoven and the creation of Einthoven’s Triangle, which laid the founda-
tion for modern cardiac monitoring. It then discusses how the 12-lead ECG system
has evolved to provide comprehensive views of the heart’s electrical activity from
various anatomical perspectives, enhancing diagnostic accuracy and understanding
of cardiac function.

2.4.1 Introduction to the electrocardiogram

In the late 19th century, it was discovered that the heart’s electrical activity could
be detected through surface electrodes placed on the skin. Although the first
human ECG was recorded in 1887 [93], substantial technological advancements were
necessary before it could be widely used in clinical practice.

Known as the father of the modern ECG, it was Willem Einthoven who significantly
advanced this technique by defining the standard components of the ECG signal
by formulating the concept of ’Einthoven’s Triangle’ [94]. This triangle, formed by
electrodes positioned on both arms and the left leg allowed to define the first three
leads as:

Lead I ∶ VI = ΦL − ΦR (2.1a)
Lead II ∶ VI I = ΦF − ΦR (2.1b)

Lead III ∶ VI I I = ΦF − ΦL (2.1c)

where VI represents the voltage of Lead I, VI I represents the voltage of Lead II,
VI I I represents the voltage of Lead III, ΦL denotes the potential at the left arm, ΦR
denotes the potential at the right arm, and ΦF denotes the potential at the left foot
[95, 96].

From these leads, referred to as Einthoven’s limb leads, the following relationship
can be derived following Kirchhoff’s second law:

VI I = VI + VI I I (2.2)

This framework was expanded by the augmented limb leads (aVR, aVL, and aVF),
introduced by Goldberger, whose motivation was to measure the potential difference
between a single electrode and a reference point defined as the midpoint of the other
two electrodes [97]. These augmented leads can be expressed as combinations of the
left arm, left foot, and right arm potentials as:
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VaVR = ΦR −
ΦL + ΦF

2 (2.3a)

VaVL = ΦL −
ΦR + ΦF

2 (2.3b)

VaVF = ΦF −
ΦR + ΦL

2 (2.3c)

Using eq. (2.1a), eq. (2.1b), and eq. (2.1c), Goldberger leads can be expressed as a
function of Einthoven’s leads as follows:

VaVR = −VI +
VI I I

2 (2.4a)

VaVL = VI −
VI I
2 (2.4b)

VaVF = VI I I +
VI
2 (2.4c)

In 1944, the precordial leads (V1, V2, ..., V6) were introduced by Wilson, with the
aim of measuring potentials closer to the heart [98]. This led to the development
of the 12-lead ECG system used today, which, despite some leads being derivable
from others, enhances pattern recognition by providing different vector projections
in orthogonal planes. Particularly, the precordial leads are placed on the chest as
follows: V1 is placed in the fourth intercostal space to the right of the sternum,
while V2 is placed in the fourth intercostal space to the left of the sternum. V3 is
positioned diagonally between V2 and V4. V4 is placed between the fifth and sixth
ribs in the midclavicular line. V5 is on the same level as V4 but in the anterior
axillary line, and V6 is on the same level as V4 and V5 but in the midaxillary line.
Additionally, the anatomical aspects of these leads further refine their clinical utility:
V1-V2, considered the septal leads, primarily observe the ventricular septum but can
also display ECG changes originating from the right ventricle. Conversely, V3-V4,
or anterior leads, allow understanding conduction at the anterior wall of the left
ventricle. Lastly, V5-V6, or anterolateral leads, represent the lateral wall of the left
ventricle. These placements are of interest for capturing the heart’s electrical activity
from various angles, thereby enhancing the diagnostic accuracy of the ECG [99].

2.4.2 Twelve-lead ECG patterns and features

The standard ECG (see fig. 2.3) captures various aspects of cardiac activity. The
primary components are the P wave, the QRS complex, and the T wave.

The P wave reflects atrial depolarization, preceding atrial contraction. The QRS
complex, representing ventricular depolarization, follows. Ventricular repolarization
is indicated by the T wave.

Depolarization spreads across the atria or ventricles, prompting muscle contraction.
Hence, the P wave marks the start of atrial contraction, and the QRS complex marks
the beginning of ventricular contraction. The ventricles remain contracted until the
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Figure 2.3: ECG Signal from a healthy patient. This processed signal from a healthy patient
has been low and high pass filtered. P, Q, R, S, and T waves are shown on the left beat, while
PQ and QT intervals, PR and ST segments, and the QRS complex are labeled on the right beat.

end of the T wave. Atrial repolarization overlaps with the QRS complex, rendering
the atrial T wave unobservable in a standard ECG.

The ECG signal’s voltage depends on electrode placement relative to the heart. For
the QRS complex, this voltage ranges from 1 to 1.5 mV, measured from the R wave’s
lowest to the S wave’s highest point. The P wave’s amplitude ranges from 0.1 to 0.3
mV, and the T wave ranges from 0.2 to 0.3 mV.

The P-Q or P-R interval spans from the start of the P wave to the onset of the
QRS complex, representing the time between atrial and ventricular excitation. It is
commonly referred to as the P-R interval due to the frequent absence of the Q wave.

The Q-T interval extends from the beginning of the Q wave to the end of the T wave,
covering the duration of ventricular contraction. In cases where the Q wave is absent
or poorly defined, the interval is measured from the R wave.

2.4.3 Vectorial analysis of the cardiac cycle

The cardiac electric potential at a specific instant in time can be represented by a
vector encoding both direction and magnitude. This can be generated based on the
current flow, with a length proportional to the voltage difference of the potential
across the heart anatomy.

At the moment of ventricular septum depolarization, current flows from depolarized
to non-depolarized areas, primarily toward the apex from the ventricular base. The
instantaneous mean vector, summing all vectors generated at that instant, points in
this direction, indicating the substantial current and potential (fig. 2.4).

Vectors are labeled by direction, standardized for universal understanding. Leftward
is 0 degrees, downward is +90 degrees, and upward is either +270 or -90 degrees
(fig. 2.4.B). The mean QRS vector aligns with +59 degrees. Lead directions correspond
accordingly to 0º, +60º, and +120º for leads I, II, and III, and +90º, +210º, and +330º
(or -30º) for leads aVF, aVR, and aVL, respectively. The mean QRS vector’s alignment
with lead II makes it preferred for cardiac signal representation. These directions
are summarized in fig. 2.4.B
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Figure 2.4: Mean vector and standard directions of mean potential vectors. A: Mean vector
during ventricular septum depolarization. B: Standard directions of mean potential vectors relative
to leads I, II, III, aVR, aVL, and aVF. The left side of the chest is at 0º, with anatomical drawings
mirrored (figures adapted from [100]).
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QRS complex from a vectorial standpoint

The QRS complex marks the initiation of ventricular depolarization, rapidly spread-
ing across the endocardial surfaces of the septum (fig. 2.4.C left). At approximately
0.01 seconds after the onset of depolarization, the vectors are small due to limited
depolarization, with lead II showing a significantly larger vector as it aligns with
the current flow through the septum. This results in a positive voltage increment in
the three leads (fig. 2.4.C right).

Depolarization then extends across the ventricular endocardial surfaces (fig. 2.4.D-E).
At around 0.02 seconds (fig. 2.4.D), the vectors lengthen due to increased depo-
larization, notably in lead II. By 0.035 seconds after the initialization of the signal
propagation at the SA node (fig. 2.4.E), the vectors shorten as the now electronega-
tive heart apex, which neutralizing positive charges, shifts the vector axis leftwards,
increasing the lead I voltage significantly more than lead III (fig. 2.4.E right).

Finally, the impulse travels through the ventricular muscle (fig. 2.4.F-H). At 0.05
seconds (fig. 2.4.F), the vector is short due to minimal positive charge flow, with a
negative direction for leads II and III and positive for lead I, resulting in negative
voltages for leads II and III (fig. 2.4.F right). In the last QRS complex step (fig. 2.4.G),
the vector becomes zero as depolarization completes, returning all leads to baseline
at 0 mV.

T wave from a vectorial standpoint

Following the QRS complex, ventricular repolarization occurs from 0.15 to 0.35
seconds post-depolarization onset (fig. 2.4.I). Repolarization starts at the ventricles’
outer surfaces and ends at the endocardial areas due to reduced endocardial blood
flow during contraction, causing the vector to point towards the apex (fig. 2.4.I
middle). The T wave formation involves five steps (fig. 2.4.I right), with small initial
vectors growing larger during mid-repolarization and weakening towards the end.

P wave and atrial T wave from a vectorial standpoint

The P wave results from atrial depolarization, starting at the sinoatrial node (SN)
and spreading towards the atrioventricular node (AN) (fig. 2.4.H left). The vector
originates at the SN, pointing towards the AN, showing positive voltage variations
in leads I, II, and III (fig. 2.4.H right), with the smallest in lead III.

Atrial repolarization begins at the SN and proceeds slowly due to the absence of
Purkinje fibers. Consequently, the vector points backwards as the SN becomes
positive relative to the atrial muscle, causing negative voltage variations in leads I,
II, and III (fig. 2.4.H right). However, this phenomenon is obscured in the ECG by
the concurrent QRS complex, requiring specialized techniques to isolate the atrial
signal.

2.4.4 The vectorcardiogram

In 1914, Williams first used the term ”vector” to describe the heart vector, rep-
resenting the instantaneous dipole strength and direction of the heart’s electrical
activity [101]. The primary aim of electrocardiography is to dynamically measure
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this heart vector, requiring the use of a vectorcardiogram (VCG). The VCG employs
three orthonormal leads (X, Y, and Z) aligned with the body’s primary axes and
normalized to measure the dynamic x, y, and z components of the heart vector [102].

By analyzing the combined amplitudes in the xy, xz, yz, and xyz planes and
amplitudes, the VCG provides two-dimensional or three-dimensional patterns of
cardiac movement. Notably, the lead Z amplitude in the sagittal plane peaks before
lead Y, explaining why the largest ECG amplitude is often missed, as the heart
vector’s direction at that instant typically does not align with any lead vectors.
Vectorcardiography addresses this by computing a fourth scalar lead, representing
the vector magnitude via the Pythagorean theorem (root-sum-squared x − y − z
amplitudes).

Over the following decades, various VCG systems with distinct electrode config-
urations were developed. Prominent among these were systems by Burger et al.
[103], McFee et al. [104], Schmitt et al. [105], and Frank [106], with the Frank system
becoming the most widely adopted. Key figures in VCG development included
Robert P. Grant [107] and J. Willis Hurst [108], who facilitated the routine clinical
use of VCGs in the 1960s.

While comparative studies evaluating the performance of different VCG reconstruc-
tion methods on various downstream tasks exist [109, 110, 111], this topic lies outside
the scope of this dissertation. Instead, we will follow the widely accepted reconstruc-
tion using the Inverse Dower Transform in the subsequent chapters. Specifically, we
define:

VCG(τ) = WITD × ECG(τ) (2.5)

where:

VCG(τ) = [XVCG(τ) YVCG(τ) ZVCG(τ)]T (2.6)

ECG(τ) = [ℓV1(τ) ℓV2(τ) ℓV3(τ) ℓV4(τ) ℓV5(τ) ℓV6(τ) ℓI(τ) ℓII(τ)]T

(2.7)

with ℓx(τ) representing the lead x over time, and the weight matrix for the Inverse
Dower Transform:

WITD =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

−0.172 −0.074 0.122 0.231 0.239 0.194 0.156 −0.010
0.057 −0.019 −0.106 −0.022 0.041 0.048 −0.227 0.887
−0.229 −0.310 −0.246 −0.063 0.055 0.108 0.022 0.102

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(2.8)

2.5 Electrical propagation through the cardiac tissue

Although surface ECGs provide valuable insight into the electrical activity of the
heart, they are limited by their external nature. To gain a more detailed understand-
ing of the electrophysiological processes of the heart, particularly in the diagnosis
and treatment of arrhythmias, we must explore intracardiac signals with focus on
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EGMs, which offer a closer view of electrical propagation directly within cardiac
tissue. The EGM signal can be understood as the recording of potential changes
in the cells adjacent to an electrode, resulting from the propagation of the action
potential described in Section section 2.2.2 across the tissue. In this section, we
get inspiration from Abdi et al. [112] to describe the propagation of cardiac AP,
how EGM signals can be modelled as a sum of transmembrane currents of cells in
the vicinity of the recording electrodes, and how transmembrane currents can be
estimated by solving an interpolation-deconvolution problem.

2.5.1 Propagation of the action potential signal

Using the reaction-diffusion equation [113] as a reference, the action potential
propagation in a two-dimensional framework and the transmembrane current can
be expressed as:

Q
∂V(xc, yc, τc)

∂τ
= I(xc, yc, τc)+ Ist(xc, yc, τc)− Iion(xc, yc, τc, V), (2.9)

I(xc, yc, τc) = S−1
v ▽ Σ(xc, yc)▽ V(xc, yc, τc). (2.10)

where V(xc, yc, τc) is the cell potential at time τc and location (xc, yc), Q = 1 µF cm−2

is the total membrane capacitance, Ist is the stimulus current, Iion is the total ionic
current computed according to the Courtemanche model [114], Sv = 0.24 µm−1 is
the surface-to-volume ratio at the cellular level, and Σ(xc, yc) is the intracellular
conductivity tensor [112].

2.5.2 Electrogram signals

Conceptualizing a single EGM times series as a weighted sum of transmembrane
currents generated by individual cells, we can define these weights are inversely
proportional to the distance between each cell and the recording electrode. Given
a cell positioned at (xc, yc) and an electrode at (xm, ym) with a fixed height z0
above the two-dimensional tissue plane, the distance between them is given by√
(xc − xm)2 + (yc − ym)2 + z2

0. Accordingly, the EGM can be modeled as follows:

Φ(xm, ym, τc)EGM =
1

4πσe
∫

S

I(xc, yc, τc)√
(xc − xm)2 + (yc − ym)2 + z2

0

dS(xc, yc), (2.11)

where m ranges from 1 to M, the total number of electrodes, S represents the surface
area containing the modeled cells, S(xc, yc) is the differential surface area element,
and σe is the constant extracellular conductivity [113]. This model incorporates
the spatial convolution of the transmembrane current I(xc, yc, τc) with a distance-
dependent kernel κ0(xc, yc) =

1√
x2

c+y2
c+z2

0

. The spatial sampling performed by the

electrode array is captured by the sampling operator ς0, which is given by ς0(xc, yc) =
∑M

m=1 δ(xc − xm)δ(yc − ym), where δ(xc) is the Dirac delta function. The EGM, as
modeled in eq. (2.11), can thus be reformulated as:
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Φ(xc, yc, τc)EGM =
1

4πσe
[ς0(xc, yc)κ0(xc, yc)⊛ I(xc, yc, τc)] , (2.12)

where ⊛ represents a two-dimensional spatial convolution. In this formulation, we
assume that the electrode’s physical dimensions are small enough to be considered
negligible, as proved in this framework by Abdi et al. [112].

To address the inverse problem, eq. (2.12) can be discretized in both spatial and
temporal domains. Spatially, this involves replacing blocks of cells within the three-
dimensional tissue with modeled cells on a uniform 2D grid, where the cell-to-cell
spacing is ∆x and the grid size is N = rc × ce, representing the number of cells along
the grid’s rows and columns, respectively. Temporal sampling is performed with
a sampling period T, resulting in Ts discrete time steps. The resulting discretized
convolution model for the EGM is expressed as:

Φ[x, y, τ] = kς0[x, y] [κ0[x, y]⊛ I[x, y, τ]] , (2.13)

where x, y and τ are integers indexing the sample grid, and k =
∆x2

4πσe
. The sample

spacing for the kernel, κ0[x, y], is determined by a limit of (2n + 1)× (2n + 1) grid
points. To facilitate the convolution process, the modeled kernel is extended by
n cells in each direction. The sampling operator ς0[x, y] ensures that only the M
measured spatial locations are considered, with all other locations excluded. This
discrete model can then be readily transformed into a matrix-based representation
[115].

2.5.3 Transmembrane currents

Estimating the transmembrane currents I[x, y, τ] can be achieved by solving a
deconvolution-interpolation problem. The deconvolution can be performed by
minimizing the least square error between the observed EGM Φ and the estimated
value ς0(κ0 ⊛ I) – first term in eq. (2.14). Given the limited number of EGMs
compared to modeled cells, and the low-pass filtering effect of the distance kernel,
the inverse problem is inherently ill-posed, often leading to unstable solutions
[112]. To address this, regularization techniques are introduced to stabilize the
solution by incorporating prior knowledge of the expected outcome. A common
choice is Tikhonov regularization [116], which imposes spatial constraints but may
not provide sufficient interpolation, especially when the expected wave pattern is
narrowly defined, as in fractionated EGMs [117, 118, 119]. A more effective approach
assumes that sharp deflections in an EGM are indicative of wave propagation and AF.
These deflections are captured in the first-order time derivative of the transmembrane
current I ′[x, y, τ].

Assuming that the temporal derivative will have sparse, non-zero elements in
fractionated EGMs, effectively capturing these rapid deflections, the first-order
derivative of the transmembrane current can be considered sparse. To enforce
this sparsity, an ℓ1-norm constraint in the regularization function can be employed
resulting in the optimization problem:
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min
I

∥Φ − ς0(κ0 ⊛ I)∥2
2 + λ∥I ′∥1 (2.14)

where

∥I∥2
2 ≜ ∑

x
∑

y
∑

τ

∣I[x, y, τ]∣2, (2.15)

∥I ′∥1 ≜ ∑
x
∑

y
∑

τ

∣I ′[x, y, τ]∣, (2.16)

and λ is the regularization parameter that controls the influence of the regularization
term.

To manage the ℓ1-norm and ℓ2-norm terms in eq. (2.14), one can utilize the Split
Bregman algorithm [120, 121], which decouples these terms by introducing splitting
variables Z1 = κ0 ⊛ I and Z2 = I ′. The modified optimization problem becomes:

min
I,Z1,Z2,B1,B2

∥Φ − ς0Z1∥2
2 + µ1∥Z1 − (κ0 ⊛ I)− B1∥2

2 + λ∥Z2∥1 + µ2∥Z2 − I ′
− B2∥2

2

(2.17)

where B1 and B2 are Bregman iterative parameters, and µ1 and µ2 are penalty
parameters. This formulation allows the problem in eq. (2.17) to be broken down into
five steps, each updating one unknown parameter I, Z1, Z2, B1, or B2 [122]. Overall,
by avoiding performing computations in the Fourier domain and computationally
expensive matrix inversions, this algorithm proves fast convergence and a reasonable
precision and accuracy in practice [112].

Lastly, it is important to recognize that the modeled cell size ∆x in the inverse prob-
lem is significantly larger than a real cell size. Each modeled cell represents a cluster
of cells in three-dimensional tissue. Consequently, the estimated transmembrane
currents are more localized and should be interpreted as such.

2.5.4 Conduction velocity estimation

Conduction velocity (CV) describes the propagation of the wavefront impulse gener-
ated by action potentials, characterized by its speed and direction. CV measurements
provide crucial information in both electrophysiology (EP) settings, where they help
identify patterns and potential arrhythmogenic mechanisms [123, 124, 125, 126], and
in laboratory settings, where they offer insights into the tissue’s microarchitecture
[127, 128]. Regions with slower CV are commonly associated with fibrosis, reduced
connectivity, altered cellular coupling [129, 130, 131, 132, 133, 134, 135, 136], and
reentry regions, which may correlate with arrhythmia initiation sites [130, 137].
However, due to the non-planar nature of the propagation wavefront [138, 139, 140],
structural branching of the tissue [141, 142], the complex 3D structure of the cardiac
walls, limited understanding of 3D propagation patterns [143, 144, 145], and the
complex propagation patterns in cases of arrhythmias like AF, various methods of
differing nature have been proposed to estimate CV [146]. Next, we describe and
illustrate some of these methods (fig. 2.5).
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Figure 2.5: Summary of various techniques used for estimating CV. A: CV estimation using
triangulation. The angle θ3 is computed using the cosine rule based on known lengths x1, x2,
and x3. Angles θ1 and θ2 determine the wavefront’s angle of incidence with respect to sides x1
and x2. B: Finite difference technique for CV estimation on a grid with electrode separation
ρe. Activation gradients are computed horizontally and vertically using activation times from
four highlighted electrodes. C: Planar wave activation across a circular catheter, estimated with
a sinusoidal function fitting technique. Activation times at 8 electrodes fit a translated cos θ
function. D: Circular wave CV and focal source o estimation using recording points at positions
xi. The distances from the focal source and the earliest activation point x0 are denoted by di
and ri. E: Planar wavefront velocity estimation from differences in location and activation time.
Inter-electrode distances normal to the wavefront and their time delays are used to estimate
wavefront speed v. F: Planar wavefront velocity estimation from an equally spaced electrode grid
using a MLE approach. Row and column time delays, tR and tC, are used to compute velocity
through trigonometry. The panels of this figure are based on figures from [146].
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Local measurement requirements

The spatial resolution is crucial for estimating CV, especially for complex, non-
planar wavefront profiles. To achieve higher resolution, the spatial Nyquist criterion
requires the inter-electrode distance to be less than half of the smallest relevant
spatial wavelength [127]. Thus, when selecting an estimation method, one must
consider the trade-off between achieving a high-resolution vector field, which may
be susceptible to errors due to increased uncertainty in position and activation time
measurements, and obtaining a more accurate lower-resolution estimation, which
might miss important propagation patterns in the underlying substrate.

Triangulation

Applied in numerous clinical studies [147, 148, 149, 150], triangulation allows for
the estimation of CV from a set of arbitrary points on the selected surface. These
points can be appointed by an operator or automatically chosen using methods such
as Delaunay triangulation [151] or edge completion [152]. As shown in fig. 2.5.A,
there is a relationship between the angle of incidence of the propagating wave and
the speed:

cos θ2 = cos(θ3 − θ1), (2.18)

v =
∣x1∣ cos θ1

ta
=

∣x2∣ cos θ2
tb

, (2.19)

where the CV is represented by v, the angle θ3 at the earliest activation vertex X3
can be determined by:

θ3 = arccos(∣x1∣2 + ∣x2∣2 − ∣x3∣2

2∣x1∣∣x2∣
) , (2.20)

and the angles θ1 and θ2, originating from vertex X3, describe the angles between
the wavefront and the edges of the triangle converging at such origin. One can then
determine the direction of activation by solving for θ1 as

θ1 = arctan ( tb∣x1∣− ta∣x2∣ cos θ3

ta∣x2∣ sin θ3
) . (2.21)

Finite differences

Well-suited for commonly used multi-electrode array catheters, finite differences
between neighboring electrodes, as represented in fig. 2.5.B, have been used in
various studies, including optical mapping studies [153, 154]. Using first-order finite
differences to compute the vertical and horizontal components of the activation
gradient:

∂τ

∂x
=

1
2ρe

(τi+1,j − τi−1,j) i, (2.22)

∂τ

∂y
=

1
2ρe

(τi,j+1 − τi,j−1) j, (2.23)
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one can estimate the direction of activation ξ̂ as:

ξ̂ =

i ∂τ
∂x√

( ∂τ
∂x )

2
+ ( ∂τ

∂y )
2
+

j ∂τ
∂y√

( ∂τ
∂x )

2
+ ( ∂τ

∂y )
2

, (2.24)

and the conduction speed ∣vu∣ and its unit vector as:

∣vu∣ =
1

∣▽τ∣ =
1√

( ∂τ
∂x )

2
+ ( ∂τ

∂y )
2

, (2.25)

leading to the expression of the CV as:

vu = ∣vu∣ξ̂ =

i ∂τ
∂x

( ∂τ
∂x )

2
+ ( ∂τ

∂y )
2 +

j ∂τ
∂y

( ∂τ
∂x )

2
+ ( ∂τ

∂y )
2 . (2.26)

Due to the susceptibility of this approach to noise when estimating the local activa-
tion time (LAT) in neighboring electrodes, a two-dimensional Gaussian smoothing
operator can be used in a convolution-trend to smooth the velocity vector field [146].

Polynomial techniques

These involve fitting one or more polynomial surfaces P(x) = Pκ(x) to subsets of the
space-time coordinates (x, τ), where x denotes the electrode position, τ represents
the wavefront activation time, and κ is the order of the polynomial surface. The
surface is fitted to the data using a standard least-squares algorithm. Although
this method using quadratic surfaces has been applied to regularly spaced unipolar
electrode arrays in the two-dimensional case [127], the arrangement of points can be
arbitrary.

To compute a CV vector at an arbitrary point x using quadratic polynomial surfaces,
the data (xi, τi) within a fixed neighborhood of x is fitted to an expression of the
form:

P(x1, x2) = c1x2
1 + c2x2

2 + c3x1x2 + c4x1 + c5x2 + c6. (2.27)

The velocity vector is then defined as:

v = (
∂x1
∂P
∂x2
∂P

) =

⎛
⎜⎜⎜
⎝

Px1
P2

x1+P2
x2

Px2
P2

x1+P2
x2

⎞
⎟⎟⎟
⎠

. (2.28)

Further considerations were described by Cantwell et al. [146], and prior works [127,
128, 154, 155, 156, 157, 158].
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Sinusoidal function fitting

Assuming a planar wavefront passing through a circular arrangement of electrodes
with θc as a constant offset and radius d/2 (see fig. 2.5.C), the activation times can
be described by:

τ(n) = τc − A cos [γ(n − 1)− φ0] , (2.29)

where τc denotes the central activation time and φ0 represents the initial phase
angle of activation [159]. The initial values for the unknowns τc, A, and φ0 are
estimated based on the activation sequence. The parameters can be fitted by using
an algorithm such as one of sequential quadratic nature. The CV is subsequently
calculated as d/2A.

Experiments on simulation data validating this method have been performed [159],
followed by studies on circular multipolar catheters in clinical settings [160, 161].
Further, generalizations of this method to other catheter configurations have been
proposed [162], with the limitation that two-dimensional projections may distort
inter-electrode distances which may introduce errors when estimating a focal source
[146], see fig. 2.5.D.

Radial basis functions

LATs can be interpolated across a surface using radial basis functions (RBF). This
class of functions, φ(x) = φ(∥x∥), depends only on the distance from a fixed point.

A typical example is the Gaussian function φ(d/2) = e−(c(d/2))2
. For activation

times τn at N electrode positions xn, the activation surface can be modeled as a
combination of radial basis functions:

P(x) =
N

∑
n=1

an φn(∥x − xn∥)+
M

∑
m=1

bmΓm(x), (2.30)

The RBFs φn are centered at the measurement points xn, and the second term Γm
represents the associated polynomial [163]. The constraints P(xn) = τn ensure that
the surface represents the recorded activation times at the electrode locations. Solving
the linear system of N equations allows for the determination of the coefficients an.
To avoid including additional low-order polynomials Γm and constraints to ensure
a unique solution to the interpolation problem, the RBF of choice must be positive
definite [164].

Isopotential lines

To estimate CV, one can analyze the distance traversed by an isopotential line (IL)
over a fixed time interval [165]. This involves constructing an IL at each time
instant using a parametric spline fitted through data points at a constant potential.
In this manner, the direction of wavefronts can be inferred from the sign of the
derivative of voltage over time. Given a fixed time window, the CV at a point
on the line is determined by examining the distance travelled in the direction
perpendicular to the isopotential line. However, this method may require data
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with higher resolution than typically available in clinical settings and necessitates
absolute measurements of membrane potential, restricting its use primarily to optical
mapping. A generalization of this method involves using spatial gradients of any
scalar quantity for which a specific isovalue corresponds to the excitation wavefront
[166]. This approach is commonly known as arbitrary scalar fields [146].

Time delays

In regions with closely spaced electrodes, time differences can be used to estimate
propagation velocity by assuming a planar wavefront [167]. For any given pair of
electrodes in the vicinity, the wavefront CV can be expressed as:

v =

(xj − xi) ⋅ n
τij

, (2.31)

where xi and xj are the positions of the electrodes, n is the unit vector normal to
the planar wavefront, and τij is the time difference between them. By defining
n̂ = (1/v)n, the following system of equations can be established:

(xj − xi) ⋅ n̂ = τij, (2.32)

This equation relates the inter-electrode distances in the direction of the wavefront to
the corresponding time delays, which can be represented in matrix form as: X⊤n̂ = τ
(see fig. 2.5.E)

Maximum likelihood estimation

Given that the signal’s wavelength is comparable to the electrode grid size, the
incident wave can be assumed to be planar with an angle θ and velocity v. Electrodes
share the same signal morphology s(n), and can be modeled as a time-shifted version
of s(n) based on each electrode’s row R and column C:

xR,C(n) = s (n − (R − 1)tR − (C − 1)tC)+ ωR,C(n) (2.33)

where ω(n) is Gaussian white noise with variance σ
2 and n (see fig. 2.5.F). The time

delays tR and tC between rows and columns can be estimated by maximizing the
probability p(tR, tC∣xR,C(n), s(n)).

Using Bayesian inference, the maximum likelihood estimation (MLE) of (tR, tC)
reduces to minimizing a cost function, incorporating weights based on the SNR,
significantly improving estimation accuracy. The conduction speed and angle of
incidence are then computed as:

2.6 Characterizing the tissue: intracardiac recordings

In this section, we explore the characterization of cardiac tissue through intracardiac
EGMs, focusing on the use of electro-anatomic mapping systems and grid catheters
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Table 2.1: Overview of selected CV estimation methods: Advantages and caveats. A comprehen-
sive list and detailed descriptions is provided by Cantwell et al. [146].

Method Key Refs. Benefits Caveats

Triangular [168, 150,
149, 169]

Local score, examines regional
variabilities

Prone to LAT errors, challenging
to automate

Finite Diff. [154, 170] Local score, assesses regional vari-
abilities

Prone to noise/missing data, fails
if times are identical, needs grid

Polynomial [127, 128,
154, 157,
171]

Flexible point arrangement, robust
to noise

May require more points, choice
of ∆X, ∆T needed

Sinus-fit [159, 160,
161, 162]

Curvature measure, distance to fo-
cal source

Single macroscopic wavefront
only, one vector per catheter

RBF [163, 172] Finds LATs anywhere, no assump-
tion on arrangement

Computation-heavy

IL [165] Accurate wavefront curvature esti-
mation

Needs membrane potential mea-
surements, high resolution

Time delay [167] Uses neighboring location data,
handles incorrect LATs

Assumes plane wave locally

MLE [173] Tolerant of LAT errors Needs grid of recording points

for detailed assessment of arrhythmias. We will discuss how these technologies
enhance our understanding of local electrical activity, activation patterns, and
arrhythmogenic substrates, providing a foundation for subsequent signal processing
and omnipolar EGM analysis.

2.6.1 Electro-anatomic mapping systems in arrhythmias

Electroanatomic mapping systems serve for the diagnosis and treatment of arrhyth-
mias, and should be used when indicated by the guidelines [174, 175, 176, 177,
178]. High-density mapping involves the use of a multitude of electrodes to cap-
ture detailed electrical activity within the chamber examined, providing a local
understanding of the conduction patterns on the surface of the cavity.

High-density mapping systems typically consist of multiple electrodes arranged on
a catheter or balloon, which is inserted into the heart chamber of interest. These
systems can record numerous EGMs simultaneously, offering a detailed temporal and
spatial resolution of the cardiac electrical activity. The recorded data are processed
to generate three-dimensional (3D) maps of electrical activation and voltage. These
maps help identify abnormal conduction pathways and areas of scar tissue that are
critical in guiding ablation procedures [179, 180]. Of particular importance for this
dissertation is the HD Grid Mapping Catheter from Abbott. This catheter features a
multi-electrode grid design that enables high-density mapping.

In AF, mapping systems are used to delineate the complex and often diffuse electrical
activity within the atria. This helps in pinpointing focal triggers, commonly located
near the pulmonary veins, facilitating targeted ablation to isolate these areas from
the rest of the atrium [54, 181]. For VT, particularly in patients with structural heart
disease, high-density mapping aids in identifying re-entrant circuits and regions of
low voltage indicative of scar tissue. These insights are crucial for deploying linear
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ablation lesions to interrupt these circuits and prevent arrhythmia recurrence [182,
183].

Advancements in high-density mapping technology include the integration of imag-
ing modalities such as computed tomography (CT) and magnetic resonance imaging
(MRI) with electroanatomic mapping systems [184]. This fusion of imaging data
enhances the anatomical accuracy of the electroanatomic maps, providing a more
detailed and precise framework for guiding catheter ablation [185, 186]. Non-
fluoroscopic catheter navigation systems have further reduced radiation exposure
during procedures, enhancing the safety profile of these interventions [187, 188].

Clinical studies have demonstrated that high-density mapping improves the success
rates of complex ablation procedures by providing detailed anatomical and electrical
information that is not available through conventional mapping techniques [189].
Future advancements may focus on the development of real-time MRI-compatible
catheters, which could allow for real-time visualization of both anatomical and
electrical data without the use of ionizing radiation. Additionally, improvements
in 3D ultrasound imaging could provide a non-invasive alternative for detailed
intracardiac imaging [190, 191].

2.6.2 Electrogram recordings in a grid catheter

In this and next sections, we examine the four adjacent electrodes from a grid-array
catheter. This analysis sets the groundwork for the subsequent chapters of this
thesis, specifically chapter 4 and chapter 5. The electrodes are labeled as follows:
on the lower most abscissa, the I on the left and II on the right. Analogously, at the
uppermost abscissa, III on the left (on top of I on the same ordinate), and IV on
the right, aligned with II on the ordinate. Considering a planar wave, let τo denote
the reference time at which the wave passes through the center of the square grid.
Assuming a constant velocity v within the grid and a distance ρe between adjacent
electrodes (with

√
2ρe between diagonally opposite electrodes), the activation times

at the four electrodes are given by:

τI = τo −
ρe
2v sin γ −

ρe
2v cos γ; (2.34)

τII = τo +
ρe
2v sin γ −

ρe
2v cos γ; (2.35)

τIII = τo −
ρe
2v sin γ +

ρe
2v cos γ; (2.36)

τIV = τo +
ρe
2v sin γ +

ρe
2v cos γ. (2.37)

Let ψ(τ) represent the unipolar voltage waveform created as a plane wave passes a
specific point at τ = 0. When one or more electrodes within the square register ψ(τ),
the resulting unipolar and bipolar EGMs (u-EGMs and b-EGMs) can be described as
follows:

ui(τ) = ψ(τ − τi), i ∈ {I, II, III, IV} (2.38)
bi,j(τ) = uj(τ)− ui(τ)

= ψ(τ − τj)− ψ(τ − τi), i, j ≠ i ∈ {I, II, III, IV}. (2.39)
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Bipolar signals can be derived along different directions within the square: horizon-
tally (bI,II(τ) and bIII,IV(τ)), vertically (bI,III(τ) and bII,IV(τ)), and along the diagonals
(bI,IV(τ) and bII,III(τ)). The activation time of each b-EGM bi,j(τ) is related to the
wave’s passage through the midpoint between electrodes i and j. Consequently,
relative delays may occur between different bi,j(τ). Using the Taylor series expansion
for ui(τ) = ψ(τ − τi) around τi = τo, we approximate:

ui(τ) ≈ ψ(τ − τo)− ∆τiψ
′(τ − τo)+

1
2(∆τi)2

ψ
′′(τ − τo) (2.40)

bi,j(τ) ≈ −∆τi,jψ
′(τ − τo)+

1
2 ((∆τj)2

− (∆τi)2)ψ
′′(τ − τo). (2.41)

where ∆τi,j = τj − τi represents the time differences between activation at electrodes
i and j, with i, j ∈ {I, II, III, IV}, and ∆τi = τi − τo denotes the time difference between
activation at electrode i and the reference activation time at the center of the square.
Combining eq. (2.34) eq. (2.35) eq. (2.36), eq. (2.37) and eq. (2.41), we express the
bipoles as:

bI,II(τ) ≈ −
ρe
v sin γ ψ

′(τ − τo)−
ρ

2
e

4v2 sin(2γ)ψ
′′(τ − τo) (2.42)

bIII,IV(τ) ≈ −
ρe
v sin γ ψ

′(τ − τo + τ) (2.43)

bI,III(τ) ≈ −
ρe
v cos γ ψ

′(τ − τo)−
ρ

2
e

4v2 sin(2γ)ψ
′′(τ − τo) (2.44)

bII,IV(τ) ≈ −
ρe
v cos γ ψ

′(τ − τo)+
ρ

2
e

4v2 sin(2γ)ψ
′′(τ − τo) (2.45)

bI,IV(τ) ≈ − (ρe
v sin γ +

ρe
v cos γ)ψ

′(τ − τo) (2.46)

bII,III(τ) ≈ − (ρe
v sin γ −

ρe
v cos γ)ψ

′(τ − τo) (2.47)

which we further simplify to:

bI,II(τ) ≈ −
ρe
v sin γ ψ

′ (τ − τo +
ρe
2v cos(γ)) (2.48)

bIII,IV(τ) ≈ −
ρe
v sin γ ψ

′ (τ − τo +
ρe
2v cos(γ)) (2.49)

bI,III(τ) ≈ −
ρe
v cos γ ψ

′ (τ − τo +
ρe
2v sin(γ)) (2.50)

bII,IV(τ) ≈ −
ρe
v cos γ ψ

′ (τ − τo −
ρe
2v sin(γ)) (2.51)

bI,IV(τ) ≈ −

√
2ρe
v cos(γ −

π

4
)ψ

′(τ − τo) (2.52)

bII,III(τ) ≈ −

√
2ρe
v sin(γ −

π

4
)ψ

′(τ − τo) (2.53)

From these approximations, the second-order expressions for the various b-EGMs
bi,j(τ) reveal the relative delays between them. The relationship between bI,II(τ) and
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bI,III(τ), measured in different directions (x and y), is expressed as:

bI,III(τ) ≈ −
ρe
v cos γ ψ

′(τ − τo)−
ρ

2
e

4v2 sin(2γ)ψ
′′(τ − τo)

≈
cos γ

sin γ
bI,II

⎛
⎜
⎝

τ −
ρe sin(π

4 − γ)
√

2v

⎞
⎟
⎠

.
(2.54)

Equation (2.54) poves that the b-EGM along the y-axis (I-III) is a scaled version of the

b-EGM along the x-axis (I-II) by a factor of cos γ
sin γ

and is delayed by ε =
ρe sin( π

4 −γ)
v
√

2
. This

represents the delay for the wave to pass between the midpoints of each electrode
pair, which are separated by ρe/

√
2. As foreseen, for γ =

π
2 (propagation along the

abscissa), bI,III(τ) = 0, whereas for γ =
π
4 , the delay ε = 0, indicating simultaneous

activation of both bipolar EGMs in the abscissa and ordinate directions. Similarly,
the relationship between bI,II(τ) and bIII,IV(τ), both along the horizontal coordinate,
is described by:

bIII,IV(τ) ≈ −
ρe
v sin γ ψ

′(τ − τo)+
ρ

2
e

4v2 sin(2γ)ψ
′′(τ − τo)

≈ bI,II (τ −
ρe
v cos γ) .

(2.55)

Equation (2.55) indicates that b-EGMs along parallel directions exhibit identical
amplitudes, as expected. The delay ε =

ρe
v cos γ varies from 0, when propagation is

aligned with the electrode pairs (γ =
π
2 ), to ρe

v , when propagation is perpendicular
to the direction of the electrode pairs (γ = 0).

2.6.3 Signal processing for omnipolar electrograms

Local unipoles are commonly used to measure propagation speed and local cellular
activation from a group of four closely spaced electrodes, which we refer as a clique,
originating from an array with equispaced electrodes. In literature proposing triads
of electrodes from the clique to reconstruct the omnipolar signal, the CV vector and
other omnipolar signal features are assumed to be located at the center of the clique
[18, 192]. Yet, the real center of these triangular configurations may differ from that
location as the ’center’ of a triangle of electrodes in a clique does not coincide with
the center of the clique.

Assuming that the four electrodes of a clique lie on a tight planar myocardial
surface, we can define a 2D coordinate system and show the distance (d) between the
electrodes. The clique then forms a square, and a wave could traverse the clique, for
instance, from left to right along the x axis. Commonly, a spatial derivative is applied
to unipolar signals recorded by the electrodes to better reveal local information—this
derivative is known as bipolar EGMs. In this example, the largest amplitude would
be observed in bipolar the bipolars along the wave’s direction, while the bipole
perpendicular to the wave would be the smallest. This spatial derivative is expressed
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mathematically as follows: Let Φ(τ) represent a collection of unipolar EGMs φ(τ)
from a 4-electrode clique organized as:

Φ(τ) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

φ1(τ)
φ2(τ)
φ3(τ)
φ4(τ)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

φ1(τ1) φ1(τ2) ⋯ φ1(τn−1) φ1(τn)
φ2(τ1) φ2(τ2) ⋯ φ2(τn−1) φ2(τn)
φ3(τ1) φ3(τ2) ⋯ φ3(τn−1) φ3(τn)
φ4(τ1) φ4(τ2) ⋯ φ4(τn−1) φ4(τn)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(2.56)

Here, n is the number of samples taken at different time points τ0, τ1, τ2, etc.

The corresponding vertical, diagonal and horizontal bipoles are defined from the
lower-left electrode of the clique as a reference as:

dΦ(τ) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

φ1(τ)− φ2(τ)
φ1(τ)− φ3(τ)
φ1(τ)− φ4(τ)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(2.57)

with the following distance matrix:

dX = − [0 d d
d 0 d] (2.58)

where each column contains the abscissa and ordinate distance for each bipole in
dΦ(τ). Assuming the electrode coordinates do not change over time, the distance
matrix shall remain constant.

Additionally, unipolar EGMs are known to relate to the electric field at the extracellular-
myocardial interface. Therefore, the relationship between this E field and unipolar
voltages is known to be:

E = −_φ (2.59)

The relationship between E,_φ, and dΦ is detailed in the work of Deno et al. [15].
We introduce now the omnipole concept as a least squares solution for E.

Revisiting the example where the omnipole is produced by a travelling wave almost
parallel to the x̂ axis, one can prove that (1) for an observer moving with the wave,
voltage changes should be zero, and (2) voltage changes perpendicular to the planar
wave propagation should also be zero, for a sufficiently small interelectrode distance
d. In this bi-dimensional context with a wave travelling along the x̂ axis:

Dφ

Dt = φ̇ +
∂φ

∂x
vx = 0 (2.60)

where Dφ/Dt is the total time derivative (zero for an observer moving with the
wave); φ̇ is the partial time derivative of φ; ∂φ/∂x is the spatial derivative along
the wave propagation; and vx is the wave’s velocity. One could further simplify
to φ̇ = vxEx, where Ex is the component of E oriented along the travelling wave’s
direction, in this case, along the x̂ axis.

A CV vector (ν) comprises a magnitude (CV) and an activation direction. At a fixed
location, as the travelling wave passes, CV can be determined from definition above
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for φ̇, using phase velocity, which is the ratio of temporal and spatial derivatives of
φ.

vx(τ) = −
φ̇(τ)

Ex(τ) (2.61)

Assuming the waveform propagates locally with a nearly constant CV, the signals
φ̇(τ) and Ex(τ) must be similar. The term omnipole originates from searching
for a spatial derivative in every possible direction around the electrode clique to
maximize the correlation with the temporal derivative. Thus, omnipolarity yields
the wavefront direction. Their ratio is a multiplicative constant describing the wave’s
CV. This allows us to select an activation direction (in this example, x̂) to maximize
the correlation of φ̇(τ) and Ex(τ). Figure 1E visually represents how the CV of the
propagating wave is calculated. Here, the closest match to the time derivative is a
close approximation of vertical and horizontal bipoles as the wave propagates along
the x̂ axis.

The acquisition and processing of omnipolar EGMs from cliques to calculate om-
nipolar EGM signals φ(τ), activation direction, and CV, are repeated throughout the
field of view within a selected medium using consecutive electrode cliques to obtain
a vector field from a set of adjacent velocity vectors, ν. This concept, applicable to
any travelling wave, can also be used for fluorescence signals obtained using voltage
or calcium fluorophores.
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Chapter 3

Non-invasive Characterisation of Macroreentrant Atrial

Tachycardia Types from a Vectorcardiographic Approach

with the Slow Conduction Region as a Cornerstone

Abstract

Background and Objectives: Macroreentrant atrial tachyarrhythmias (MRATs) can be caused
by different reentrant circuits. The treatment for each MRAT type may require the ablation at
different sites, either at the right or left atria. Unfortunately, the reentrant circuit that drives
the arrhythmia is unknown previous to the electrophysiologic intervention. Methods: A
noninvasive approach based on the comparison of atrial VCG loops is proposed. An archetype
for each group was created, which served as reference to measure the similarity between
loops. Methods were tested in a variety of simulations and real data obtained from the most
common right (peritricuspid) and left (perimitral) macroreentrant circuits, each divided into
CW and CCW subgroups. Adenosine was administered to patients to induce transient AV
block patients allowing the recording of the atrial signal without the interference of ventricular
signals. From the vectorcardiogram, we measured intrapatient loop consistence, similarity of
the pathway to archetypes, characterisation of slow velocity regions and pathway complexity.
Results: Results show a considerably higher similarity with the loop of its corresponding
archetype, in both simulations and real data. We found the capacity of the vectorcardiogram
to reflect a slow velocity region, consistently with the mechanisms of MRAT, and the role
that it plays in the characterisation of the reentrant circuit. The intra-patient loop consistence
was over 0.85 for all clinical cases, similarity of the pathway to archetypes was found to be
0.85±0.03, 0.95±0.03, 0.87±0.04 and 0.91±0.02 for the different MRAT types (and p < 0.02
for 3 of the 4 groups), and pathway complexity (with p < 0.05 to discriminate among cases).
Conclusions: We conclude that the presented methodology allows us to differentiate between
the most common forms of right and left MRATs and predict the existence and location of
a slow conduction zone. This approach may be useful to plan the ablation procedure in
advance.

This chapter is based on the publication: S. Ruipérez-Campillo et al. (2021). Non-invasive character-
isation of macroreentrant atrial tachycardia types from a vectorcardiographic approach with the slow
conduction region as a cornerstone. Computer Methods and Programs in Biomedicine, 200, 105932. [193]
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3.1 Introduction

MRAT, also commonly named AFL, is the second most common atrial tachyarrhyth-
mia with an increasing prevalence [36, 194]. Catheter ablation is the most common
treatment [195]. However MRAT is physiologically caused by a macroreentrant EP
circuit at the atria, which usually follows a path surrounding one or more anatomic
obstacles [37]. The most frequent MRAT type, also known as typical AFL, follows a
common pattern located at the right atrium, where the activation path surrounds
the tricuspid valve [196], in any of the two possible directions, either clockwise (CW)
or counterclockwise (CCW) [197]. Atrial activation in typical AFL passes through an
isthmus with slow conduction as a distinctive feature, which favours perpetuation
of the macroreentry, as it allows the full repolarisation of the atrial myocytes once
the refractory period is over. Being ready for a new activation, subsequent cycles are
repeated steadily and periodically [198, 199]. Ablation of the cavotricuspid isthmus
creates a line of conduction block which terminates typical AFL and makes it no
longer inducible [200]. Although some other options have been proposed in recent
history [201], the RF ablation of the cavotricuspid isthmus is a well defined treatment
[202].

Beyond typical AFL, other circuits may also cause sustained atrial macro reentries,
which otherwise will require different ablation interventions. Hence, MRAT can be
classified into different MRAT types [203], where typical AFL is the most prevalent
(90%), whereas the other cases are usually denoted as atypical AFL. In recent
times the use of electroanatomical mapping systems allows integration of electrical
activation data of the atrial on computerised 3d anatomical models of the atria.
This has facilitated mapping and ablation of these arrhythmia but still is a time
consuming procedure which requires expertise and training. Although ECG Imaging
(ECGI) is a promising noninvasive mapping technique, it is not widely employed in
clinical settings yet and its results are controversial [204, 205].

Therefore, a method to distinguish different atypical flutter types and identify the
most probable reentrant circuit from the ECG would be valuable in order to obtain
key information prior to the EP study. Identifying whether the MRAT is from the
left or right atrium is of great help as it facilitates to plan the procedure: either
maintain the patient with medicines or refer them to the appropriate facility in
case of ongoing MRAT. The other essential advantage would be simplifying the
electroantomical mapping by directing the physician to the interest area - avoiding
starting from the scratch.

Though first described more than a century ago [206], the mechanisms and tech-
niques used for its diagnosis have seen little more than minor changes in practice.
Traditionally, the diagnosis relied heavily on the twelve-lead ECG analysis and the
distinctive atrial waves in leads II, III, aVF, aVL, V1,V2, characterised by continuous
and regular saw-tooth waveforms with cycle lengths of around 250ms [196]. In 2001,
more than three decades after the first classification of AFL, the European Society
of Cardiology and the North American Society of Pacing and EP developed the
current classification of the arrhythmia [207]. Although the analysis of ECG is used
to detect flutter cases [208], waveform variants, such as positive or biphasic waves,
that have been proven to exist, are not easily associated with different MRAT types
[209]. Thus, ECG is just orientative even for typical AFL cases as false positives and
negatives are commonly registered.
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A major hindrance for MRAT diagnosis is that most patients present a 2:1 atrio-
ventricular conduction ratio. Consequently, the atrial wave is overlapped by the
ventricular components (either the QRS complex or the T-wave). In those cases, the
atrial wave is no longer visible unless there is a longer RR interval (e.g. with a 4:1
conduction ratio). Although several methods to cancel the ventricular activity in
AF signals have been proposed in the literature [210, 211], these are not applicable
to MRAT signals, as atrial and ventricular components are coupled. Therefore, in
the attempt to remove the QRS-T, the atrial signal is likely to be subtracted as well.
Moreover, the strategy based on Blind Source Separation [212, 213], which provides
one atrial source free from ventricular components –also in MRAT– is insufficient
for this purpose, as three independent atrial components would be required to
reconstruct the VCG loop. As a result, the unequivocal retrieval of the atrial signal in
MRAT recordings still remains a technical challenge [214]. This limitation, however,
can be overcome by blocking the AV node during a short period of time, e.g. by
administrating adenosine [215].

Apart from ECG interpretation, the vectorcardiographic approach [216], sustained on
the dipolar nature of the heart, was defined for the representation of 3 dimensional
surface loops. Quantitative measurements, such as planarity, plane orientation,
loop roundness or the vector with maximum amplitude, among others, have been
defined to assess the morphology of the QRS loop [217, 218]. Moreover, the QRS-T
angle has been associated with the risk of sudden cardiac death [219]. With respect
to MRAT, VCGs have also been described [220, 221], but no clear correlation has
been demonstrated for proven mechanisms. Unlike P, QRS or T waves, which are
caused by synchronised depolarisation/repolarisation of the myocytes following
a rest period with isoelectric potential, in MRAT, the atrial signal is a result of a
continuous activation. Accordingly, atrial VCGs lack coordinates for the origin of
activation. Hence, as MRAT loops differ in their generation mechanisms from P
loops, novel features, specifically conceived for MRAT, should be explored to extract
clinically meaningful information.

In this study we hypothesise that there is a correlation between the atrial VCG
loops and the type of AFL that the patient suffers. This correlation is thought to
be strongly related to the distribution of slow conduction areas at the left atrium.
Thus, differences in the VCG loop patterns will be studied to characterise the MRAT
archetype defined for each group.

3.2 Study design

In order to prove our hypothesis, we developed a method based on a new perspec-
tive of the VCG signal, where the evolution of the dipole direction and the slow
conduction regions play a significant role. This method was tested from different
standpoints. On the one hand, we evaluated the properties of the methods using
simulations. Several simulation strategies have been employed to test methods
for the processing of cardiac signals, including geometrical models [222], signal
synthesis from the combination of periodic components [223], semi-synthetic signals
from the manipulation and combination of real signals [213] and computational
methods based on physiological properties, as used in [224]. In this study, we used
a geometrical model, which allows for a full control and parametrisation of the
3D loop described by the vector and the location of the slow conduction regions.

35



3. Characterization of AFL and Slow Conduction Regions

A synthetic VCG generator was designed, based on a mathematical model to sup-
port the methods used for the analysis and the posited hypothesis. On the other
hand, a prospective study was designed to test the methods on MRAT patients.
Patients were recruited at the Robotic Cardiac EP and Arrhythmia Unit, at the
Hospital Universitario La Paz (Madrid, Spain) according to a protocol approved
by the hospital’s ethics committee. The recruitment protocol was compliant with
the Declaration of Helsinki and all patients involved signed consent forms. The
classification of the MRAT type was determined after the EP procedure. Clinical
data (ECG measurements) are transformed to VCG signals before feature extraction.

The proposed methodology involved the creation of VCG archetypes for each group
and VCG feature extraction parameters to quantify its similarity to an archetype,
intra-patient consistence of the atrial VCG loop, the velocity profile of the trajectory
and the complexity (i.e. the sinuosity) of the VCG trace. Statistical tests were finally
carried out to evaluate the performace of the methods.

3.3 Materials

3.3.1 Synthetic data

A geometrical model aiming to generate loops based on distinctive features of atrial
VCGs was created. This model highlights the non-uniform velocity of the trajectory
and the presence of a slow velocity region. The purpose of the simulations is
to contrast the information exploited from the methods with a full control of the
geometrical properties of the loops.

Bearing in mind that diverse reentry circuits with different plane orientation, location
of the slow region and rotation sense may exist, 8 archetypes defined according to
those characteristics were defined. The variability of loops belonging to the same
group was considered by introducing a wide range of randomized variables, such
as shape, plane rotation, spatial shifts of the slow velocity region and complex
curvatures in the pathway.The model follows a geometrical approach with random
parameters following a uniform distribution between ranges empirically found in
VCGs from MRAT patients.

The generation of the VCG loops starts with the definition of an ellipse. From
the Euler expression, the relationship between major and minor semi-axes are
randomised within a range of values. It is worth mentioning here that, when
discretising the XYZ projections or signals according to the constant sampling
period, the spatial discretisation of the elliptical figures entail a higher density
of points near the minor semi-axis, so that the spatial velocity of the trajectory
described by the loop is not constant along the entire path. However, this should
not be regarded as a limitation, but rather an asset of the model, as variations of the
velocity profile also appear in real MRAT VCG loops.

Taking a deeper look at the idea of forcing a more pronounced slow velocity region
as a characteristic feature, a non-uniform discretisation of the angle is obtained from:

∆θn = α
»»»»»»cos (n

π

N + φ)»»»»»»+ ∆θmin, (3.1)
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3.3. Materials

where ∆θn is the angular increment at each n sample, N the total number of samples
of the loop, ∆θmin the minimum angle increment, which sets up the minimum
velocity, α + ∆θmin is maximum angle variation, which stands for high velocity
regions, and the phase argument φ determines the location of rapid and slow
regions. The parameters in Eq. (3.1) must fulfill the constraint that the accumulated
angle increment throughout the entire loop equals 2π. Accordingly, if a lower ∆θmin
is desired, α must be increased to fulfill that condition, as one parameter relies on the
other. Overall, choosing one of them will directly fix the velocity balance between
rapid and slow regions.

To create a wide variety of loop shapes with meanders, curvature variations and
avoiding strict confinement within a plane, the vector modulus (radius of the
projections), which depends on the angle and the semi-axes, is varied by means of
weighted (Q1, Q2 and Q3) frequency modulating functions (C1, C2 and C3), so that:

r(θ) = a ⋅ b√
(a ⋅ cos(θ)+ Q1C1)2 + (b ⋅ sin(θ)+ Q2C2)2 + Q3C3

(3.2)

This allowed a wide range of combinations of large arc deviations and small but
rapid oscillations. A similar modulation vector is also defined in the perpendicular
plane of the ellipse, thereby allowing the path to run out of the main plane. As a
result, a curvature throughout all 3 dimensions is generated.

In order to avoid possible sharp peaks in the velocity profile (which may occasionally
appear) a low-pass filter is applied over the 3-dimensional path. An adaptation of
the Savitzky–Golay filter over the three axes was implemented [225] to make the
trajectory smoother and avoid these possible peaks. Finally, the spatial orientation
of the loop is set by means of a geometric rotation of the three axes. An example of
a synthetic VCG loop is represented in figure 3.1.

With this model, 4 different groups were defined, according to the location of the
slow region and with different loop orientations. On average, the location of the
slow region was set at every 90º for the different groups. With regard to plane
orientation, the loops were rotated with ±40o per coordinate, with some overlapping
between groups. Moreover, each group was then divided into two, according to
the direction of the trajectory, either CW or CW. Both versions were considered as
independent groups for VCG analysis, so that loops classified into 8 groups were
generated (groups 1 to 4 and 5 to 8 corresponding to either CW or CCW versions,
respectively). A summary of the parameters and degrees of freedom from the model
is depicted in table 3.1.

3.3.2 Clinical data

After the protocol approval, 30 consecutive MRAT patients submitted to an EP
intervention were included in the study. ECG and EGM data was registered by
a polygraph (Labsystem pro, Bard, Boston Scientific) with sampling frequency
of 1KHz. Data generated by the electro-navigator during the intervention were
recorded and synchronised with the polygraph for the latter analysis and description
of the gold standard. During ECG registration, adenosine was administered in
order to temporally block the atrio-ventricular conduction and hence, obtain pure
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Figure 3.1: Example of a simulated VCG. A. Frontal, Transversal and Sagittal planes. B. 3D
representation. C. Velocity Profile.

atrial signals free from any ventricular component. From the outcomes of the EP
intervention, patients were grouped in the following groups: CW typical AFL (5),
CCW typical AFL (6), CW perimitral MRAT (3) and CCW perimitral MRAT (8). The
remaining 8 patients were identified as periveins (either pulmonar or cavae) or other
MRAT forms, and were included in a miscellaneous MRAT group. In this study,
data from patients with anatomical problems or a long history of cardiac disease
were disregarded for the statistical analysis. In addition to the ECG data, the results
of the EP studies were available for all patients and considered as the gold standard
that identified the macroreentrant circuit —and thus, the MRAT type. An example
of an electroanatomic mapping with the activation sequence of a perimitral MRAT
is shown in figure 3.2.

38



3.4. Methods

Table 3.1: Summary of the parameters, description, and values in the synthetic model.

Category Param. Description Range

Ellipse geometry

P Perimeter [2000, 2500]

c
Constant maintaining semi-axes
(a and b) relation within a range
to keep an elliptical shape.

[ 1√
10π

,
√

2√
13π

]

b
Minor semi-axis. Note that this
parameter is not independent. b = c ⋅ P

a
Major semi-axis. Note that this
parameter is not independent. [1.5b, 2b]

Configuration of the
low velocity region

α
Maximum angular displacement
(constrains maximum velocity). [0.3, 0.7]

∆θmin
Minimum angular displacement
(constrains minimum velocity). [10−2, 10−4]

θ0 Location of the low velocity region
Types 1,2,5 and 6: 0º
Types 3,4,7 and 8: 180º

Creating winding
pathway

C1Q1 Variation over the major semi-axis [0, 150]
C2Q2 Variation over the minor semi-axis [0, 150]
C3Q3 Overall variation (over the radius) [0, 15]

Plane rotations

X axis

Types 1 and 5: [40º, 80º]
Types 2 and 6: [10º, 50º]
Types 3 and 7: [10º, 50º]
Types 4 and 8: [40º, 80º]

Y axis

Types 1 and 5: [70º, 110º]
Types 2 and 6: [40º, 80º]
Types 3 and 7: [40º, 80º]
Types 4 and 8: [70º, 110º]

Z axis

Types 1 and 5: [20º, 60º]
Types 2 and 6: [-10º, 30º]
Types 3 and 7: [-10º, 30º]
Types 4 and 8: [20º, 60º]

Sense of rotation CW Types 1-4
CCW Types 5-8

3.4 Methods

3.4.1 Preprocessing

Atrial VCG loops computing

From the ECG recordings, only the segments under the effects of adenosine depicting
a saw-tooth waveform with no ventricular contractions were selected. These signals
were bandpass filtered between 1Hz and 30Hz to reduce thermal noise and remove
the baseline wandering whilst preserving the atrial content intact. Signals were
filtered bidirectionally to minimise transient distortion. The atrial cycle length was
computed from the first maximum of the atrial signal’s autocorrelation function.
Having estimated this period, an excerpt with 10 cycles was delimited (Figure 3.3.A).
Subsequently, the signal was split into 10 segments, each of them lasting one exact
atrial cycle length.

The VCG was then obtained according to the Inverse Dower’s Transform [226] to
estimate Frank’s leads from the standard ECG system, as this is the most commonly
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3. Characterization of AFL and Slow Conduction Regions

Figure 3.2: Electroanatomical mapping with the activation sequence of a perimitral MRAT. The
area in red corresponds to the slow conduction region (see the video in the supplemental material
to reproduce the activation sequence). The EP study was used as the gold standard to identify the

reentrant circuit and hence the MRAT type. This figure was generated by CARTO
®

3, Biosense
Webster.

used transformation, although other vectorcardiographic transformations have also
been proposed [227].

VCG loop consistence

The consistence assesses the similarity amongst intrapatient atrial VCG loops. Thus,
it allows us to determine their repeatibility, which could be impaired due to either the
variability of the macroreentrant circuit, the quality of the signal (i.e. signal-to-noise
ratio) or respiration [220].

Taking 10 VCG loops for each patient, the consistence is computed from the Eigen
Value Decomposition [228], which outputs 10 orthogonal vectors with decreasing
representation in terms of variance to the input data. Consistence is then defined
as the percentage of variance explained by the most representative component. As
macroreentrant circuits in MRAT are repeatible events, consistence values close to 1
are expected in practically all cases, unless a corrupted signal or an unstable circuit
is present. Outliers with clearly low consistence values were excluded from the
analysis.

40



3.4. Methods

Averaged VCG loops

The VCGs from all cycles were averaged to create a representative single-loop VCG
signal for a patient (see figure 3.3). As the atrial cycle length will be different for
each patient, and with the aim of allowing interpatient VCG loop comparison, XYZ
components were resampled so that the averaged VCG had the same number of
samples in all patients (in this study we considered 500 samples, although this
number is not a critical point).

3.4.2 VCG archetypes

In order to identify the MRAT type for a given patient, a representative VCG for
each group would be required, so that the similarity to each VCG pattern could be
obtained and therefore determine the greater similarity of MRAT to an unknown
VCG. To this end, the VCGs were divided into different groups (both in simulations
and real data), VCG archetypes are created from the average of time aligned VCGs.
In order to prevent excessive amplitudes of ECG signals, all VCGs were previously
normalised so that their respective vectors had the same averaged modulus along
the entire loop. The ensemble of VCG loops belonging to the same MRAT group
was jointly aligned according to a least squares minimisation approach described in
Appendix appendix B.

3.4.3 Characterisation of VCG loops

Vectorcardiographic signals have been previously characterised [229]. The new
approach described below was applied to both simulated and real data. Before any
feature extraction and for every VCG, the mean value was firstly removed from all
three Cartesian axes, so that the loop was spatially repositioned towards its centre
of gravity –notice that it will be closer to the low-velocity region, as it has a higher
density of samples.

Similarity between VCG loop pairs

In order to assess the similarity between VCG loop pairs, the 3-dimensional VCG
vectors were correlated sample-by-sample until all N vectors that make up each loop
were compared. The similarity between two loops is hence defined as:

S =
1
N

N

∑
i=1

xT
i yi

∥xi∥∥yi∥
, (3.3)

where xi and yi are the 3-dimensional vectors of each VCG loop, respectively, at the
i-th sample and N is the total number of samples, which is the same in both loops
since they were previously resampled as previously mentioned. Notice that, in this
definition, the similarity is not affected by differences in the amplitude of the vectors,
but relies solely on the direction the vectors are pointing to. As the slow regions
have a higher spatial density of samples, they will be over-weighted with respect to
other regions and thus, play a key role in this parameter. In other words, two VCGs
decribing exactly the same path but with different locations of the slow region will
not have a similarity of 100%. Otherwise, two VCGs describing different paths but
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Figure 3.3: A. 12-lead ECG signal from a typical CCW AFL under the effects of adenosine.
Notice large RR segments due to AV blockage. B. VCGs reconstructed from 10 consecutive atrial
cycles are superimposed (see region in the dashed box in A), with the averaged VCG in thick
dashed trace.
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with roughly the same location of slow regions may have a higher similarity than
visually expected.

It is worth mentioning that special care must be taken in the alignment of the loops,
as misaligned loops would erroneously provide low correlation values. Therefore,
the similarity parameter S is in fact a cost function S(k), which depends on the
loop alignment, where k is the number of samples by which the second loop is
shifted, taking N possibilities, from 0 to N − 1. Due to the variability of MRAT loops,
particularly if they come from different MRAT types, we cannot a priori estimate
the shape of the cost function. The possible existence of local maxima at which a
maximisation function could get anchored is unknown. For this reason, anywhere
that the similarity between loops is computed in this study, all N possible shifts
will be considered, taking the absolute maximum Smax. As subsequently reported
in the results section on the cost function shape, in later studies a maximisation
function could be applied with the aim of carrying out less iterations and hence
saving computational load.

Identification of the most alike archetype

For each VCG, the similarity to each archetype was computed as described in
sections 3.4.3 and 3.4.3. The highest coefficient will determine which group it is
closest to. In the case of real data, due to the low number of patients in each group
and, in order to ensure a fair comparison, the VCG being tested were excluded for
the generation of the archetypes following a Leave One Out strategy.

Slow conduction velocity regions

The velocity profile along the loop is computed from the spatial distance between
consecutive loop samples. As the units of the VCG leads are given in volts and
the temporal scale is expressed in atrial cycles, the resulting units are [V/cycle]. A
threshold fixed to a quarter of the maximum velocity was set to identify the VCG
sites and the temporal instants associated to slow conduction (see figure 3.4). From
this, the following parameters were defined: (1) Time Fraction during which the
trajectory advances with low velocity (TFLV); (2) Distance Fraction outlined during
the low velocity period DFLV and (3) the ratio between these two parameters, i.e.
Time fraction over Distance fraction (as a Ratio) under low velocity conditions
(TDRLV).

As MRAT VCGs are closed loops, the angular velocity profile was also computed,
in order to enrich and supplement the information provided by the velocity profile.
At the i-th sample, the angular velocity ω, which is expressed in [rad/s] units, is
defined as:

ωi =
1
Ts

arccos( vT
i vi+1

∥vi∥∥vi+1∥
) , (3.4)

where vi is the 3-dimensional vector at the i-th sample and Ts is the sampling period
(with required corrections after resampling). To illustrate the interpretation of this
parameter, let us consider an MRAT loop with no meanders and a cycle length of
250ms. In this case, the expected angular velocity, on average, would be 8π rad/s, as

43



3. Characterization of AFL and Slow Conduction Regions

-200 -100 0 100 200
    X

-500

-400

-300

-200

-100

0

100

200

300

400

   

  Frontal Plane

-200 -100 0 100 200
   

-500

-400

-300

-200

-100

0

100

200

300

   

  

   

-400 -200 0 200
   

-500

-400

-300

-200

-100

0

100

200

300

400

   

  

 X  Z

 Y  Y Z
Transversal Plane Sagittal Plane

0 0.5 1 1.5 2

   

V6
V5

V4

V3

V2

V1

aVF

aVL
aVR

III

II

I

   
 V

ol
ta

ge
 (

m
V

)
  

B

C

A

Time (seconds)

1 1 12 2 2 ...

2 2
2

1 1 1

   
   

  

0 50 100 150 200
   

0

5

10

15

20

25

30

    V
el

oc
it

y

  

Time (seconds)

1 2
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loop in B is created). First three waves are labelled with the two slow conduction region - 1 is
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in one second it would complete 4 entire loops, or 1.4 deg/ms. This angular velocity
is likely to increase with shorter cycle lengths and/or bending traces.

Complexity of the pathway: quantification of bending traces

This parameter intends to capture local variations in order to evaluate the complexity
of the trajectory. The rationale of this parameter is that, the further the pathway
bends, with more meanders and direction changes, the higher the complexity of
the pathway. Therefore, the complexity can be regarded as the accumulation of the
instantaneous angle variation Θi, which for the i-th sample is computed as:

Θi = arccos( (xi − xi−1)T (xi+1 − xi)
∥xi − xi−1∥∥xi+1 − xi∥

) (3.5)

The accumulation of all angle variations Θi along the full pathway is lower bounded
by 2π rad, which is the value obtained in the simplest case (i.e. the direction
vector makes a complete turn). However, since there is no upper boundary for this
parameter and, in order to keep a parameter within a reasonable range, we define
the complexity C as:

C = 1 −
2π

∑i Θi
, (3.6)

which is lower bounded by 0 (the simplest pathway, with no local oscillations) and
upper bounded by 1 (in case of an infinitely complex trajectory).

3.4.4 Statistical analysis

Synthetic VCGs

A one-way analysis of variance (ANOVA) was calculated on participants’ synthetic
VCGs. Snedecor’s F distribution is in analyzing variance to see if three or more
samples come from populations with the same mean values. The F-ratio and the
associated probability value (p-value) are reported. If the p-value associated with
the F is less than 0.05, the null hypothesis will be rejected and a multiple comparison
test will be carried out. In these cases, post-hoc tests allows us to examine mean
comparisons, which can be thought of a subset of possible contrasts between the
means. The Bonferroni method is used for general tests of possible contrasts.

The AUROC curves were computed for each of the synthetic groups, contrasting
sensibility and specificity in a binary classification system. Two sets of data were
evaluated, one for each direction. In each of the sets, the cases of the group
being evaluated (1000 synthetic VCGs) where contrasted to the other groups (3000
synthetic VCGs). The AUROC was used as the measure to quantify a good classifier
to distinguish between each AFL archetype for each group from the rest of the
groups.

Real data

As the patients database represents different distributions, and given the low number
of cases, the non-parametric Kruskal-Wallis test was applied - used for more than
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3. Characterization of AFL and Slow Conduction Regions

two independent samples. It is roughly equivalent to a parametric one way ANOVA
with the data replaced by their ranks. If the p-value is less than 0.05, the null
hypothesis will be rejected.

3.5 Results

3.5.1 Synthetic data

Comparison between groups

The similarity parameters were tested for VCG comparison between groups. The
ANOVA test shows statistical significance for all the cases for all groups. The F-
parameter for each group ranged from F(3, 3996) = 959.20, p < 0.001 to F(3, 3996) =
1456.28, p < 0.001. Thus, although overlapping between groups occurs, statistical
tests show differences between the types from the evaluation of the correlation
parameter. Furthermore, when evaluating through multiple comparisons using
Bonferroni’s correction, all groups are found to show high statistical significance
when compared to any other (p < 0.001 for all of them). Figure 3.5 shows the
boxplot results of the simulation analysis from the set of data of 8000 synthetic cases
(i.e. 1000 per group for each of the 8 groups) taken from the database created as
described in section 3.3.1 using the tools proposed in section 3.4.3 - only groups I-IV
are represented as groups V-VIII show the same behaviour, since they are described
by the same loops rotating in the opposite direction.

The results of the AUROC for each AUROC curve computed from both direction
(see figure 3.6) is displayed in table 3.2.

Table 3.2: AUROC for synthetic patients

Type I Type II Type III Type IV Type V Type VI Type VII Type VIII

AUROC 0.899 0.902 0.863 0.923 0.895 0.899 0.872 0.926

Influence of the slow regions

Over a controlled synthetic VCG with the slow region at one end of the major
semi-axis and the fast on the opposite, rotation around the major semi-axis (slowest
and fastest regions remain fixed) presents a decrease in similarity to a value as
low as 0.8. On the other side, when rotating with respect to the minor semi-axis
(semi-slow regions are fixed and slowest and fastest move), the similarity decreases
to 0.3.

Complexity

Over a controlled synthetic VCG, the amplitude of the frequency modulating func-
tions are progressively increasing (beginning with zero amplitude, i.e. as a ‘perfect
ellipse). Complexity measurements from these simulations increase from 0 up to 0.8.
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Figure 3.5: Box plot of the correlation coefficient of types I to IV with their representative
archetypes (A to D correspondingly). Each subfigure represents the correlation of one archetype
(created from the training synthetic cases) with all the patients from groups I to IV (the testing
synthetic cases).

3.5.2 Real data

Intra-patient consistence

Consistence values were over 0.85 in all cases, with an average of 0.95±0.04. A
patient registered a consistence value of 0.55 and therefore, was excluded from the
analysis. Figure 3.3.B shows the superposition of 10 consecutive VCGs for a typical
CCW AFL, with the averaged VCG represented by a thick dashed line.

Similarity with archetypes

Archetypes for each group are shown in Figure 3.7. The results from the average
similarity of individual VCGs with group archetypes (computed according to a LOO
algorithm) are detailed in table 3.3. For all groups, the highest average similarity
corresponded to the archetype of its own group. In all groups, the similarity with
their respective archetype was at least 0.85 on average, with a SD of less than 0.05
(see an example of perimitral VCGs in figure 3.8). The statistical results from the
Kruskal-Wallis test were as follows: except for perimitral CW MRAT (p = 0.062),
the results for the other groups were statistically significant. Figure 3.8 shows three
examples of CCW Perimitral MRAT.
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Figure 3.6: AUROC curves for all patients corresponding to each of the groups when taking into
account all the 8000 synthetic patients (A) or the first 4000 in one subgroup (with types I-IV)
and the rest in the other (types V-VIII).

Table 3.3: Results of correlation of archetypes with patients from MRAT groups.

Typical
CCW

Typical
CW

Perimitral
CCW

Perimitral
CW

Other
types

Typ.CCW Arch. 0.85±0.03 0.67±0.11 0.77±0.05 0.73±0.12 0.68±0.14
Typ.CW Arch. 0.68±0.05 0.95±0.03 0.66±0.13 0.75±0.04 0.58±0.13
P.CCW Arch. 0.78±0.09 0.63±0.11 0.87±0.04 0.68±0.12 0.62±0.18
P.CW Arch. 0.76±0.08 0.75±0.01 0.70±0.12 0.91±0.02 0.65±0.17

p-value 0.014 <0.01 <0.01 0.62 N.A.

Analysis of slow regions

The detection of low velocity intervals and how they can be projected to VCG and
atrial signal plots is illustrated in figure 3.9. The results for the time and distance
fractions during low velocity periods (TFLV and DFLV, respectively), as well as the
ratio between these two parameters (TDRLV) are summarised in table 3.4.

The non-parametric Kruskal-Wallis test over these parameters provide a statistical
significance for TFLV (p = 0.047) but no statistical significance for DFLV (p = 0.146)
or TDFLV (p = 0.698). Note that the threshold as one fourth of the maximum velocity
shows statistical significance among groups (p = 0.025).

Loop complexity

Complexity values for each group are shown in Table 3.5. The VCG loop described
by perimitral MRAT presented higher complexity and longer periods than typical
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Figure 3.7: VCG archetypes for different MRAT group (principal slow velocity region and rotation
sense are indicated). A. Typical CCW; B. Typical CW; C. Perimitral CCW; D. Perimitral CW.
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Table 3.4: Results of TFLV, DFLV, TDRLV and ratio between maximum and minimum velocities
Vmax/Vmin.
*An outlier case with an unusually slow minimum velocity (which led to a Vmax/Vmin ratio as
high as 267.0) was excluded from the analysis.

Typ.CCW Typ.CW P.CCW P.CW Other Overall

TFLV 0.41±0.04 0.18±0.12 0.30±0.14 0.21±0.19 0.43±0.18 0.32±0.16
DFLV 0.18±0.03 0.08±0.06 0.12±0.06 0.10±0.14 0.17±0.06 0.14±0.07
TDRLV 2.24±0.30 2.30±0.26 2.47±0.37 3.23±1.54 2.46±0.40 2.47±0.59
Vmax/Vmin 25.80±20.99 7.876±2.64 15.03±5.57 11.92±2.47 19.01±12.68 16.64±12.61

AFL. Moreover, complexity differences between CCW and CW variants from the
same MRAT type were also found. Complexity was even higher in the miscellaneous
group and in patients with anatomical deformities —a patient with typical AFL and
a thoracic malformation (severe pectus excavatum) presented a complexity of 0.68.
This patient was discarded from the analysis.

When performing the non-parametric Kruskal-Wallis test over the set of patients
grouped as previously described, statistical significance is obtained with a p-value
of p = 0.035 for the complexity parameter. Thus, the null hypothesis is rejected.

The complexity of the VCG loop was mildly correlated with the atrial cycle length
under adenosine effects, with a correlation value of 0.62. These values are also
provided in Table 3.5.

Table 3.5: Results of arc parameter for all MRAT groups.

Typ.CCW Typ.CW P.CCW P.CW Other Overall

Complexity 0.24±0.05 0.36±0.12 0.45±0.17 0.39±0.11 0.54±0.18 0.43±0.17
Period (ms) 215.50±7.79 245.20±7.37 250.13±12.79 219.00±11.85 275.89±23.01 249.28±8.85

3.6 Discussion

MRAT may be caused by different macroreentrant circuits which require different
ablation approaches. Since there is no current reliable identification of the MRAT
type from the analysis of the ECG, advances on this issue previous to the ablation
procedure would be valuable [230]. In this study, a methodology based on the
analysis of the atrial VCG loop is proposed, which can be derived from the ECG by
means of the Inverse Dower’s Transform.

The synthetic VCG generator model strengthens the hypothesis of the importance
of slow regions when characterising. Although some overlapping occurs when
correlating synthetic VCGs to different archetypes, the high significance and dis-
crimination capacity unveiled by the statistical methods allows us to conclude the
importance of the slow regions, as the only parameter unique to each group. Further-
more, controlled tests such as correlating around semi-axes shows how correlation
highly depends on whether the slow region is fixed or being displaced in the space,
entailing a significant decrease in this parameter. Also AUCs demonstrate this
discriminating capacity between groups I-IV and V-VIII, without the bias of the
noticeable difference between the two directions of rotation.
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Figure 3.8: Examples of VCGs corresponding to CCW Perimitral MRAT (main slow velocity
regions are highlighted). Notice the high coincidence with the CCW Perimitral MRAT in figure
3.7.C.
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Figure 3.9: Slow velocity intervals detected from the velocity profile of a typical AFL (bottom)
are highlighted on the temporal EGM sequence (dark gray), and extrapolated to segments with
ventricular activity (light gray). These intervals matched with the activation timing at the
electrodes located on the CTI (MP 1-2,3-4 and 5-6).

In the real cases, the proposed methodology enables us to find differences between
different MRAT types, even between CCW and CW variants of the same MRAT
type. This suggests that loops with CCW and CW rotation directions should be
treated independently as different groups. Moreover, there was a high similarity
between patients belonging to the same MRAT group, with SDs below 0.04 in this
parameter. These results outline a promising capability for the identification of the
MRAT type. This approach is based on the comparison of the VCG loop with a
collection of archetypes corresponding to each MRAT variant. To increase the utility
of this method, a universal and publicly available dataset of archetypes would be an
asset, so that each health centre did not have to recruit a large number of patients
to initiate the study. To proceed with the comparison of VCG loops, it should be
remarked that a normalisation of the same number of samples per atrial cycle is
required. Furthermore, loops should be time-aligned. Although in this conceptual
study, the brute force was carried out for this alignment, since the cost function
would not show local maxima, a simple maximisation approach such as the steepest
descent method could be used instead to save computational load. This is not,
however, a critical issue, as the number of computations to be run is feasible.
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Interestingly, a discretised plot of MRAT VCG loops showed regions with higher
density of samples, consistent with the slow-conduction regions responsible for the
perpetuation of the macroreentrant circuit. This property of the atrial VCGs has not
been reported hitherto. In addition, this may play a key role for the identification
of the MRAT type. The velocity profile described by the surface VCG loop showed
significant differences along the pathway, with a median of 12.93 for ratios between
the fastest and slowest velocity, ranging between 4.55 and 256.95, which confirms the
systematic presence of a low velocity region. In those periods with lower velocity,
a much longer time is required to cover a similar arc portion in contrast to other
instants with higher velocity. In addition to velocity definition measured as voltage
increment per cycle unit, the angular velocity would also be of interest, as it may
highlight direction changes in sites close to the VCG centre, i.e. with short turning
radius, as if an obstacle is surrounded. Whether this is related to an anatomical or
physiological feature is still to be explored.

An important application of this method is the identification of the slow conduction
intervals. This would allow a real-time projection to highlight these segments on
the signal registered by an exploratory catheter (e.g. the ablation catheter), which
would be useful for monitoring whether it is approaching or moving away from
the slow conduction region. This would help find the target ablation sites more
efficiently. Figure 3.9 illustrates an example of a typical AFL, with the 1-2, 3-4 and
5-6 electrode pairs of the multipolar catheter placed on the cavo-tricuspid isthmus.
As shown in this figure, once the slow conduction intervals are identified, and
due to the periodicity and regularity of the macroreentry mechanisms, these can
also be extrapolated to segments where the atrial signal is masked by ventricular
components. This is also applicable to patients with q consistent 2:1 AV conduction
ratio, where the atrial wave is no longer visible during long periods, which brings
tremendous potential to guide the electrophysiologic exploration.

Unexpectedly, there were important differences in time and distance fractions during
low velocity between CCW and CW variants of the same MRAT type. This raises
new questions regarding asymmetries in the conduction properties depending on
the rotation direction, which should be answered by electrophysiologic studies.

Regarding the complexity of the atrial loop, perimitral MRAT presented more
complex patterns, which suggests a longer and winding pathway to close the loop.
This property is even magnified in MRATs with anatomical deformities.

In order to apply this method successfully, the unequivocal atrial signal —i.e. with
no ventricular activity— is required. However, the atrioventricular (AV) conduction
ratio is often as short as 2:1. Therefore, the atrial signal is overlapped by either the
QRS complex or the T wave. Due to the high consistency of atrial loops, even one
single loop could be sufficient, which could be captured if longer RR intervals were
available. Otherwise, adenosine administration or carotid massage could facilitate
obtaining the atrial signal. Nevertheless, specific approaches to retrieve the atrial
signal from the ECG would be valuable. Although several approaches have been
proposed for AF, they are likely to fail in the case of AFL. Regarding algorithms
based on QRS-T cancellation [231, 210], as long as the atrial cycles are coupled with
the ventricular activity, the atrial signal will be removed as well. On the other hand,
methods based on Blind Source Separation [212] are able to extract one projection
consistent with the atrial source. However, a single component is still insufficient
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to project back the VCG, as three (or at least 2) components would be required,
rendering those methods useless. Therefore, improved algorithms exploiting either
the spatial or temporal properties of the signals —such as projective filtering methods
[232] or Periodic Component Analysis (πCA) [233]— worth to be developed. In
addition to that, another strategy based on the estimation and removal of the T-wave
in MRAT has been recently proposed [214], which would also be of high interest if
could robustly retrieve a complete atrial cycle in patients with stable AV conduction
ratio of 2:1.

3.6.1 Study limitations

We are aware of the low number of patients per group involved in this study.
Nonetheless, statistically significant results were obtained, which are expected to
improve by adding new data, e.g. with further multicentric studies.

Regarding our simulation model, we employed a geometrical approach, as de-
cribed above. Although this allows us full control of the parameters involved and a
thorough evaluation of the properties of the methods, it does not arise from a physi-
ological phenomenon. Further studies with in-silico 3D models of atrial activations
according to Courtemanche modelling of ionic mechanisms and numerical computa-
tion of the VCG by means of the forward problem could provide different patterns
associated with different macroreentrant circuits [234]. In turn, the simulated VCG
loops could be compared to their corresponding archetypes obtained from real data.

Finally, we are also constrained to the inherent limitations of the system for signal
acquisition and cardiac mapping (CARTO®3, Biosense Webster). Novel high density
acquisition systems such as the Advisor™HD Grid Mapping Catheter (Abbott
Laboratories) or RHYTHMIA HDx™(Boston Scientific) are able to collect, display
and analyze data with higher resolution. These techniques arise as very promising
alternatives for a better and more accurate characterization of the EP substrate
and, hence, to provide improved and clinically meaningful information for the
management of MRATs [235, 236].

3.7 Conclusions

A non-invasive methodology is proposed to characterise different MRAT circuits
from ECG recordings. The proposed method is based on the VCG, and more
precisely, on the evaluation of the loop trajectory. This study shows how different
VCG loops present some similarities between the same MRAT group. Moreover,
this tool reflects sites with slow velocity, consistent with slow conduction regions,
prominent in the macroreentrant circuit. The proposed approach can help to better
identify the MRAT type in a non-invasive way. Having this information prior to the
ablation procedure would be valuable in order to improve planning and management
of medical interventions.
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Chapter 4

Performance Assessment of Electrode Configurations
for the Estimation of Omnipolar Electrograms

from High Density Arrays

Abstract

Objective: The aim of this study is to propose a method to reduce the sensitivity of
the estimated omnipolar EGM (oEGM) with respect to the angle of the propagation
wavefront. Methods: A novel configuration of cliques taking into account all four
electrodes of a squared cell is proposed. To test this approach, simulations of HD
grids of cardiac activations at different propagation angles, CVs, interelectrode
distance and EGM waveforms are considered. Results: The proposed approach
successfully provided narrower loops (essentially a straight line) of the electrical
field described by the bipole pair with respect to the conventional approach. Es-
timation of the direction of propagation was improved. Additionally, estimated
oEGMs presented larger amplitude, and estimations of the LATs were more accurate.
Conclusions: A novel method to improve the estimation of oEGMs in HD grid
of electrodes is proposed. This approach is superior to the existing methods and
avoids pitfalls not yet resolved. Relevance: Robust tools for quantifying the cardiac
substrate are crucial to determine with accuracy target ablation sites during an EP
procedure.

This chapter is based on the publication: F. Castells*, S. Ruipérez-Campillo*, et al. (2023).
Performance assessment of electrode configurations for the estimation of omnipolar EGMs
from high density arrays. Computers in Biology and Medicine, 154, 106604. [237]
∗ denotes co-first authorship
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4.1 Introduction

Accurate characterization of the electrophysiologic substrate is crucial in identifying
regions responsible for some cardiac arrhythmias and other cardiac disorders such
as VT [238], Brugada Syndrome [9] and AF [10], among others. In the case of
VT with a reentry mechanism, regions of fibrosis with surviving myocyte bundles
create fixed or functional conduction blocks in addition to slow conduction. In
this scenario, stable circuits can be mapped with high density mapping catheters
and later modelled accordingly. Accurate mapping of the substrate is essential in
determining the degree of conduction delay and the critical isthmus. Moreover,
remodeling of the myocardium following an infarction contributes to the formation
of channels and regions in which conduction time is prolonged, facilitating the
initiation of a reentry [239]. In the case of AF, the substrate for AF relates to
left atrial (LA) dilation and fibrosis with subsequent LA dysfunction and delay in
electromechanical conduction. Regions with anomalous conduction such as fibrotic
tissue are associated to arrhythmogenic substrates in AF [35] and, therefore, may
become target ablation sites [240].Indeed, previous studies have shown that areas
with fibrosis —detected with late gadolium enhanced magnetic resonance imaging—
are correlated to lower voltage EGMs and slower CV [241]. Therefore, accurate
mapping of these regions would undoubtedly provide important information that
can be used for substrate modification during an EP procedure.

However, despite the importance of quantitative EGM biomarkers —such as ampli-
tude and degree of fractionation— for identifying candidate target ablation sites, dis-
crepancies in the detection of low-voltage regions between different electroanatomic
mapping systems as yet remain unresolved [242]. Additionally, accurate detection of
LATs is required to quantify parameters related to the propagation of the activation
wavefront, such as CV. There are two main modes to obtain intracardiac EGMs. One
of which is whereby unipolar EGMs (uEGMs) are recorded from the differential
potential between an exploring electrode and a distant electrode. On the other
hand, bipolar EGMs (bEGMS) are obtained from the differential potential between a
pair of closely spaced electrodes (with interelectrode distance of few millimeters).
Whereas uEGMs present some problems related to electric far-field interference
[11], bEGMs are sensitive to the orientation of the bipole pair with respect to the
direction of the propagation wavefront [243] and catheter contact angle, among
other factors [244]. In order to overcome these limitations, an ingenious way to
obtain an oriented-independent bEGM from high-density multielectrode arrays
—denoted as omnipolar EGM (oEGM)— has been recently proposed [245]. This
method, also referred to as orientation-independent sensing (OIS), requires a grid
of regularly arranged unipolar electrodes. Using this concept, the Advisor™HD
Grid Mapping Catheter (Abbott Laboratories, Illinois, US) was developed [17] for a
better characterization of the EP substrate [16]. This catheter consists of a 4 × 4 grid
of unipolar electrodes regularly arranged with an interelectrode distance of 4mm,
which allows a thorough exploration of the local cardiac tissue (see Figure 4.1.A)
[15]. This catheter has been successfully used for substrate exploration, e.g. for scar
detection [246], characterization of conduction gaps [20], atrial disorders such as AF
[247] or VT [22], amongst others.

To estimate an oEGM, at least three unipolar electrodes arranged as the vertices of a
triangle are required. The group of electrodes involved to estimate the oEGM has
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Figure 4.1: Representation of the geometry of the Advisor™HD Grid Mapping Catheter (Abbott
Laboratories, Illinois, US). A. Geometry and position of the electrodes in a model of the device
(not to scale, see measuring marks). B. Illustration of the classic approach of a triangluar clique
on one of the four-electrode configurations (upper left) and the novel approach described in this
work, that is, the cross clique (lower right).

been denoted as a clique [15]. Furthermore, a close proximity between electrodes is
required to satisfy the assumption of a locally plane and homogeneous propagation
within the clique. Using a configuration based on an isosceles right angled triangle,
two orthogonal bEGMs are obtained from the electrodes at the short sides (notice
that the unipolar electrode corresponding with the vertex at the right angle is
used twice). The representation of the electrical field from a pair of orthogonal
bEGMs describes a loop with maximal modulus in the direction of propagation [16].
Subsequently, the oEGM can be computed as the orthogonal transformation that
maximizes the amplitude of the activation (i.e. a geometric rotation of the raw data).
Accordingly, oEGMs can be regarded as virtual representations of bEGMs as if they
were captured from an electrode pair matching the direction of the propagation
wavefront. This provides a more meaningful measure of the real amplitude of the
activation in comparison to uEGMs and bEGMs, hence, allowing a more robust
detection of low-voltage areas [248]. Additionally, it also allows an estimation of the
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direction of propagation and higher accuracy in the detection of LATs.

Applying this concept to a cell of 2× 2 electrodes, 4 triangular cliques can be defined
according to the triad of electrodes considered. For each of those cliques, the oEGM
can be derived. When extrapolating it to a 4× 4 grid of unipolar electrodes (i.e. 3× 3
cells), this technique provides an array of 6 × 6 cliques, with 2 × 2 cliques arranged
per cell [249]. Furthermore, the estimation of such a high-density oEGMs matrix
allows other measurements such as CV or heterogeneity of the propagation.

Although claimed as orientation-independent EGM, a recent study has shown
significant sensitivity in the reconstruction of the oEGM with respect to the direction
of propagation [23]. Additionally, it concluded that the cause for errors in the
estimation of oEGMs were temporal misalignments between bipolar activations.
This limitation reveals an important research gap regarding the OIS approach, since
the electrode configurations and settings under which the orientation independence
condition is satisfied remain to be unexplored.

In this study we aim to address that research gap, by evaluating the performance of
different clique configurations and interelectrode distances. For this, we considered
the conventional triangular clique employed in clinical practice as well as square and
cross-oriented cliques using the four electrodes of a 2 × 2 cell. Whereas the square
clique obtains average bipole pairs by averaging the two horizontal and two vertical
bipoles of the square, respectively, the cross-oriented clique employs the diagonal
bipoles pairs. We hypothesize that misalignments ocurring with triangular cliques
can be reduced with other clique configurations and hence, providing oEGMs less
sensitive to the direction of the propagation wavefront. Additionally, the effect of
interelectrode distance is explored.To test our hypothesis, we explored the sensitivity
to angle orientation of different clique configurations using controlled simulations.
Specifically, we analyzed the dependence of the performance as a function of the
following parameters: CV, morphology of the signal and interelectrode distance.

This manuscript is organized as follows: section 4.2 elaborates on the methods,
describing the simulations, clique configurations, procedure to estimate the oEGM
and the parameters for performance assessment. Section 4.3 shows an objective
comparison of performance using different clique configurations and electrode
spacing, which are discussed in-depth in section 4.4. Finally, section 4.5 concludes
this work with the main remarks and outcomes of the study.

4.2 Methods

The purpose of synthetic signals is to quantify the influence of the angle orientation
in the estimation of oEGMs. With that objective, simulated clique activations with
known propagation directions and CV are generated. Considering the waveform
of real uEGM activations sampled from intracardiac clinical data, we replicated
delayed versions according to the direction of the propagation wavefront and the
position of each electrode within the multielectrode grid. Figure 4.1.A illustrates
the multielectrode arrangement, with A-D and 1-4 denoting rows and columns,
respectively. Montecarlo simulations were carried out considering randomized
propagation angles, CV within physiological range (from 0.5m/s to 1m/s) and
random selection of atrial uEGMs among 5 different patterns taken from clinical
recordings at different atrial sites. Furthermore, we considered different distances
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from 1mm to 4mm, in steps of 1mm. For each interelectrode distance, 100 simulations
were undertaken in accordance with the aforementioned variables.

4.2.1 Configurations of bEGMs within a clique

Given a cell with 2 × 2 electrodes, up to 6 bEGMs can be computed: the four side
bEGMs bA2−A1, bB2−B1, bA1−B1 and bA2−B2, plus the diagonal bEGMs bA2−B1 and
bA1−B2. Being bx and by the bEGMs corresponding to x and y axes, respectively, the
conventional triangular clique configurations are defined as [23]:

• Top left triangle: bx(t) = bB2−B1(t) and by(t) = bB1−A1(t)
• Top right triangle: bx(t) = bB2−B1(t) and by(t) = bB2−A2(t)
• Bottom left triangle: bx(t) = bA2−A1(t) and by(t) = bB1−A1(t) (see Figure 4.1.B,

Triangular clique)
• Bottom right triangle: bx(t) = bA2−A1(t) and by(t) = bB2−A2(t)

Notice that the geometrical center of each of the bEGMs involved in the clique,
regardless of the triangle configuration, are coincidental (see geometry in Figure
1.B, Triangular clique). This is a major drawback when combining EGMs that are
not spatially —and hence, neither temporally— aligned. Notice also that, in the
case of triangular configurations, there is always an electrode that is used twice (in
both horizontal and vertical bEGMs), whereas there is always an electrode that lays
unused. Apart from the classical triangular cliques, two alternative configurations
that make use of the four electrodes of the square cell can be defined as:

• Square:

bx(t) = 1
2 (bA2−A1(t)+ bB2−B1(t)) (4.1)

and

by(t) = 1
2 (bB1−A1(t)+ bB2−A2(t)) (4.2)

• Cross:
bd1(t) = bB2−A1(t) (4.3)

and
bd2(t) = bB1−A2(t) (4.4)

Notice that the diagonal bipoles of the square cell are utilized for the cross-oriented
clique (see Figure 4.1.B, Cross clique), which imposes a coincident center for both
bipoles. Regardless of the configuration considered, we can define the vector b(t)
containing the orthogonal bipole pair, with b(t) = [bx(t) by(t)]T. In the case of the
cross-oriented configuration, the unique correction left to be done to determine b(t)
is a simple counterclockwise rotation of π

4 rad:

b(t) = [cos π
4 − sin π

4
sin π

4 cos π
4
]d(t) = 1√

2
[1 −1

1 1 ]d(t), (4.5)

where d(t) = [bB2−A1(t) bB1−A2(t)]T is the pair of diagonal bEGMs. Therefore,
after this orthogonal transformation, the problem to solve remains the same as
using the configurations previously mentioned. Despite the fact that square and
cross-oriented cliques arise from different definitions, it can be proven that both
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yield to an equivalent b(t) vector up to a scaling factor. By breaking down the
notation of bEGMs as uEGMs difference (e.g. bA2−A1(t) = uA2(t)− uA1(t)):

bcross(t) = 1√
2
[1 −1

1 1 ] [uB2(t)− uA1(t)
uB1(t)− uA2(t)]

=
1√
2
[(uB2(t)− uB1(t))+ (uA2(t)− uA1(t))
(uB2(t)− uA2(t))+ (uA1(t)− uB1(t))] =

√
2bsquare(t)

(4.6)

Accordingly, we will unify both square and cross-oriented configurations and refer
to them in the following as the square clique.

4.2.2 Estimation of oEGMs

When representing the local electrical field in a clique from a pair of orthogonal
bEGMs, it describes a loop that points to the direction of propagation. In the case of
a plane and homogeneous wavefront —as it should be fulfilled with HD grids—,
the loop should become narrow enough to almost fit a straight line. As long as
oEGMs are defined as the projections of orthogonal bEGM pairs on the direction of
wavefront propagation, this transformation ideally exhibits maximal peak amplitude
of the activation. In addition, the projection on a perpendicular axis would provide a
residual signal with low amplitude. In accordance with this, the oEGM is computed
as the projection that maximizes the ratio of the oEGM peak amplitude to the peak
amplitude of the residue:

θ̂ = argmax
θ

[max ([cos θ − sin θ]b(t))
max ∣[sin θ cos θ]b(t)∣ ] (4.7)

o(t) = [cos θ̂ − sin θ̂

sin θ̂ cos θ̂
]b(t) (4.8)

where o(t) = [o(t) o⊥(t)], being o(t) the estimated oEGM and o⊥(t) the residual
bipolar signal resulting from the projection on the orthogonal axis to the direction
of the propagation wavefront. The direction of the wavefront can be estimated as
Ψ = −θ̂.

4.2.3 Assessement of oEGM estimation

The quality of oEGM estimations from simulations of perfectly plane and homo-
geneous wavefront propagations will be assessed from the peak amplitudes of the
pulses retrieved from vector o(t): po = max(o(t)) and po⊥ = max (∣o⊥(t)∣), as well
as the peak ratio r = po/po⊥ . In order to assess top performance limits for each
configuration, true propagation directions will be employed to compute o(t). Best
fits to the real oEGM would exhibit higher po, lower po⊥ and, therefore, higher r
values.

With respect to the accuracy in the detection of LATs, these are estimated as the
instant at peak amplitude of the oEGM signal [250]. Estimated LATs will then be
compared to the ground truth, defined as the instant at maximum negative slope of
the unipolar signal as it passes through the center of the clique.
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4.3. Results

For the analysis of performance dependence with respect to CV, interelectrode
distance and uEGM morphology, a simulation is designed. Regarding morphology,
uEGMs with slower/faster deflections (i.e. with smoother or sharper transitions) are
considered. For each setting, the consistency of the morphology of the estimated
bEGM will be evaluated. This will allow us to assess the robustness of the method
as well as its limitations.

4.2.4 Statistical Analysis

Results are provided as mean ± standard deviation (SD), or median and interquartile
range (IQR) if required. For data exploration, the distribution of the independent
variables was evaluated using Kolmogorov-Smirnov and Mann-Whitney-Wilcoxon
tests. A p-value of <0.05 was considered statistically significant throughout.

4.3 Results

Figure 4.2 shows bidimensional loops decribed by orthogonal bEGMs for different
bipole configurations, including all triangular orientations and the square clique.
For the sake of simplicity, propagation directions Ψ = 0◦, 15◦, 30◦, 45◦and − 45◦ were
considered. It can be observed that all configurations display a straight line for
horizontal propagation (i.e. Ψ = 0◦ or Ψ = 180◦). Although not shown, analogous
behavior was obtained for exact vertical propagations (i.e. Ψ = 90◦ and Ψ = −90◦).
For other propagation directions there was at least one configuration that displayed
a bidimensional loop.

Widest loops were obtained with triangular configurations at propagation directions
perpendicular to the bisector formed by the bEGMs involved. In those cases, the
delay between both bipole centers was maximal. As can be observed in Figure
4.2, triangular configurations 1 and 4 showed the same pattern although rotated
and mirrored. The same occurs with triangular configurations 2 and 3. This can
be explained by the fact that the wavefront activates bx earlier than by, or vice
versa, depending on the triade of electrodes considered for the clique. As well as
this, triangular configurations showed a straight line at propagation directions that
matched the bisector of the bEGMs. For example, for Ψ = 45◦, configurations 2
and 3 displayed a straight line, whereas configurations 1 and 4 displayed a wide
loop. Analogous behaviour is shown for Ψ = −45◦, with exchanged roles of the
cliques involved. In all cases, the square clique showed consistently narrower
loops regardless of the incidence angle. The amplitude of the residual signal at its
perpendicular direction was also minimal for the square clique, regardless of the
propagation direction (see Figure 4.3). Moreover, triangular configurations estimated
angle and LATs with higher error and provided oEGMs with lower amplitude and
peak ratio.

Figure 4.4 shows boxplots comparisons among triangular and square cliques for the
following parameters: angle errors, oEGM amplitude, amplitude ratios r and LATs
errors. In this figure, an interelectrode distance of 1mm was considered. In addition,
Table 4.1 shows the numerical results for this and other interelectrode distances. For
all parameters, the null hypothesis of the Kolmogorov-Smirnov test of normality
was rejected. Accordingly, the Mann-Whitney-Wilcoxon test was performed.
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4.3. Results

Table 4.1: Statistical values of results for simulations.
Triangle Square

Angle error 1.81 ± 1.56◦ 1.20 ± 0.83◦

1mm Amplitude 360.17 ± 88.55µV 345.56 ± 84.45µV
Peak ratios∗ 5.98 [2.03. . .∞] 10.48 [6.10. . .∞]
LAT error 168.94 ± 148.78µs 87.18 ± 81.46µs

Angle error 3.37 ± 3.75◦ 1.94 ± 1.38◦

2mm Amplitude 595.84 ± 139.01µV 566.04 ± 126.65µV
Peak ratios∗ 5.65 [1.40. . .∞] 9.01 [4.86. . .∞]
LAT error 437.56 ± 334.48µs 296.00 ± 152.12µs

Angle error 4.58 ± 4.46◦ 2.87 ± 1.81◦

3mm Amplitude 976.34 ± 183.33µV 752.27 ± 162.31µV
Peak ratios∗ 5.20 [1.12. . .∞] 8.14 [4.84. . .∞]
LAT error 677.13 ± 504.07µs 365.94 ± 150.67µs

Angle error 5.92 ± 6.02◦ 3.82 ± 2.20◦

4mm Amplitude 976.34 ± 213.53µV 911.43 ± 189.64µV
Peak ratios∗ 4.76 [0.94. . .∞] 7.55 [4.87. . .∞]
LAT error 929.50 ± 651.50µs 339.88 ± 172.05µs

∗Median and range values are shown for this parameter.

Statistical values for interelectrode distances of 1mm, 2mm, 3mm and 4mm are
shown in Table 4.1. By increasing the interelectrode distance, the following effects
were observed: angle estimation errors increased, oEGM amplitude increased, peak
ratios decreased and LAT deviations increased.

Morphologies of bEGMs exhibited dependency on several factors, as depicted in
Figure 4.5. In panel A, a uEGM with slow deflections (i.e. smoother slopes) was
employed. On the other hand, in panel B, a sharper uEGM morphologies was
considered.

In each panel, two simulations were carried out. The first simulation consists of a
parametric analysis with respect to CV, while keeping the interelectrode distance
unchanged. The second simulation is performed with increasing interelectrode
distance, while keeping CV constant (1m/s). Either by decreasing CV or increasing
interelectrode distance, the delay between the activations captured by the electrode
pair is increased. As can be observed, the larger the delay, the wider the bEGM
morphology. In addition, above a certain delay threshold, bEGMs became notched,
thus corrupting the bEGM morphology.

For the first simulation and setting the interelectrode distance to 4mm, bEGMs
became notched with CV thresholds of 0.28m/s and 1m/s for the smoother and
sharper uEGM, respectively. For the second simulation and setting the CV to 1m/s,
notch bEGMs were obtained from interelectrode distance thresholds of 14.4 mm and
3.9 mm for the smoother and sharper uEGM, respectively. These results indicate a
higher sensitivity for the uEGM waveforms.
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Figure 4.5: Illustration of the dependence of the bipolar morphology from with respect to the
delay between unipolar signals and uEGM morphologies. Panel A and B use different uEGM
morphologies, with slow and fast deflections, respectively. For rows 1 and 3, an interelectrode
distance of 4mm is fixed. For rows 2 and 4, CV of 1m/s is fixed. The leftmost panel represents
the reference unipole in black, and the three delayed unipoles utilized for the construction of the
bipoles, in gray scale. The three rightmost columns represent therefore, the bipoles for each of the
parameters according to the first column, being the first of those a valid bipole, the central the
illustration of the threshold point at which the notch appears, and the rightmost a non-desired
outcome with a clearly visible delay effect.

4.4 Discussion

High-density multielectrode arrays have been widely employed in experimental
cardiac EP, such as patch-clamp experimentation [251], Lagendorff perfused isolated
hearts from animal models [252] and in-vivo animals [253]. However, it was not until
development of the Advisor™HD Grid Mapping Catheter (Abbott Laboratories,
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Illinois, US) [15] when became of greater interest in clinical practice. An advantage
of this catheter is that it copes with the problem of directional sensitivity of bEGMs.
As a result, orientation-independent bipoles are obtained from an algebraic rotation
of an orthogonal bipole pair. An oEGM should be regarded as a virtual bipole as if
it were captured from a bipole whose electrodes can be dynamically oriented in the
direction of the propagation wavefront.

Nevertheless, some problems related to omnipolar catheters still need to be ad-
dressed. By definition, geometric centers of the bEGMs involved in a triangular
clique are not coincident. This makes the activation wavefront pass through these
sites at different time instants, hence causing temporal misalignments among bEGM
activations and being a major cause for errors in oEGM estimation. In this work, we
demonstrate that incorrect oEGM estimates may occur even with perfectly plane
and homogeneous propagation wavefronts. To mitigate this problem, a temporal
alignment of activations has already been proposed [23]. However, after temporally
shifting bEGM activations, a reliable time reference would no longer be available
and thus, hindering reliable LAT detection and CV measurement. Alternatively,
we propose to estimate oEGMs from the diagonal bEGMs of the clique, so that
both bEGM centers are spatially coincident with the clique center. Therefore, time
alignment of activations is no longer required. To the authors’ knowledge, this
approach has not been proposed yet. With such configuration, thinner loops of
the electrical field are described in comparison to triangular cliques. However,
amplitude using the square configuration is slightly underestimated. This result
is consistent from a theoretical perspective, as it is well-known that the average of
delayed pulses results in a wider pulse with lower amplitude [254]. Nevertheless,
this is not a real limitation, as it was shown that the equivalent cross-orientation
provides larger amplitude oEGMs (scaled by a factor of

√
2). Finally, LAT estimation

with the square clique was also more accurate than using triangular configurations.
This is an important result, as accuracy in detection of LATs is essential to estimate
delays related to wavefront propagation [255]. In general, it can be stated that
estimation of oEGMs from squared cliques overperformed triangular configurations.

Effects of interelectrode distance was also explored. By increasing interelectrode
distance, loops became wider (lower values between o(t) and o⊥(t) amplitudes)
and errors in the estimation of LATs and propagation directions increased. The
unique apparent benefit of increasing interelectrode distance is an increase of the
oEGM amplitude. This can be well explained as the amplitude difference of delayed
versions of unipolar activations increase with the delay. Another important limitation
of increasing interelectrode distance is that a notch may appear at the center of the
positive pulse of the bEGM morphology —and thus, the oEGM as well. Indeed,
the problem of fractionation in bEGMs computed from spaced uEGMs has been
already described [256]. This effect would compromise accuracy in LAT estimation
as defined as the instant at which the bEGM amplitude is maximum. Whether
this undesirable effect appears or not, not only depends on interelectrode distance,
but also on CV and sharpness of unipolar activations. Whereas the interelectrode
distance relies on technology, the other constraints depend on the specific patient’s
EP. The assessment of slow conduction regions would be specially challenging, e.g.
as it occurs with the macroreentrant circuit of AFL [193]. Nevertheless, from an
engineering perspective, technology should be designed to work properly regardless
of a patient’s condition.
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The main limitation of the square clique configuration is that activation delays are
increased by a factor of

√
2, which are equivalent to an increase of

√
2 of the inter-

electrode distance, hence resulting in a poorer spatial resolution. As a consequence
of that, oEGM estimation can be affected by limitations due to notch deflections in
greater extent. Consequently, reducing interelectrode space in future HD catheter
designs would be an asset. Additionally, with higher electrode density, the assump-
tion of a plane and homogeneous wavefront propagation would be more easily
fulfilled. Nevertheless, some questions ought to be taken into account with reduced
interelectrode distances. Firstly, LAT precision under millisecond scale should be
required. This could be important to further analyze conduction parameters using
the full electrode grid, such as CV and heterogeneity of propagation directions,
among others. To achieve such time precision, oversampling of the signals should
be considered. Moreover, as lower amplitude oEGMs are obtained, equipment with
improved resolution in the acquisition and digitization of the signals could be re-
quired to keep similar signal-to-noise ratio levels. Apart from reducing interelectrode
distance, other solutions could also be explored, such as staggered multielectrode
pattern —to avoid the increasing

√
2 factor aforementioned—, or develop improved

signal processing algorithms to enhance oEGM estimation.

4.5 Conclusions

This paper analyzes limitations of clique configurations for oEGM estimation in
orientation-independent sensing from a simulation perspective. The two main
conclusions of the study are: firstly, the square clique provides a more robust
estimate of omnipolar EGMs. With this approach, pitfalls associated to temporal
misalignments are avoided. This approach resolves the still remaining directional
sensitivity of these catheters and provides an efficient solution to problems related
to the amplitude of bEGMs. Secondly, as long as electrodes are spaced close enough
to avoid notch effects in the resulting bEGMs, estimation of wavefront directions and
LATs are consistently improved, which are key factors to obtain high-density CV
maps. To better cope with that, interelectrode spacing should be reduced as much
as technology allows. Moreover, for multielectrode settings where interelectrode
distance is not short enough, the square clique would be less convenient due to a
loss of spatial resolution.

Future scope of this work should involve testing in experimental and clinical settings
in order to validate and support our conclusions in a more realistic scenario. Studies
reporting the limitations and constraints in oEGM estimation are valuable for guiding
the design and implementation of future generation catheters and mapping software.

Supplementary material: code

The code written for this manuscript can be found in the following GitHub link:
GitHub Repository
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Chapter 5

Evaluation and Assessment of Clique Arrangements for
the Estimation of Omnipolar Electrograms in High

Density Electrode Arrays

An Experimental Animal Model Study

Abstract

Background and Objectives: High-density catheters combined with Orientation In-
dependent Sensing (OIS) methods have emerged as a groundbreaking technology for
cardiac substrate characterisation. In this study, we aim to assess the arrangements
and constraints to reliably estimate the so-called omnipolar EGM (oEGM). Perfor-
mance was evaluated using an experimental animal model. Methods: Thirty-eight
recordings from nine retrospective experiments on isolated perfused rabbit hearts
with an epicardial HD multielectrode were used. We estimated oEGMs according to
the classic triangular clique (4 possible orientations) and a novel cross-orientation
clique arrangement. Furthermore, we tested the effects of interelectrode spacing
from 1 mm to 4 mm. Performance was evaluated by means of several parameters
that measured amplitude rejection ratios, electric field loop area, activation pulse
width and morphology distortion. Results: Most reliable oEGM estimations were
obtained with cross-configurations and interelectrode spacings ≤ 2 mm. Estimations
from triangular cliques resulted in wider electric field loops and unreliable detection
of the direction of the propagation wavefront. Moreover, increasing interelectrode
distance resulted in increased pulse width and morphology distortion. Conclusions:
The results prove that current oEGM estimation techniques are insufficiently ac-
curate. This study opens a new standpoint for the design of new-generation HD
catheters and mapping software.

This chapter is based on the publication: S. Ruipérez-Campillo et al. (2023). Evaluation and
assessment of clique arrangements for the estimation of omnipolar EGMs in high density electrode arrays:
an experimental animal model study. Physical and Engineering Sciences in Medicine, 46(3) [257].
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5.1 Introduction

Local examination of the cardiac tissue is crucial for the characterisation of the EP
substrate [258], found to be key to better understand the mechanisms that trigger
and sustain cardiac arrhythmias such as AF [259], atrial tachycardia (AT) [260],
ventricular tachyarrhythmias [261, 9] and other arrhythmias [262]. Arrhythmogenic
substrates usually involve fibrotic regions with anomalous conduction that cause
meandering and inhomogeneous routes of the electrical activation [263, 35]. Accurate
EP mapping is then required to identify sites responsible for the arrhythmia, and
hence pinpoint candidates for ablation procedures [264, 240].

In order to accurately characterise the EP substrate, catheters with high-density (HD)
arrays of equispaced electrodes are gaining great interest in the field [15]. These
electrodes are able to provide an HD activation map of the local tissue, and hence
are appropriate to estimate CV and other features related to inhomogeneities in the
propagation of the electrical wavefront [16, 249]. In fact, they have already been
introduced to the clinical practice involving successful substrate exploration for the
detection of atrial and ventricular disorders [22, 20, 265].

Such multielectrode arrays are also referred to as omnipolar electrodes, due to their
capability to derive an omnipolar EGM (oEGM), which is a virtual representation of
the bipolar EGM (bEGM), recreating the hypothetical signal obtained from a pair of
electrodes arranged in the direction of wavefront propagation. The interest of this
operation mode is to overcome the sensitivity of bEGMs to the orientation of the
electrode pair with respect to the wavefront [245]. Due to this limitation of bEGMs,
the low-amplitude and fragmented activations recorded in the case of wavefronts
arriving orthogonally to the electrode pair [243, 246] could lead to misinterpretations,
such as mistakenly assuming impaired tissue to be the cause of an abnormal signal
[248, 256].

Although omnipolar electrodes are claimed to provide an orientation-independent
oEGM [15, 266, 267], some orientation dependencies have been reported [23, 268],
which may lead to pitfalls in oEGM estimation at some incidence angles. To overcome
this limitation, two alternative methods for oEGM estimation have been recently
proposed. The first one consists of a prior alignment of the bEGM pair to minimise
delay between activations [23]. Yet, ex-vivo animal experiments are a way, according
to the authors, to establish if the simulation-proved superior performance of their
modified omnipolar EGM translates to clinical counterpart of their simulation-based
study [23]. The second one refers to a cross-orientation method by choosing the
diagonal bEGMs of the square clique, as opposed to the conventional triangular
configuration. This method is proposed as a way to impose coincident bipole
centres [268], and hence avoid delays between bEGMs. Although the latter method
showed promising results towards overcomingthe aforementioned limitations and
presenting a more robust approach against propagation angle, this was only tested
with simulations based on ideal propagation wavefronts presented as homogeneous
and plane waves, which differ from the non-ideal propagation patterns intrinsic to
the EP environment [15]. Thus, there was not enough evidence that this method
could work well in a realistic scenario, considering the complexities of cardiac EP.
Therefore, this technique requires further validation in more realistic settings.

Animal models are widely used to test and validate techniques in real biological sce-
narios [269]. Among them, the isolated perfused heart according to the Langendorff

70



5.2. Materials

technique is a broadly used ex-vivo model in cardiac EP research [270].

In this paper, we present a study on the performance of the cross-orientation
method for oEGM estimation using experimental data. For this, a retrospective
dataset of isolated perfused rabbit hearts was employed. These experiments have
many conditioning factors derived from the physiological environment where this
methodology is meant to be used, including recordings of real epicardial activations,
variability among the samples or electrode limitations in a clinical environment,
among others. The signals were obtained with an HD multielectrode array containing
128 unipolar electrodes with 1 mm spacing. Objective features such as activation
amplitude, pulse duration and loop width are analysed. Furthermore, the effects of
interelectrode distance can be assessed given the configuration of the electrode array
designed for this experiment (figure 5.1.A).

5.2 Materials

Thirty-eight recordings from 9 retrospective experiments performed on isolated
perfused rabbit hearts according to the Langendorff technique were used [271].
Two recordings per heart were used, stimulated at 4 and 6 Hz, and three series
were selected per recording. Those with lower quality, noise, or artifacts were
discarded. In each experiment, a self-manufactured multielectrode consisting of 128
stainless steel electrodes (interelectrode distance 1 mm; diameter 0.125 mm) [272]
was positioned on the epicardial surface of the anterior wall of the left ventricle. A
bipolar epicardial stimulating electrode was used (diameter, 0.125 mm; interelectrode
distance, 1 mm), always positioned at the same location, proximally to the external
lateral side of the recording electrode (figure 5.1) and connected to a GRASS S88
stimulator equipped with a stimulus isolation unit. Signals from several series
(epicardial temperature 37 ºC) with ventricular pacing (4 Hz and 6 Hz) were used for
this research. Stimuli were applied via a train of 2 ms pulses with voltage of twice
the diastolic threshold. Electrogram recordings were obtained through a cardiac
electrical activity mapping system (MAPTECH; Waalre, The Netherlands). The
reference electrode consisted of a 4 x 6 mm silver plate located over the cannulated
aorta. All signals were amplified with a gain of 100–300, bandwidth filtered (1 Hz-
400 Hz), multiplexed, and digitised (resolution, 12 bits). The sampling rate was 1000
Hz per channel. Experiments were performed at the Laboratory of Experimental
Cardiac Electrophysiology at the Department of Physiology of the University of
València, Valencia, Spain. The protocol for the experiments was previously approved
by the University of València Local Committee.

5.3 Methods

5.3.1 Clique configurations

Considering the electrode location as the pair (i, j), where i and j are alphabetic
and numeric ordinal indices, respectively, the unipolar EGM (uEGM) in a particular
electrode will be referred to as uij(t) (e.g. uA2(t)). From the subtraction of unipole
pairs, it is possible to derive a bipolar EGM bEGMs). From a cubicle arranging 2 × 2
electrodes, a clique is defined as a pair of orthogonal bEGMs, as depicted in figure
5.2. Depending on the bEGM arrangement, several configurations can be considered,
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Figure 5.1: A. Arrangement of the multielectrode array. B. Picture of the self-manufactured
multielectrode. C. Experimental setting.

such as triangular (with 4 different orientations: , , and ) or cross cliques. For
the sake of clarity, let us denote different clique configurations as C , C , C , C
and C , respectively. Considering a 2 × 2 cell with electrodes A1, A2, B1 and B2,
bipole pairs for each different clique configuration are defined as follows (see figure
5.2):

• For a lower left triangular clique C :

bx(t) = uB2(t)− uB1(t)
by(t) = uA1(t)− uB1(t)

• For a lower right triangular clique C :

bx(t) = uB2(t)− uB1(t)
by(t) = uA2(t)− uB2(t)

• For an upper left triangular clique C :

bx(t) = uA2(t)− uA1(t)
by(t) = uA1(t)− uB1(t)

• For an upper right triangular clique C :

bx(t) = uA2(t)− uA1(t)
by(t) = uA2(t)− uB2(t)
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• For a cross clique C :

b1(t) = uA2(t)− uB1(t)
b2(t) = uA1(t)− uB2(t)

A2 A1

B1

A1

B1 B2

A2

B1 B2

A1 A2

B1

A1 A2

B2B2

A1 A2

B1 B2

bx

b
y

b1 b
2

Figure 5.2: Configurations of a clique of electrodes C , C , C , C , and C .

Notice that for the cross clique C , a correction to align the coordinate system with
the bipole orientation, and hence retrieve bx(t) and by(t), is required. That alignment
is achieved by means of a counterclockwise π

4 rad rotation:

b(t) = [cos(π
4 ) − sin(π

4 )
sin(π

4 ) cos(π
4 )

] ⋅ [b1(t)
b2(t)] , (5.1)

where b(t) = [bx(t) by(t)]T is the cartesian bipole pair, which applies regardless
of the clique configuration.

5.3.2 oEGM estimation

The oEGM is defined as a virtual bEGM reproducing a hypothetical recording by an
electrode pair oriented in the direction of the wavefront propagation. Although the
oEGM cannot be directly measured from the multielectrode grid, it can be estimated
from a mathematical transformation of the bipole pair b(t). From its orthogonal
components, the electric field generated by the cardiac electrical activation can be
represented as a loop pointing in the direction of propagation. Under the conditions
of planar and homogeneous wavefronts (more likely to apply in small-size cliques),
it can be stated that the narrower the loop, the more precise the description of the
electric field [23, 268].

The omnipole o(t) can be estimated from the projection of b(t) along the direction of
the wavefront propagation. Ideally, this transformation yields a signal exhibiting an
activation with maximal amplitude. Equally, a projection onto a perpendicular axis
provides a residual signal r(t) with low amplitude. In this line of thinking, the oEGM
is computed from the projection that maximises the ratio of the omnipolar peak
amplitude to the peak amplitude of the residual. With Ψw denoting the direction of
the wavefront, a rotation angle that maximises the ratio between the amplitude peak
of the projected signal and the peak of the orthogonal projection can be computed
by solving the following optimisation problem:
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θo = argmax
θ

[max ([cos θ − sin θ]b(t))
max ∣[sin θ cos θ]b(t)∣ ] , (5.2)

where θo is the angle that retrieves the projection yielding an estimation of the oEGM
ô(t):

[ô(t)
r(t)] = [cos(θo) − sin(θo)

sin(θo) cos(θo) ] ⋅ b(t) (5.3)

As shown in equation 5.3, the residual signal r(t) is naturally derived as well.

5.3.3 Assessment of oEGM reliability

As suggested from previous simulations [268], the reliability of oEGM estimations
depends on several factors. Some of them are inherent to physiological properties,
such as CV and the morphology of the unipolar signal. In addition, the orientation
of the multielectrode with respect to the propagation wavefront also plays a role. All
these factors are extrinsic to the technique for oEGM estimation as described above.
Furthermore, depending on the clique configuration and interelectrode distance,
different versions of the estimated omnipole ô(t) can be obtained. As long as results
are not coincident, it can be inferred that a retrieved oEMG cannot be considered the
true omnipole but rather an approximation. Therefore, assessing and understanding
the limitations of technical issues involved in oEGM reconstruction arises as a key
factor when proposing and using reliable settings.

Several measurements to assess the reliability of oEGM estimations are proposed:

• oEGM-to-residuum ratio (ORR): Ratio between peak amplitudes of ô(t) and
r(t) activations:

ORR =
max(ô(t))
max ∣r(t)∣ (5.4)

The higher this ratio, the better the oEGM estimation.
• Normalised loop area (NLA): Area of the electric field loop described by

normalised bipoles that make up the electrical field loop. The rationale for
this parameter is that, assuming a planar wave propagating within a small-
sized cell, the electric field loop should reflect a straight line. With this
assumption, the thinner the loop, the better the estimation and accordingly,
lower NLA values suggest more reliable oEGMs. To compute this parameter,
the bipoles bx(t) and by(t) are previously normalised to the peak oEGM
amplitude. Such normalisation removes amplitude biases in order to reflect a
more representative value of the loop shape. The NLA parameter is defined as
the surface constrained by the contour of the bipole loop L. Parameterising the
spatial coordinates according to ϱ and ξ, the equation to solve is the surface
integral over the magnitude of the cross product of the partial derivatives of
the surface element s(ϱ, ξ) in the plane ϱ − ξ within the limits defined by the
curve L:

NLA = ∬
L

ÂÂÂÂÂÂÂÂ
∂s
∂ϱ

×
∂s
∂ξ

ÂÂÂÂÂÂÂÂ
dϱ dξ (5.5)
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The surface elements are approximated by using an adaptation of the trape-
zoidal rule, thus avoiding problematic edge cases of triangulation methods
such as silver triangles [273].

• Pulse width (PW): The PW is a measure of the elapsed time between the
leading and trailing edges of a single pulse (see figure 5.3). The rationale
behind this parameter is also related to that of the morphology distortion, as
the subtractions of delayed activations will result in an increasing pulse width.
From this perspective, the shorter the PW, the better the oEGM estimation.

• Morphology distortion (MD) of ô(t): The rationale for this is the distortion
caused by interelectrode spacing sampling. This may occur when the inter-
electrode distance is not short enough to consider the bipoles bx(t) and by(t)
as if they were obtained from infinitesimally close sites. Instead, there can be
a significant delay between the activations, so that the bipoles can be regarded
as subtractions of delayed versions of the unipole rather than its gradient.
Generalising unipolar activations at any site location within a 2D grid, we
could define unipolar EGMs as u(t, x, y). While being the omnipole o(t) the
gradient of u(t, x, y) in the direction of propagation, and considering identical
unipolar waveforms in infinitesimally close sites, we estimate the true oEGM
at a given site o(t, x, y) as the negative time derivative of the unipole:

o(t, x, y) = −
∂

∂t
u(t, x, y) (5.6)

Particularising at the electrodes of the multielectrode array,

oij(t) = −
duij(t)

dt
(5.7)

As long as there are several unipoles involved within a clique, we estimate
a reference oEGM oref(t) after alignment and average all oij(t) from the
electrodes forming the clique. An additional advantage of this averaging
is the reduction of common interference and other noise components. The
resulting oref(t) will be then compared to the estimated ô(t) to assess distortion.
After amplitude normalisation, MD is measured from root mean squared error
(RMSE) between the normalised ô(t) and oref(t) signals.

A graphical description of some of these parameters is presented in figure 5.3. For
each experiment in the dataset, oEGM estimates ô(t) for different clique configu-
rations (C , C , C , C and C ) and interelectrode distances ranging from 1 to 4
mm were obtained. For all cases, performance of oEGM estimation was assessed by
means of the parameters described above (i.e. ORR, NLA, PW and MD).

5.3.4 Statistical analysis

Results are provided as mean ± SD, or median and IQR, if required. For data
exploration, the distribution of the independent variables was evaluated using
Kolmogorov-Smirnov and Mann-Whitney-Wilcoxon tests.

Two linear mixed models were fit to the data, with the computed metrics (NLA,
ORR, PW and MD) as the dependent variable, and configuration and distance, as
well as their interaction (configuration * distance), as independent variables. Due to
the repeated measures on the same rabbit heart origins, a random intercept for the
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Figure 5.3: Graphical description of some of the metrics assessed: A. NLA; B. ORR; C. PW

heart origin was included. In both models, the right-skewed dependent variables
were log transformed.

The first model was fit to the raw data, including an additional random intercept for
the subsamples within each combination of rabbit heart origin, configuration and
distance. The second model was fit to the aggregated subsamples. The latter was
chosen due to its intrinsic simplicity compared to the former, and the similar values
obtained for the statistics.

To evaluate the model assumptions, Gaussianity and homoscedasticity of the residu-
als were studied (see quantile-quantile (QQ) plots and the residual diagnostics for
hierarchical multi-level regression models (DHARMa) in Supplementary Material).

P-values of model coefficients were obtained using the Satterthwaite’s degrees of
freedom method, applying the package lmerTest. We performed a post-hoc pairwise
testing with p-value adjustment for correction of multiple comparisons following the
Tukey method. Multiple comparisons between each configuration were performed
separately for each distance, as were their corrections. A p-value of <0.05 was
considered statistically significant throughout. The statistical model and comparison
tests were designed and run in RStudio.

5.4 Results

Figure 5.4 represents an example of electric field loops created from an experiment
and considering different clique configurations and interelectrode distances from
1 mm to 4 mm. As can be appreciated, different loop patterns were obtained. At
closer inspection, the similarity in the morphology of the bEGM loops generated
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by complementary triangular cliques (for instance C vs C on the one hand and
C vs C on the other hand) can be noted. Whereas cliques C and C reconstruct
narrower loops pointing at a consistent direction, cliques C and C obtain wider
loops with no precise pointing. As a result, triangular configurations C and C
fail to accurately detect the direction of propagation. In addition to the triangular
cliques, the loop pattern created by the cross clique C is also consistent with the loop
patterns of triangles C and C , i.e. a narrow loop pointing in the same direction.
The reasons for such similarities and differences among patterns will be further
discussed in the next section. Moreover, considering the effects of interelectrode
distance, it can be observed that with shorter distances, loops become narrower and
lower in magnitude.

From the bEGMs that make up the electric field loops in figure 5.4, and after the
corresponding algebraic rotation according to equation 5.3, the oEGM estimates ô(t)
and the orthogonal residual signal r(t) are computed. These results are depicted
in figure 5.5. As can be observed in the 1 mm setting, configurations C , C and
C provide estimates with lower amplitude of the residual signal r(t) (in red). As
interelectrode distance increases from 1 to 4 mm, so does the amplitude of the
oEGM. Moreover, the residual signal in the direction perpendicular to the wavefront
propagation increases to an even larger extent, proportionally to the interelectrode
distance. Cliques that provided a wider loop (i.e. C and C ) provided a r(t) signal
displaying a significant residue of the electrical activation.

Beyond the results of a single experiment illustrated in figures 5.4 and 5.5, we
performed a quantitative analysis by computing parameters ORR, AEFL, MD and
PW for all the experiments in the dataset. Numerical values are provided in Table 5.1,
and boxplots are depicted in figure 5.6. Subsequently, we carried out the statistical
analyses as described in section 5.3.4. The resulting p-values considering correction
for multiple comparisons are given in Table 5.2.

For close interelectrode spacing (1 mm), the cross configuration C led to equivalent
results to the triangular cliques that detected the angle of propagation direction more
accurately (C and C ), resulting therefore in non-significant p-values for amplitude
ratio (ORR) and loop area (NLA). However, this similarity was no longer applicable
when comparing the results of C to C and C . For this comparison, the C clique
led to significantly higher OOR and lower NLA values. By increasing interelectrode
distance, such differences were reduced, becoming non-significant for spacing ≥ 3
mm.

Regarding parameters related to pulse morphology PW and MD, comparison among
clique configurations provided non-significant results. However, both PW and
MD significantly increased with interelectrode distance, especially noticeable for
spacing ≥ 3 mm (see Tables 5.1 and 5.3). This effect is reflected in changes in the
oEGM morphology (see Figure 5.7.B). As can be observed, the oEGM becomes
progressively wider in comparison to the reference oEGM oref(t) (Figure 5.7.B).
Moreover, in addition to these morphological worsening, NLA and ORR worsened
with increased interelectrode distances as well.
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Table 5.1: Results for the different metrics

{C & C } {C & C } {C }
NLA 0.130±0.011 0.265±0.032 0.114±0.014

1 mm ORR 5.258±0.335 3.722±0.378 5.204±0.339
PW [ms] 5.950±0.441 4.200±0.428 4.324±0.486
MD [µV] 0.106±0.006 0.086±0.005 0.089±0.006
NLA 0.252±0.026 0.359±0.029 0.161±0.022

2 mm ORR 3.695±0.347 2.387±0.128 3.491±0.284
PW [ms] 5.458±0.753 4.618±0.549 5.863±0.493
MD [µV] 0.105±0.007 0.111±0.008 0.114±0.007
NLA 0.258±0.025 0.308±0.028 0.231±0.033

3 mm ORR 3.274±0.226 2.498±0.168 3.133±0.249
PW[ms] 5.378±0.489 5.201±0.538 6.258±0.567
MD [µV] 0.114±0.006 0.132±0.007 0.133±0.008
NLA 0.284±0.029 0.281±0.019 0.216±0.023

4 mm ORR 2.914±0.201 2.745±0.179 2.769±0.148
PW [ms] 6.083±0.380 6.168±0.365 6.732±0.534
MD [µV] 0.114±0.005 0.136±0.006 0.133±0.008

Table 5.2: p-values derived from post-hoc tests comparing coefficients of configurations, stratified
by metrics and distances

C - C C - C C - C C - C C - C C - C
NLA ORR

1 mm 0.921 < 0.001 < 0.01 0.897 < 0.01 < 0.001
2 mm 0.391 < 0.05 0.335 0.525 0.117 < 0.01
3 mm 0.994 0.505 0.442 0.711 0.419 0.105
4 mm 0.933 0.491 0.712 0.899 0.905 0.664

PW MD
1 mm 0.605 0.911 0.361 0.536 0.689 0.147
2 mm 0.795 0.299 0.675 0.622 0.941 0.822
3 mm 0.380 0.266 0.971 0.463 0.999 0.464
4 mm 0.669 0.882 0.924 0.467 0.997 0.426

5.5 Discussion

Orientation-independent sensing (also referred as OIS) [17] for the estimation of
bipolar EGMs is receiving great attention [267]. This technique overcomes the main
limitation of bEGMs, which are highly dependent on bipole orientation, hence
providing a low amplitude and fractionated signal when the wavefront arrives
almost perpendicularly to the electrode pair [248]. Such a limitation is crucial, as low
amplitude and identification of Complex Fractionated Atrial Electrograms (CFAEs)
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Table 5.3: p-values derived from post-hoc tests comparing coefficients of distances, stratified by
metrics and configurations

C C & C C & C
1 mm 2 mm 3 mm 4 mm 1 mm 2 mm 3 mm 4 mm 1 mm 2 mm 3 mm 4 mm

1 mm 1 - - - 1 - - - 1 - - -
NLA 2 mm 0.378 1 - - 0.061 1 - - 0.987 1 - -

3 mm < 0.05 0.588 1 - 0.088 0.999 1 - 1 0.985 1 -
4 mm < 0.05 0.529 0.999 1 < 0.05 0.979 0.946 1 0.999 0.995 0.999 1
1 mm 1 - - - 1 - - - 1 - - -

ORR 2 mm < 0.05 1 - - 0.066 1 - - 0.256 1 - -
3 mm < 0.01 0.962 1 - < 0.01 0.861 1 - 0.383 0.994 1 -
4 mm < 0.01 0.877 0.994 1 < 0.01 0.505 0.928 1 0.737 0.84 0.938 1
1 mm 1 - - - 1 - - - 1 - - -

PW 2 mm 0.159 1 - - 0.956 1 - - 0.73 1 - -
3 mm < 0.05 0.791 1 - 0.876 0.995 1 - 0.239 0.827 1 -
4 mm < 0.01 0.464 0.95 1 0.297 0.594 0.741 1 < 0.01 0.07 0.371 1
1 mm 1 - - - 1 - - - 1 - - -

MD 2 mm 0.119 1 - - 0.995 1 - - < 0.05 1 - -
3 mm < 0.01 0.725 1 - 0.76 0.882 1 - < 0.001 0.548 1 -
4 mm < 0.05 0.865 0.993 1 0.868 0.952 0.997 1 < 0.01 0.639 0.999 1

are key features in determining regions with anomalous conduction [274, 275].

Although claimed to be orientation-independent, it has been shown that some
orientation dependency still applies [23]. Indeed, it has been proven that state-of-the-
art oEGM reconstruction methods based on triangular cliques result in inaccurate
estimations of the omnipole, even in perfectly homogeneous and plane propagation
wavefronts [268]. As previously reported in a simulation study, oEGM estimation
from the diagonal bEGMs of the clique corrects the temporal misalignments, hence
improving oEGM estimation.

With this study, we aim to assess performance and limitations of OIS methods for
oEGM estimation in a real scenario, employing a series of retrospective experiments
with animal models. Several technical issues are tested, such as clique configuration
and interelectrode distance. Parameters based on the form factor of the electric
field loop and rejection to residual signal resulting from perpendicular electrode ar-
rangement are considered. In addition, morphology distortion caused by increasing
spacing between electrodes is analysed.

The fact that the stimulation electrode was placed in approximately the same location
in all experiments forced a similar direction of the propagation wavefront, regardless
of the experiment under study. As long as the accuracy of the electrical field
loop reconstruction with the triangular clique strongly depends on the wavefront
incidence angle, loop patterns were dissimilar for different triangle orientations.
More specifically, equivalent loops were obtained from pairs of complementary
triangles (C −C and C −C ), whereas clearly different loops were obtained when
comparing non-complementary triangles. This orientation-dependent property of
the triangular clique, together with the specific arrangement of the experimental
setting, caused one pair of complementary triangles to be consistently more accurate
than the other. As a result, by using triangular cliques, correct oEGM estimations
coexist with incorrect oEGM estimations. On the other hand, the cross-oriented
configuration, being more robust to the wavefront direction, provided results as
accurate as the best complementary triangle pair, and better in any case than the
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Figure 5.6: Comparison of the triangular and cross-oriented configurations for the different
parameters under study. 3A Normalised loop areas. 3B Omnipolar ratios. 3C Morphology
distortion of omnipoles. 3D Pulse Width.

worst complementary triangle pair. This is an important benefit of the cross-oriented
clique, as in clinical practice the wavefront can arrive randomly from any possible
direction (even changing from activation to activation as the catheter moves).

According to our results, the aforementioned benefits of the cross-oriented configu-
ration are obtained with close interelectrode spacing (≤ 2 mm). In fact, it was found
that increasing the interelectrode distance is another major performance limiting
factor of oEGM estimation. For distances ≥ 3mm, activation delays between neigh-
bours become more noticeable, thus widening the bipolar pulse and changing its
morphology waveform. Indeed, notched or fractionated pulses may be retrieved
resulting from excessively delayed activations even in the case of a healthy cardiac
tissue. In those cases, the cross-oriented configuration is negatively affected to a
greater extent, as the interelectrode distance is scaled at a

√
2 factor with respect

to triangular cliques. To tackle this hindrance, higher density catheters shall be
designed. Moreover, by reducing interelectrode spacing, the resulting propagation
wavefront would be better approximated by a planar and homogeneous wave within
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Figure 5.7: Morphology analysis of oEGMs. Top row: reference oEGM oref(t) computed from
the gradient of the mean uEGM; Central row: estimated oEGM ô(t) for triangular clique C ;
Bottom row: estimated oEGM for clique C . The voltage amplitude has been normalised.

the dimensions of a clique. These findings are consistent with the recent work of
Letchumy et al., which, aiming to characterise the effect of electrode number and
interelectrode distance in the omnipole through an in silico set-up, concluded that
2mm is an ideal interelectrode distance, and distances above 4mm were less effective
at characterising the underlying domain [276].

5.5.1 Study limitations

Although experimental animal studies combine the control of experimental settings
and the physiological behaviour, the isolated rabbit heart is certainly a limitation
for the generalisation to human EP signals. The main question is to what extent
the scaling factor of heart dimensions can affect the conclusions, especially those
related to interelectrode distance. Nevertheless, it should be taken into account that
CV of rabbit and human hearts are around the same order of magnitude. In our
opinion, as long as the CV is more relevant than the heart size at local analyses, the
conclusions may be extrapolated to a great extent.

Another limitation is that the stimulations were applied roughly in the same location
for all experiments (obviously, with some random variations due to experimental
settings and handling). Although this proved that the triangular clique arrangement
failed consistently at certain angle orientations, it would have been interesting to
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test the robustness of the cross-orientation at all angles with an additional battery of
experiments by placing the stimulation electrode at different sites. Nonetheless, this
aspect is not sufficiently grounded to carry out a new series of experiments with
animals. In any case, the cross-orientation was proven consistent along the complete
experiment series as well as in previous simulation studies [268]. Future work shall
be performed on endocavitary signals, given that the current has been performed on
epicardial.

5.6 Conclusions

In this paper, performance of orientation-independent sensing methods for cardiac
signals are explored. For this, signals recorded from a high-density multielectrode
during a retrospective experimental series of isolated perfused heart were employed.
Electrical field loop reconstruction and orientation-independent bipolar activations
for different technical configurations were compared. Several parameters based on
loop shape, rejection ratio to the orthogonal residual signal and pulse morphology
were defined. Our results concluded that interelectrode spacing not larger than 2
mm should be employed for accurate oEGM estimation. Moreover, if this condition
is satisfied, a cross-orientation clique configuration is preferred over the triangular
clique currently employed in clinical practice. This study opens a new standpoint
on the reconstruction of oEGMs from high density multielectrode catheters, and a
new vision towards the design of new devices and post-processing methods with
improved features and performance.
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Chapter 6

Vector Field Heterogeneity for the Assessment of Locally

Disorganised Cardiac Electrical Propagation Wavefronts

from High-Density Multielectrodes

Abstract

Background and Objectives: High-density multielectrode catheters are becoming
increasingly popular in cardiac EP for advanced characterisation of the cardiac tissue,
due to their potential to identify impaired sites. These are often characterised by
abnormal electrical conduction, which may cause locally disorganised propagation
wavefronts. Methods: To quantify it, a novel heterogeneity parameter based on
vector field analysis is proposed, utilising finite differences to measure direction
changes between adjacent cliques. The proposed Vector Field Heterogeneity (VFH)
metric has been evaluated on a set of simulations with controlled levels of organi-
sation in vector maps, and a variety of grid sizes. Furthermore, it has been tested
on animal experimental models of isolated Langendorff-perfused rabbit hearts. Re-
sults: The proposed parameter exhibited superior capturing ability of heterogeneous
propagation wavefronts compared to the classical Spatial Inhomogeneity (SI) index,
and simulations proved that the metric effectively captures gradual increments in
disorganisation in propagation patterns. Notably, it yielded robust and consistent
outcomes for 4 × 4 grid sizes, underscoring its suitability for the latest generation of
orientation-independent cardiac catheters. Conclusions: The VFH metric offers a
more precise and reliable measure of heterogeneous propagation wavefronts, making
it a valuable tool for characterising cardiac tissue using high-density multielectrode
catheters.

This chapter is based on the publication: L. Pancorbo*, S. Ruipérez-Campillo*, et al.
(2023). Vector Field Heterogeneity for the Assessment of Locally Disorganised Cardiac
Electrical Propagation Wavefronts from High-density Multielectrodes. IEEE Open Journal of
Engineering in Medicine and Biology [277]. (∗ denotes co-first authorship)
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6.1 Introduction

High density grid catheters have been recently proposed for accurate characterisation
of local properties of the cardiac EP substrate [278]. This grid arrangement of the
electrodes allows the representation of the electrical field loop within a clique which,
in turn, allows the reconstruction of orientation-independent EGMs, also known as
omnipolar EGMs (oEGMs). This technology, claimed to be orientation-independent,
has been introduced to overcome some of the limitations of unipolar and bipolar
EGMs [15, 279, 13]. It offers robust signals and can determine the direction of the
propagation wavefront in real time, even in complex propagation patterns [280, 18].
Since the release of the Advisor HD Grid Mapping Catheter in 2016, this technology
has been receiving significant attention for its use in EP explorations [22].

Examining the propagation of electrical signals within the heart provides valuable
insights that can assist cardiologists in identifying conduction abnormalities and,
consequently, potential catheter ablation sites [281]. In fact, the electrical propa-
gation in healthy tissue can be locally assumed to be more homogeneous than in
scarred tissue, or in arrhythmias, where disorganisation of the electrical propaga-
tion may happen. That being a key clinical concern, we propose a novel metric to
assess the heterogeneity of the propagation wavefront, by obtaining the direction
of propagation in all cliques of the grid arrangement. We test it on a set of ad-hoc
simulations of the wavefront propagation and on an animal-model with stimulated
and non-stimulated propagation patterns, which allow us to analyse the behaviour
of the metric on a physiological controlled environment.

Several metrics to quantify the complexity of cardiac propagation based on different
properties of the signals have been proposed hitherto. For instance, entropy focuses
on the complexity of EGM morphology [282] and has been used in several applica-
tions, such as to predict AF recurrence after pulmonary vein ablation [283], to detect
complex fractionated atrial EGMs (CFAEs) [284] and rotors [285] or to discriminate
paroxysmal vs. persistent AF [286], among others. Alternatively, coherence [287]
and cross-correlation [288] were introduced to determine the similarity between
pairs of signals, providing information on the synchronicity and coordination among
different locations within the heart, which is an indicator of propagation organisation
[289, 290]. The frequency spectrum of the signals has also been studied for this
purpose. An example is the Organisation Index, which is based on the observation
that wavelets sustaining an arrhythmia introduce additional frequency components
to the spectrum [291]. This parameter was successful in guiding ablation in clinical
studies [292].

Other metrics are directly applied to conduction velocities. In particular, the
Anisotropy Ratio is based on the effect of impaired tissue on disrupting the normal
anisotropy in conduction [293]. In addition to all these indicators, the most widely
employed measurement of heterogeneity is the SI index, described by Lammers
in 1990 [294]. This metric, based on conduction delays across the tissue, has been
applied to high-density multielectrode recordings to evaluate arrhythmogenicity
[295, 296, 297].

Most of these methods require a mapping system with a high number of points
to provide robust and consistent measurements. Therefore, there is a need for a
reliable parameter applicable to small grids, such as the 4 × 4 array of the Advisor
HD Grid. To address this, we propose in this study the VFH metric, based on vector
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field analysis. Indeed, vector field operators such as divergence and curl have been
already proposed for the analysis of propagation patterns [298]. However, it should
be noted that these parameters do not measure the heterogeneity of propagation
itself. Rather, they are used to identify specific patterns of interest within the maps,
such as ectopic foci, wavefront collisions, or reentry circuits [299, 300].

In this paper, we present the derivation of the novel VFH metric and its validation
on omnipolar-derived vector maps obtained with HD grid electrode configurations.
Maps for both stimulated and non-stimulated tissue are created from an experi-
ment involving Langendorff-perfused rabbit hearts. Under the assumption that
stimulation aligns the propagation vectors resulting in more organised maps, the
performance of the VFH metric is based on its ability to differentiate between the two
groups. Additionally, a simulation model is created to test the metric performance
for different catheter sizes and levels of disorganisation under controlled conditions.
Finally, the SI index is replicated to assess the VFH metric’s potential as compared
to a well-established and recognised metric.

6.2 Materials

6.2.1 Simulated data

Simulated propagation maps are generated to study the behaviour of the VFH
metric for different grid sizes and heterogeneity levels under controlled conditions.
Notably, the model does not create synthetic signals. Instead, vector maps are
directly generated by assigning an angle, within a range of values with respect to a
reference, to each clique in a randomised manner. That value represents the angle
between that vector of propagation and the horizontal bipole with the east direction
—the reference. The level of heterogeneity is therefore given by the possible angular
range, which constrains the vector directions that can be generated by the model.
For instance, a narrow range of [−1◦, 1◦] implies a highly organised vector field,
which will entail small heterogeneity in the map. Conversely, a broader range of
[−180◦, 180◦] allows any direction and thus implies the possibility of completely
disorganised vector fields, associated with higher heterogeneity.

For a general grid, we have N vectors in a p × q clique arrangement, p being the
number of cliques in a row and q the number of cliques in a column. Due to the
random nature of the simulation and to avoid similar directions by coincidence,
despite highly heterogeneous settings, the specified angle interval [−θlim, θlim] is
divided into N subintervals of equal length, N being the total number of cliques.
Subsequently, a random angle is selected from the continuous uniform distribution
contained within each subinterval and is assigned to a clique within the grid. The
designation of each vector to a clique is also performed at random, which reduces
the likelihood of adjacent vectors originating from contiguous subintervals.

With this model, propagation maps of different disorganisation levels were generated
by increasing the value of ∣θlim∣ starting at 1◦ and from 5◦ to 180◦ in steps of 5◦.
For each level, 100 maps are generated with a fixed random seed for the sake of
replicability, to evaluate the global heterogeneity of the maps. Additionally, another
set of 100,000 simulated maps is created to examine the trend of the heterogeneity
metric in each of the steps.
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6.2.2 Experimental data

Recordings taken from Langendorff-perfused rabbit hearts have been selected for the
analysis, comprising both non-stimulated (basal) and stimulated signals recorded at
37◦C, as previously described by Guill et al. [271]. Namely, an ad-hoc multielectrode
mapping catheter was placed over the posterolateral wall of the left ventricular epi-
cardium. The electrode grid consisted of 128 electrodes with 1 mm of interelectrode
distance. EGMs were collected using the MapTech© system at a sampling frequency
of 1 kHz, following the established protocol. The cardiac tissue was stimulated at a
point proximal to the left edge of the mapping catheter using a bipolar electrode
connected to a GRASS S88 stimulator. To create the propagation maps, an interval
containing the activation is selected from each set of EGMs. This process results in a
total of 29 propagation maps generated from basal recordings, 21 from recordings
with stimulation at 4 Hz, and 18 with stimulation at 6 Hz. The protocol for the
experiments was previously approved by the Ethics Committee of Universitat de
València.

Initially, we considered a 4 × 4 subset of the electrode array from its central part,
following the scheme of the Advisor HD Grid Catheter. Subsequently, we extended
the grid size to investigate the metric’s behaviour on various plausible electrode
designs. For consistency, all grids are taken from the centre of the catheter, as the
acquisition of the outermost electrodes may be less trustworthy due to possible
inadequate contact with the epicardium.

6.3 Methods

Non-stimulated recordings have a more heterogeneous activation pattern than
stimulated recordings, given a forced alignment of the propagation vectors in the
stimulated case. Therefore, we set out to establish that a metric based on vector field
finite differences can effectively capture differences between groups.

6.3.1 Creation of propagation maps

The omnipole enables the immediate determination of the propagation direction
[249]. During depolarisation, the electric field formed by the perpendicular bipoles
within a clique bx − by creates the so-called bipolar loop. The loop’s greatest
magnitude corresponds to the direction of propagation of the wavefront [15], and is
indicated by a unitary vector located at the clique’s centre (see fig. 6.1).

The cross-clique configuration for the omnipolar reconstruction of signals was
implemented, as described in [237] and validated in an animal experimental model
in [257]. From a 4 × 4 electrode grid and according to the definition of a clique, a
3 × 3 vector map is generated that displays the propagation of the wave under the
catheter. The propagation angle θ is determined by the angle between each vector
and the horizontal bipole bx. Therefore, for a specific moment in time on a matrix of
m × n electrodes G(t) ∈ R

m×n(t = c, for any constant c), we define a matrix Φ that
contains the propagation angles for each clique as:

Φ ∈ R
p×q

∶ p = m − 1, q = n − 1 (6.1)
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Figure 6.1: Representation of the bipolar loop in a recording on the epicardium of a Langendorff
rabbit heart at 37◦C and under stimulation of 4 Hz; A. Loop traced by each bipole in its
corresponding clique; B. Closer look at the loop traced by the orthogonal bipoles in clique 2, with
a vector indicating the estimated propagation direction for that clique.

θi,j ∶ 1 ≤ i ≤ p, 1 ≤ j ≤ q (6.2)

Φ ∶=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

θ1,1 ⋯ θ1,q
⋮ ⋱ ⋮

θp,1 ⋯ θp,q

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(6.3)

Where the variables m and n denote the number of rows and columns in the matrix
G, whereas p and q indicate the number of rows and columns in the matrix Φ.
The indices i and j specify the position of an element within the angular matrix.
Consequently, the propagation is illustrated through a map of unitary vectors that
contain elements ui,j = (cos θi,j, sin θi,j).

6.3.2 Vector Field Heterogeneity

In this section we describe the proposed VFH metric, based on vector field analysis.
Firstly, we create the 2-dimensional vector map that represents the electrical propa-
gation, which can be split into its horizontal and vertical vector components Γx and
Γy, respectively:

(Γx)i,j = cos θi,j; (Γy)i,j
= sin θi,j (6.4)

Where (∗)i,j represents the element in the i-th row and j-th column of a given p × q
matrix, such that 1 ≤ i ≤ p, 1 ≤ j ≤ q.

Finite differences were used to approximate the partial derivatives of the vector
field, by calculating differences between neighbouring vectors in the field. Specifi-
cally, ∆Γx/∆x and ∆Γy/∆x were used to measure how the horizontal and vertical
components vary with respect to their neighbouring points in the horizontal direc-
tion. Analogously, ∆Γx/∆y and ∆Γy/∆y were used to estimate the variation of the
components with their neighbouring points in the vertical direction. Additionally,
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∆Γx/∆d1, ∆Γy/∆d1 and ∆Γx/∆d2, ∆Γy/∆d2 represent the finite differences with the
adjacent diagonal elements across both positive (i.e. northeast, d1) and negative
(i.e. northwest, d2) diagonals. For the diagonal elements, a scaling factor of

√
2 is

used to account for the spatial separation of the cliques. Forward differences of a
vector field involve approximating the derivative of the field at a certain position
by calculating the difference between the vector components at that point and its
adjacent position at a higher index. Similarly, backward differences compute the
difference between the vector components at a specific point and its neighbouring
point at a lower index.

The metric derivation is based on the computation of forward and/or backward
differences, depending on the point. For interior elements, that is, those which do
not lie on the corner of the vector field or in the first/last row/column, the mean of
the absolute forward and backward differences is computed. For edge elements, the
absolute value of either the forward or backward difference is computed, depending
on the edge at which the element is located. For all computations, the referred
element is constrained to be within the matrix domain.

Videlicet, for a central element (Γx)i,j:

(∆Γx
∆x

)
i,j

=

»»»»»(Γx)i,j+1 − (Γx)i,j
»»»»»+

»»»»»(Γx)i,j − (Γx)i,j−1
»»»»»

2 (6.5)

(∆Γx
∆y

)
i,j

=

»»»»»(Γx)i+1,j − (Γx)i,j
»»»»»+

»»»»»(Γx)i,j − (Γx)i−1,j
»»»»»

2 (6.6)

(∆Γx
∆d1

)
i,j

=

»»»»»(Γx)i−1,j+1 − (Γx)i,j
»»»»»+

»»»»»(Γx)i,j − (Γx)i+1,j−1
»»»»»

2
√

2
(6.7)

(∆Γx
∆d2

)
i,j

=

»»»»»(Γx)i,j − (Γx)i−1,j−1
»»»»»+

»»»»»(Γx)i+1,j+1 − (Γx)i,j
»»»»»

2
√

2
(6.8)

The calculations are analogous for the matrix Γy. Then, the magnitude of the
variations in each direction is computed to take into account both contributions
Γx and Γy. Note that the magnitude variations of the vector field are scalar fields
representing how each vector varies from its horizontal, vertical, and diagonal
neighbours respectively, that is:

(∆Γ

∆x
)

i,j
=

√
√√√√√⎷(∆Γx

∆x
)

2

i,j
+ (

∆Γy

∆x
)

2

i,j
(6.9)

(∆Γ

∆y
)

i,j
=

√
√√√√√⎷(∆Γx

∆y
)

2

i,j
+ (

∆Γy

∆y
)

2

i,j
(6.10)

( ∆Γ

∆d1
)

i,j
=

√
√√√√√⎷(∆Γx

∆d1
)

2

i,j
+ (

∆Γy

∆d1
)

2

i,j
(6.11)

90



6.3. Methods

( ∆Γ

∆d2
)

i,j
=

√
√√√√√⎷(∆Γx

∆d2
)

2

i,j
+ (

∆Γy

∆d2
)

2

i,j
(6.12)

The heterogeneity score matrix Ψ is computed by adding the four magnitude matri-
ces. To normalise the values, each resulting element is divided by its corresponding
upper bound.

(Ψ)i,j =

(∆Γ
∆x )i,j

+ (∆Γ
∆y )i,j

+ ( ∆Γ
∆d1

)
i,j
+ ( ∆Γ

∆d2
)

i,j

(ξ)i,j
, 0 ≤ (Ψ)i,j ≤ 1 (6.13)

The normalisation constant ξ of size p× q contains the upper bounds of each element,
which are the same for all positions except for the vertices:

(ξ)i,j = {4 +
√

2 i ∈ {1, p} and j ∈ {1, q}
4 + 2

√
2 elsewhere

(6.14)

(Ψ)i,j is assigned to the corresponding propagation map element, indicating how
dissimilar that vector is from the surrounding vectors (see fig. 6.2). Finally, all
elements are averaged to obtain the heterogeneity value VFH, which is assigned to
the whole local map:

VFH =

∑p
i=1 ∑

q
j=1(Ψ)i,j

p ⋅ q ∶ 0 ≤ VFH < 1 (6.15)

Note that VFH is not meant to reach 1 because that would imply that all the elements
(Ψ)i,j are equal to 1. According to the definition, an element of the map has a value
of 1 when all its adjacent vectors point in the opposite direction, which in turn
prevents them from having the maximum score of 1 when analysing other adjacent
pairs.

6.3.3 Metric comparison with the widely accepted Spatial Inhomo-
geneity index

The proposed VFH metric is compared to the widely adopted SI index [294], com-
monly used in the literature. This index was introduced more than three decades
ago to quantify cardiac conduction disorders using activation maps derived from
high-density recordings. To replicate the methodology, LATs were mapped to each
electrode position by timing the −dV/dTmax of the unipolar EGMs [12]. A phase
difference, also known as activation time-delay, is defined as the temporal variation
between activation times and is measured in ms [301]. To create a phase map, phase
differences were calculated between each pair of electrodes forming a clique and the
largest value was assigned to that position. The resulting map represents the spatial
distribution of conduction inconsistencies. Finally, local phase differences were
represented in a histogram. The total range of differences, computed as P95 − P5,
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Figure 6.2: Illustration of heterogeneity depicting the heterogeneity scores of each clique (Ψ)i,j
and the VFH value assigned to the map; A. Results for a recording stimulated at 4 Hz, with the
propagation vector map (left) and the heterogeneity map (right), illustrating an organised region
of propagation; B. Idem for a basal recording where the propagation map is found to be more
disorganised.

is the absolute inhomogeneity. This parameter might increase due to a global de-
crease in conduction velocities, so the SI index (P95 − P5)/P50 is used to represent
inhomogeneities in conduction independent of the velocities.

To assess this metric’s performance and compare it to the proposed one, inhomo-
geneity indexes were computed for recordings in the experimental data set (see fig.
6.3). The ability of the index to distinguish between basal and stimulated groups is
studied. Observe that the mapping catheter possesses a unit interelectrode distance
with phase differences calculated solely between adjacent electrodes, excluding the
diagonal elements. Consequently, their values are inherently normalised to 1mm.

6.3.4 Statistical analysis

The ability of the proposed metric to distinguish between populations based on
stimulation type was evaluated to reveal its potential as a heterogeneity metric. The
resulting VFH values are tested for statistical differences across the three groups:
basal, stimulation at 4 Hz, and stimulation at 6 Hz. The same analysis is performed
on the SI index to provide an objective comparison between the two metrics.

The Wilcoxon rank-sum test (5% significance level) was applied to perform multiple
comparisons on the resulting heterogeneity distributions (see fig. 6.5 and 6.7). The
Wilcoxon rank-sum test is a non-parametric alternative to the Analysis of Variance
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Figure 6.3: Calculation of the SI index, proposed by Lammers et al., for a 6× 6 grid of recordings
depicted in fig. 6.2; A. Results for a recording stimulated at 4 Hz, with the propagation vector map
(first column), LAT relative to the earliest LAT of the map, for representation purposes (second
column), the corresponding phase map (third column), and the phase differences histogram (last
column); B. Idem for a basal recording.

(ANOVA) test. Typically, one-way ANOVA would be employed to assess differences
in the means of heterogeneity values across the groups, with the type of stimulation
being the independent variable. However, due to the limited number of samples in
the experimental dataset, the assumption of normality required by ANOVA is not
satisfied. This was verified through the Shapiro-Wilk test and examination of the QQ
plots (see Appendix A). A similar analysis was conducted to study the effect of the
catheter size on the metric’s performance. In this case, the independent variable was
the size, and multiple comparisons between consecutive grid sizes were performed.
In order to account for multiple testing, the Bonferroni correction was applied to
adapt the p-values based on the number of comparisons. The values for VFH and SI
are summarised in the medians and IQR arising from the Wilcoxon test.

The Receiver Operating Characteristic (ROC) curves were generated for both metrics
to compare their effectiveness in distinguishing between basal and stimulated cases.
The Area Under the Curve (AUC) was provided to measure the overall performance
of the classifiers. For this analysis, stimulated at 4 Hz and 6 Hz results were grouped,
resulting in an imbalanced set -29 basal; 39 stimulated. For this reason, Precision-
Recall (PR) curves and their respective AUCs were also examined, as they may
provide more meaningful insights in the presence of class imbalance.

6.4 Results

6.4.1 Simulations

The VFH metric’s behaviour for a 4× 4 electrode grid —which leads to a 3× 3 clique
grid— is studied by computing the VFH value of simulated maps of increasing
heterogeneity (fig. 6.4.a). It can be observed that widening the angle interval results
in higher VFH values, which are representative of greater disorganisation of the
vectors (see fig. 6.4.b). Running 100,000 simulations provides a close approximation
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of the trend of the metric (dashed line). It shows a linear behaviour until 45◦

with a slope of 0.0315, computed through linear regression. After that point, the
progression curves and smooths out until VFH reaches a value around 0.7 for a
completely random set-up. Note that while 0.7 represents the average value for
highly disorganised maps, it is not the maximum achievable value. The highest
recorded VFH value from among the 100,000 simulations at 180◦ is 0.7933, which
represents an empirical upper bound of the metric.

Simulated maps of different sizes were generated to study the impact of increasing
the number of data points on the metric’s behaviour (fig. 6.4.c). The VFH values
obtained for different catheter sizes are displayed together, comparing the previous
results with those obtained from 7 × 7 and 10 × 10 grid sizes. It can be appreciated
that using larger grids leads to a decrease in the SD. The three trends have similar
shapes, following a linear behaviour for the first points and then reaching a plateau
(fig. 6.4.d). However, some differences can be observed for the larger grids. The
initial linear trend has a lower slope and they converge to a lower value of VFH =
0.62, approximately. The maximum values recorded at 180◦ are 0.7262 and 0.6911
for 7 × 7 and 10 × 10 grids, respectively.
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Figure 6.4: A. Box and whisker plot of the VFH values of simulated propagation maps of
increasing disorganisation. For each angle range, 100 simulations were performed corresponding
to a 4 × 4 catheter grid. The trend of the VFH metric (dashed line) is calculated by running
100,000 simulations for each interval and plotting the mean VFH value; B. Propagation maps
representative of three distinct angle ranges; C. Comparison of the VFH values from simulated
propagation maps of different catheter sizes. The shaded region corresponds to the SD and the
line is the mean VFH value for the 100 simulations. The decrease in SD from 4× 4 to 10× 10 is to
be highlighted; D. Trends are calculated by taking the mean VFH value from 100,000 simulations
for each angle range.
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Table 6.1: VFH values for different grid sizes according to the stimulation type

Basal Stim. 4 Hz Stim. 6 Hz

Size Median IQR Median IQR Median IQR
3 × 3 0.341 0.334 0.058 0.065 0.065 0.064
4 × 4 0.323 0.228 0.090 0.071 0.096 0.063
5 × 5 0.355 0.126 0.085 0.062 0.085 0.056
6 × 6 0.375 0.102 0.107 0.043 0.114 0.048
7 × 7 0.370 0.092 0.138 0.049 0.145 0.078

6.4.2 Experimental data

Fig. 6.5 illustrates the distribution of VFH values for different stimulation types
using electrode grids of increasing size. Table 6.1 collects the median and IQR values
for each case. For a 4× 4 grid, the VFH value tends to be approximately 0.35 without
stimulation. Conversely, when the heart was stimulated, the value decreased to
0.11 on average. Significant differences are observed between the results of the
basal group and both stimulated groups. However, there is no statistical difference
between stimulations at 4 Hz and 6 Hz. This is consistent for all catheter sizes
(see table 6.2). For a total of 3 comparisons and applying the Bonferroni correction,
the null hypothesis, describing lack of difference among results, is rejected for p <

0.0167.
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Figure 6.5: Box and whisker plots of the VFH values according to the type of stimulation. Results
for different catheter sizes are shown.

When expanding the analysis to include more electrodes, we observe that the mean
VFH value remains constant for the basal groups, whereas there is a slight increase
in the stimulated cases. Furthermore, as the grid size is increased, the SD of the
VFH value decreases for the basal group, but is maintained for stimulation at 4 Hz
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Table 6.2: P-values of Wilcoxon rank-sum test for comparing VFH values according to stimulation
type

Catheter Size Basal - Stim.
4 Hz

Basal - Stim.
6 Hz

Stim. 4 Hz -
Stim. 6 Hz

3 × 3 2.8938e-07∗ 1.0024e-06∗ 0.8547
4 × 4 1.6878e-08∗ 4.7571e-08∗ 0.8547
5 × 5 1.6878e-08∗ 6.8712e-08∗ 0.7037
6 × 6 3.7057e-09∗ 1.7482e-08∗ 0.5447
7 × 7 3.7057e-09∗ 1.9845e-08∗ 0.5447

∗ p-values < 0.0167

Table 6.3: P-values of Wilcoxon rank-sum test for comparing VFH values according to catheter
size

Catheter
Size

3 × 3 - 4 × 4 4 × 4 - 5 × 5 5 × 5 - 6 × 6 6 × 6 - 7 × 7

Basal 0.3924 0.4010 0.9010 0.5650
Stim. 4 Hz 0.0826 0.9198 0.2177 0.0826
Stim. 6 Hz 0.0847 0.6693 0.2750 0.0642

∗ p-values < 0.0125

and 6 Hz.

The statistical analysis reveals there is no significant difference in the VFH values
when increasing the electrode grid in one unit (i.e. from 3 × 3 to 4 × 4). Table 6.3
shows the p-values obtained from applying the Wilcoxon Rank-Sum test on the 4
comparisons. The null hypothesis is rejected when the p-value is lower than the
significance level after the Bonferroni correction (p-value < 0.0125).

An example of a propagation map acquired by an 8 × 8 electrode grid is shown
in fig. 6.6. The map shows local differences in heterogeneity which are quantified
using a 4 × 4 grid (fig. 6.6.a). A value of VFH = 0.64 is found for the disorganised
region, compared to VFH = 0.07 in the homogeneous area. This local evaluation
using a smaller grid is compared to a global quantification of the whole map that
results in a value of VFH = 0.23 (fig. 6.6.b).

6.4.3 Metric comparison

Fig. 6.7 shows the resulting SI index values for different stimulation types and for
electrode grids of increasing size. Table 6.4 collects the median and IQR values for
each case. In the case of a 4 × 4 catheter size, the resulting index has a mean value
of 1.46 for basal recordings. When there is stimulation, this value decreases to an
average of 0.87 for both frequencies. Similarly to the VFH values, the SI indexes
obtained for the basal groups are statistically different to those from stimulated
groups. Additionally, no significant difference exists between stimulation at 4 and 6
Hz. This relationship is maintained for different grid sizes (see table 6.5).

When comparing the results between different catheter sizes, there were only signifi-
cant differences (p-value ≤ 0.0125) found between 3 × 3 - 4 × 4, and 4 × 4 - 5 × 5 for
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Figure 6.6: Example of heterogeneity analysis for an 8 × 8 catheter grid; A. Vector map
representing propagation under the catheter. The VFH values that a 4 × 4 grid would obtain
are displayed; B. Heterogeneity Map displaying the heterogeneity values assigned to each vector
(Ψ)i,j and the global VFH value of the whole map.
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Figure 6.7: Box and whisker plots of the SI index values according to the type of stimulation.
Results for different catheter sizes are shown.

the basal cases, and between 3 × 3 - 4 × 4 for stimulation at 4 Hz (see table 6.6).

Given the lack of statistical difference between stimulation at 4 Hz and at 6 Hz
revealed by the previous analysis, both groups were merged and the effectiveness
of the metrics as binary classifiers basal/stimulated was compared. As depicted in
fig. 6.8.a, the ROC curve for the VFH metric is further away from the diagonal than
the ROC curve obtained for the SI index. This results in a higher AUC value for the
proposed metric for all catheter sizes (see table 6.7, upper panel).

Furthermore, a PR curve is computed to address possible inaccuracies from the
imbalanced data set. The PR curves show similar behaviour to the ROC analysis
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Table 6.4: SI values for different grid sizes according to the stimulation type

Basal Stim. 4 Hz Stim. 6 Hz

Size Median IQR Median IQR Median IQR
3 × 3 0.909 0.705 0.455 0.455 0.545 0.336
4 × 4 1.200 0.783 0.643 0.515 0.652 0.296
5 × 5 1.680 0.634 0.862 0.460 0.807 0.368
6 × 6 1.917 0.648 0.731 0.522 0.773 0.457
7 × 7 1.850 0.684 0.800 0.779 0.836 0.560

Table 6.5: Wilcoxon rank-sum test p-values for comparing SI indexes by stimulation type

Catheter Size Basal - Stim.
4 Hz

Basal - Stim.
6 Hz

Stim. 4 Hz -
Stim. 6 Hz

3 × 3 9.5733e-04∗ 0.0078∗ 0.4302
4 × 4 2.0249e-04∗ 5.3850e-05∗ 0.8546
5 × 5 7.4016e-06∗ 3.6776e-06∗ 0.7247
6 × 6 2.8853e-06∗ 1.5517e-06∗ 0.6829
7 × 7 5.5782e-05∗ 1.7295e-06∗ 0.9663

∗ p-values < 0.0167

Table 6.6: P-values of Wilcoxon rank-sum test for comparing SI indexes according to catheter
size

Catheter
Size

3 × 3 - 4 × 4 4 × 4 - 5 × 5 5 × 5 - 6 × 6 6 × 6 - 7 × 7

Basal 0.0025∗ 0.0025∗ 0.0885 0.9690
Stim. 4 Hz 0.0028∗ 0.1703 0.6966 0.6060
Stim. 6 Hz 0.0176 0.0598 0.7637 0.5797

∗ p-values < 0.0125

(see fig. 6.8.B), with higher AUC values for the proposed metric despite the catheter
size. These values are displayed in table 6.7 (bottom pannel) and the curves for all
sizes are shown in Appendix A.

6.5 Discussion

In this study, we propose the VFH, a heterogeneity metric based on vector field
analysis to characterise the local EP substrate. This parameter is computed from
omnipolar-derived vector maps obtained with HD grid electrodes. Although it has
been designed to provide robust results in small-size arrays, it can be easily adapted
to catheters of any size and even to other electrode arrangements through simple
parameter adjustments.

The properties of the VFH metric were first explored on simulated maps with
progressively higher levels of disorganisation. This allows for objective assessment
under controlled conditions. In this case, the success of the VFH parameter is proven
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Figure 6.8: A. ROC curves comparison between the VFH metric proposed in this study (solid
line) and the SI index (dashed line) for the case of a 4 × 4 electrode grid; B. Same comparison
for the PR curves.

Table 6.7: AUC values for the ROC and PR curves

ROC Curves

Catheter Size VFH Metric SI Index

3 × 3 0.9293 0.7569
4 × 4 0.9752 0.8311
5 × 5 0.9726 0.8895
6 × 6 0.9938 0.9054
7 × 7 0.9929 0.8753

PR Curves

Catheter Size VFH Metric SI Index

3 × 3 0.9165 0.7903
4 × 4 0.9709 0.7014
5 × 5 0.9640 0.7764
6 × 6 0.9928 0.8088
7 × 7 0.9914 0.7024

by its ability to reflect the increasing disorganisation of simulated maps. The curve
evolution as well as the SD ranges allow us to obtain a deep understanding of the
metric. Furthermore, the asymptotic behaviour at high complexity lets us assign an
empirical upper bound for this parameter, which is rather unpractical to derive as a
closed-form solution. In contrast, the SI index is not upper-bounded, which may
lead to outliers that could bias statistical results, as can be appreciated in fig. 6.7.
Moreover, the performance of the VFH metric with different grid sizes was explored.
Interestingly, the VFH maintained its robustness when applied to small maps as
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compared to larger grid sizes, as can be appreciated in fig. 6.4. Nevertheless, there
is some decrease in the VFH values when increasing the grid size to 7 × 7 due to an
averaging effect with a higher number of vectors. Accordingly, comparison of VFH
values obtained with different grid sizes should be avoided.

The validation of the metric on the experimental data depends on its ability to
distinguish between basal (not organised) and stimulated (organised) maps. Both
the VFH metric and the SI index provide significant differences between the two
groups. However, this distinction is less noticeable in the SI, as can be inferred
from the p-values (tables 6.2 and 6.5) and a higher overlapping of the box and
whiskers plots between basal and stimulated groups. The ROC analysis confirms
the superiority of VFH, obtaining greater AUC values than the SI index for all
sizes. An equivalent conclusion is obtained from the PR curves, which support
the previous results despite class imbalance. Moreover, the SI index has larger SDs
(and outliers, as aforementioned) than the VFH, which implies a less accurate and
more inconsistent characterisation of propagation. Moreover, SI values were also
dependent on catheter size (tables 6.3 and 6.6).

The caveats of the SI index could be understood by the fact that it is derived
from LAT maps [294]. A disadvantage of this methodology is that in the case of
complex EGMs, LATs might be difficult to define [301], hence introducing high
variability with different LAT detection methods. It might be questioned whether
the reported differences between the VFH and the SI index are primarily driven by
inconsistencies in LAT determination. To investigate this hypothesis, VFH values
were computed using LAT-derived vector maps. As observed in Appendix B, these
differences persist, even upon negating the impact of LAT errors. This suggests that
the enhanced performance of the VFH metric relative to the established SI index is
intrinsic to its properties, thus solidifying its validation.

Other studies have been primarily focused on measuring the complexity of EGM
morphology by means of entropy measurements [302]. However, further research
is needed to better understand the origins of CFAEs [303]. Alternative metrics,
like Coherence or Cross-Correlation [304, 288], compare simultaneous recordings
from separate points of the cavity. Nevertheless, this requires the use of larger
grids, which may be a limiting factor. On the other hand, CV metrics, such as the
Anisotropy Ratio [293], require mapping a high amount of data points [305, 306].

This analysis of heterogeneity in propagation is of great interest in clinical settings.
A main focus could be the detection of impaired areas such as fibrotic tissue, given
the fact that fibrosis disrupts the uniform propagation of the signals [262], thus
causing an arrhythmogenic substrate. Its potential to identify arrhythmia drivers
and therefore offer assistance in planning ablation procedures, is also a major clinical
problem where this method could be useful.

Furthermore, major works have been recently proposed to understand and charac-
terise the organisation of wavefront propagation based on intracardiac recordings. In
particular, the study by Ganesan et al. [307] defines a novel metric coined as REACT
to evaluate the size of the areas containing synchronised EGMs, shown to be predic-
tive of ablation outcomes. Shortly afterwards, a similar analysis proposes Repetitive
Atrial Activation Patterns (RAAPs), found to be associated with arrhythmia drivers
[308]. This increasing interest in developing metrics to quantify cardiac organisation
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Figure 6.9: Box and whisker plots of the VFH values according to the type of stimulation. Results
for different catheter sizes are shown; A. Application of VFH metric to omnipolar-derived vector
maps; B. Application of the metric to LAT-derived vector maps.

highlights the relevance of prior tissue characterisation for better planning and
guidance of cardiac interventions.

6.5.1 Limitations and future work

The retrospective nature of the experiment, together with the quality selection
of the recordings, has resulted in a restricted sample size for the experimental
data set. Additionally, epicardial signals may fail to capture the EP reality of
intracardiac propagation. Nevertheless, the statistical analysis produced encouraging
results which will likely improve by expanding the data set, preferably using
intracardiac signals from larger animal species that better resemble the physiological
characteristics of the human heart.

With respect to the simulation model, its design focuses on generating propagation
maps specifically for the VFH metric, thereby limiting the ability to test alternative
metrics that are not defined on vector maps. A more complex model, capable of
producing propagation patterns based on activation times or synthetic EGMs, would
enable the evaluation of the SI index using simulated data. By employing this
alternative model, it would be possible to compare the behaviours and trends of
both metrics, providing a more comprehensive analysis for validation purposes.

The success of the VFH to quantify disorganised patterns in this specific application
suggests that this metric could be valuable in other applications related to vector
fields. Indeed, vector field analysis has been applied not only to the characterisation
of bio-electrical field patterns but also to problems related to magnetic flux [309],
wave propagation and fluid flow [310, 311], among others. Whereas the most
common parameters employed in vector field analysis involve divergence and curl,
which aim to find organised patterns such as whirls [298] and focal sources [155] or
sinks [312], the proposed parameter could well be proposed as a complementary
metric that intends to detect disorganised and chaotic behaviours. Therefore, and for
the sake of generalisability, future work focusing on the development of a theoretical
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6. Vector Field Heterogeneity in Cardiac Electrical Propagation Maps

framework of the VFH metric would be valuable. This should include its definition
in a continuous form and its subsequent discretisation in an N-dimensional space.
Additionally, its properties could be thoroughly contrasted with those of the well-
established parameters divergence and curl to highlight their differences as well as
their similarities, concluding with suggestions and indications of typical scenarios
where to exploit the potential of VFH.

Future work could take the direction of implementing a versatile tool for quantifying
heterogeneity in a wider range of vector field-related problems. We could then
explore the potential applications of the VFH metric, such as its ability to differentiate
between fibrotic and healthy tissue on the surface or through the cavities’ wall.

An additional approach would be to explore the implementation of the metric
beyond grid arrays. Since there exists a wide variety of catheters, incorporating
the metric to the most commonly used types would enhance its applicability and
potential. Thus, it is important to define the necessary adjustments and determine if
comparable results are achieved.

6.6 Conclusions

Measuring the disorganisation of propagation vector maps presents a promising
method for cardiac tissue characterisation. This study introduces the VFH metric to
quantify such disorganisation. The success of the metric is demonstrated through its
ability to discriminate between stimulated and non-stimulated epicardial tissue, as
well as the characterisation of the progressive disorganisation observed in simulated
maps. Furthermore, results indicate the superiority of the VFH metric to the SI
index, a widely recognised heterogeneity metric from the literature. Ultimately,
the proposed metric emerges as a reliable heterogeneity parameter suitable for its
application on small HD grids to locally assess fibrotic or impaired cardiac tissue.

Software availability

The online version contains supplementary material available at https://github.
com/SamuelRuiperezCampillo/L_Pancorbo_S_Ruiperez-Campillo_et_al_IEEE-OJEMB_

2024_HVF
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Chapter 7

Identification of Potential Ablation Targets for

Ventricular Tachycardia Using a Novel Omnipolar-based

Propagation Organization Metric

Abstract

Background and Objectives: The optimal approach to identify sites to target
with ablation during ventricular substrate mapping for VT remains debated.
Our study aims to evaluate the diagnostic utility of a novel propagation orga-
nization metric, the omnipolar-based local VFH, to differentiate functionally
critical sites from bystander areas during ventricular substrate mapping to
inform ablation strategy. Methods: We compared VT isthmus sites, low-
voltage bystander areas (LVAs), and NVAs. The substrate maps from nine
patients were segmented by domain-experts according to these sites, and the
VFH metric was calculated for each region. Results: We performed statis-
tical analyses of VFH values across the three sites, identifying statistically
significant differences between each pair of regions (p < 0.001). The VFH
mapping revealed a statistically significant increase in electrical heterogeneity
at critical isthmus sites compared to LVAs and NVAs. Conclusions: The VFH
metric is a promising new substrate mapping strategy to identify targets for
catheter ablation in scar-related ventricular tachycardias.

This chapter is based on the publication: S. Ruipérez-Campillo et al. (2024). Identification
of Potential Ablation Targets for Ventricular Tachycardia Using a Novel Omnipolar-based
Propagation Organization Metric. IEEE Computing in Cardiology Conference.

An extension of this chapter was published following the completion of this thesis: J. Tonko*,
S. Ruipérez-Campillo*, et al. (2024) Vector Field Heterogeneity as a Novel Omnipolar Mapping
Metric for Functional Substrate Characterisation in Scar-related Ventricular Tachycardias. Heart
Rhythm [313]. (* denotes co-first authorship)
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7. Identification of Ablation Targets of VT using VFH

7.1 Introduction

VT in patients with structural heart disease can be life-threatening and is
most commonly secondary to a reentry mechanism [314]. Percutaneous
catheter ablation is an established treatment modality to reduce the risk of
VT recurrence and ICD shocks and has been proven to be more effective than
medical therapy alone for this purpose [315].

Traditionally, activation and entrainment mapping of induced VTs have
been proposed to identify critical sites to target with ablation. Yet, these
approaches are frequently hampered by hemodynamic intolerance, unstable
and/or changing VTs or non-inducibility [86].

Substrate mapping has emerged as an important alternative approach to
characterize areas likely to support reentry based on EP characteristics that
can be determined during stable sinus or paced rhythm. In previous studies,
it has been suggested that this approach allows for the elimination of VT,
irrespective of inducibility or hemodynamic tolerance. Some studies conclude
that even for hemodynamically stable VTs, substrate mapping can be used to
limit activation mapping or entrainment to a region of interest [174].

Detailed substrate characterization has been facilitated by widespread use
and availability of high-density mapping technologies employing dedicated
multipolar mapping catheters. Among these, the 16-pole HD Grid catheter
has the advantage to offer a fixed electrode arrangement enabling uniform
spatial sampling as well as the reconstruction of orientation-independent
omnipolar EGMs (oEGMS), that have been reported to address some limita-
tions of unipolar and bipolar EGMs [249]. Here we propose to apply recently
developed heterogeneity metric based on intracardiac oEGMs to quantify
and characterize abnormal propagation patterns and evaluate its clinical use
during ventricular substrate mapping to identify targets for ablation.

7.2 Materials and methods

Study cohort

A cohort of 9 patients (64±18 years) with scar related VT who underwent
clinically indicated catheter ablation involving substrate and VT activation
mapping was considered. 77.8% had an ischemic etiology. The average left
ventricular ejection fraction (LVEF) was 33% (±10). On average, 4.3 VTs
(range: 1-8) were induced per case.

Contact mapping

A 16-pole grid catheter with a 4x4 arrangement of 1-mm equidistant elec-
trodes and 3-mm interelectrode spacing was used alongside the EnSite NavX
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system. This system enabled acquisition of high-density substrate maps and
VT activation maps from the patients with scar-related VT. Critical sites were
identified based on VT activation maps and confirmed by either entrainment
or VT termination with RF ablation. Subsequently, the corresponding sub-
strate maps were segmented into isthmus-site, low voltage bystander areas
(LVA, omnipolar voltage <1.5mV), and normal voltage areas (NVA, >1.5mV).
The mean substrate map point count was 3825 ± 3190.

Pre-processing and activation window selection

Because unipolar EGMs can be very noisy due to common interferences such
as far field, electromagnetic coupling, catheter handling and other interfer-
ences, a robust detection of the activation pulse is required. For this purpose,
we employed a modified version of the so-called Botteron preprocessing
steps, which firstly reduces noise outside the activation intervals by means
of a Butterworth bandpass filter (6th order, [40 Hz to 250 Hz]), followed by a
rectification and low-pass filter (6th order Butterworth, cut-off 20 Hz) acting
as an envelope detector. This processing sequence significantly reduces signal
dynamics, highlighting the energy of the activation amidst other interferences
[6,7]. The window of interest is selected based on intervals of maximal energy
across all 16 electrode recordings.

Propagation wavefront vector

The direction of the propagation wavefront is estimated at clique level from
the representation of the electrical field loop. Considering each clique as
a square 2x2 electrode arrangement, a pair of orthogonal bipolar EGMs
(bEGMs) b1 and b2 is derived according to a cross-configuration scheme
of the clique. Following this approach, the bEGMs are computed from
the subtraction of the unfiltered uEGM activations from the electrode pairs
corresponding to the diagonals of the clique. This configuration satisfies
the condition of spatial coincidence of the bipole pair, hence avoiding time
misalignments of the activations, which are prone to occur when using a
triangular clique [257]. To project the signals onto the x− y coordinate system,
a π/4 rad clockwise rotation is then applied to the diagonal bipoles:

b(t) = [cos (π
4 ) − sin (π

4 )
sin (π

4 ) cos (π
4 )

] ⋅ [b1(t)
b2(t)] = [bx(t)

by(t)] (7.1)

Over the course of a depolarization, the local E-field, formed by the perpen-
dicular bipoles, bx −by, creates the so-called bipolar loop. The loop’s greatest
magnitude corresponds to the direction of wavefront propagation [237] and
is indicated by a unitary vector Γ located at the clique’s centre. This vector

105



7. Identification of Ablation Targets of VT using VFH

Figure 7.1: Cross omnipolar reconstruction. A. Illustration of a cross-omnipole from unipoles in
the voltage domain. B. Example of the propagation direction estimation from oEGMs and VFH
map reconstruction.

conforms an angle θo respect to the x−axis that is estimated according to the
optimization function:

θo = arg max
θ

[max ([cos θ − sin θ]b(t))
max ∣[sin θ cos θ]b(t)∣ ] (7.2)

The omnipolar EGM (oEGM) is then defined as the virtual bipole that would
be obtained as if it would have been picked up from a pair of electrodes ori-
ented in the direction of the propagation wavefront(see fig. 7.1). Accordingly,
the oEGM es estimated as the projection of the E-field on the axis defined by
the unitary vector Γ. The rotation that retrieves the oEGM o(t) is:

[o(t)
r(t)] = [cos(θo) − sin(θo)

sin(θo) cos(θo)
]b(t) (7.3)

with r(t) being the residual component corresponding to the projection of
the loop on an axis that is perpendicular to the direction of the propagation
wavefront.

Vector Field Heterogeneity

For a 4 × 4 electrode grid and according to the definition of a clique, a
3 × 3 vector map is generated, displaying the propagation angle θo of the
propagation wave on the tissue in contact with the catheter [277]. For
each clique (i, j) the local VFH Ψi,j was defined from the approximated
partial derivatives which, in a discrete form, was defined from the finite
differences between its propagation vector up and the propagation vectors at
its neighboring cliques:

(Ψ)i,j =

(∆Γ
∆x)i,j

+ (∆Γ
∆y)i,j

+ 1√
2
[( ∆Γ

∆d1
)

i,j
+ ( ∆Γ

∆d2
)

i,j
]

(ξ)i,j
(7.4)
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where 0 ≤ (Ψ)i,j ≤ 1, which includes the finite differences not only from the
horizontal and vertical axis, but also the diagonals d1 (at π/4 rad) and d2 (at
3π/4 rad). Notice a reduced weighting factor for the diagonal components
as the diagonal neighbors are more distant. Moreover, also notice the scaling
factor ξi,j to correct boundary effects at the edges of the multielectrode since
fewer neighboring cliques are available. Finally, the VFH at the multielectrode
level is computed as an average of the heterogeneity at all cliques:

VFH =

∑p
i=1 ∑

q
j=1(Ψ)i,j

p ⋅ q ∶ 0 ≤ VFH < 1 (7.5)

Statistical analysis

To evaluate the performance of the VFH metric in the segmented regions,
firstly we conducted pairwise comparisons using Welch’s t-test, also known
as the unequal variance t-test. The null hypothesis proposed that the VFH
means between two regions are equal. Additionally, to control the Family
Wise Error Rate (FWER), we applied the step-down Bonferroni procedure
of Holm, correcting for multiple comparisons and providing multiplicity-
adjusted values for significance. In addition, we employed Welch’s alternative
to one-way analysis of variance (ANOVA) to assess the equality of population
means across the three different groups (isthmus, LVA, and NVA regions).
Area under ROC curves (AUROC) were used to compare the VFH between
regions. Data are presented as mean±SD unless stated otherwise.

7.3 Results

The value for the local VFH metrics were 0.56 ± 0.22 at sites corresponding
to VT isthmus regions, 0.47 ± 0.26 at LVA, and 0.30 ± 0.25 at NVA. VFH at
isthmus sites showed significantly higher values, indicating more disorgani-
zation, compared to LVA bystander sites (p < 0.001). Conversely, VFH was
significantly lower in NVA, indicating more organization, compared to both
isthmus and LVA sites (p < 0.001). These results are depicted in Table 1 and
illustrated in fig. 7.2 (upper panels). Additionally, the Welch’s F test shows
that the associated probability is < 0.001, supporting the means to not be
equal.

Further, we evaluated the ability of the local VFH metric to discern between
the isthmus vs NVA, and LVA vs NVA. For isthmus vs NVA regions, the VFH
metric achieved an AUROC of 0.78 and an accuracy of 0.71 for the optimal
threshold. In the task of delineating LVA from NVA, the AUROC was 0.68,
and the accuracy was 0.65. Additionally, qualitative examples of isthmus,
NVAs and LVAs heterogeneity maps and their corresponding vector map for
the cross-configuration are depicted in fig. 7.2 (lower panel), alongside with
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7. Identification of Ablation Targets of VT using VFH

Figure 7.2: Upper panels: summary statistics and data distribution boxplots for local VFH by
region of interest in N=9 VT patient recordings. The shape of the box illustrates the density
data distribution. The red line indicates the mean value of local VFH for each category. Black
bold lines indicate the interquartile range and white dots represent the median of the distribution.
Lower Panels: Illustration of a patient in VT. Local heterogeneity and vector maps for: NVA
isthmus site (right), LVA (center), isthmus sites (left) alongside the corresponding VT activation
maps.

108



7.4. Discussion

Figure 7.3: Illustration of VFH maps together with voltage maps for a patient with VT (male 64
y.o., ICM, LVEF 25%)

a 3D VFH map for that case. Further, fig. 7.3 depicts the local VFH values for
the isthmus regions, LVA and NVA, along with the voltage maps for these
regions in a VT patient (male, LVEF 25%).

Table 7.1: Summary of mean and SD of VFH values across different regions.

Region Mean ± St. Dev Median [IQR]
Isthmus 0.56 ± 0.22 0.58[0.30]
LVA 0.47 ± 0.26 0.48[0.39]
NVA 0.31 ± 0.25 0.22[0.25]

7.4 Discussion

In this study, we propose, in the context of a clinically relevant scenario,
the validation of the local VFH, a heterogeneity metric based on vector field
analysis to characterize the local EP substrate. Applying this approach to a
clinical intracardiac mapping dataset acquired during routine clinical catheter
ablation procedures for scar related VT using standard multipolar grid
catheters, we were able to demonstrate a statistically significant increase in
electrical heterogeneity at sites corresponding to the critical isthmus of the VT
compared to bystander sites in ventricular substate maps. This supports the
clinical value of VFH as a novel mapping strategy to identify critical sites to
target with ablation. The VFH metric parameter is computed from omnipolar-
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7. Identification of Ablation Targets of VT using VFH

derived vector could easily be translated and integrated into commercial
mapping systems and complement existing approaches. While there are
works aiming to characterize the organization of wavefront propagation based
on intracardiac recordings (e.g. REACT [307], RAAPs [308]), we proposed
the first approach based on vector field theory generalizable intracardiac
recordings on grid catheters. Other possible clinical applications of the VFH
metric, could be the identification of focal or rotational patterns, training
further algorithms that relate VFH values to propagation patterns.

As any diagnostic tool, the accuracy is fundamentally linked to the quality of
the data and presence of confounders. Initial in-silico validation of compu-
tational advanced mapping approaches often relies on idealized conditions.
Yet, electro anatomical mapping data acquired in the context of clinical VT
ablation procedures, that need to prioritize safe and time-efficient delivery of
ablation therapy, often deviates substantially. Besides the clinical condition
of the patient, sequential contact mapping technology itself is inherently af-
fected by numerous confounders: Catheter movement as well as insufficient
electrode-tissue coupling (“poor contact”), far-field signals, iatrogenic extra
beats and electrical noise and artefacts all can interfere with the acquisition
of in vivo cardiac signals. On the epicardial surface, presence of epicardial
adipose tissue may further impact the EGM morphology. Lastly, the restric-
tion to surface mapping does not allow to estimate the true complexity of the
ventricular activation wavefronts in structurally abnormal hearts. On top of
these, there are technical challenges such as the lack of ground truth to detect
activation intervals in intracardiac signals, which may affect the computation
of bipolar loops and the propagation direction estimation. Interpretating
the diagnostic accuracy of the VFH metric for ventricular substrate mapping
needs to take all the above limitations into account.

7.5 Conclusions

In this study, we introduced the VFH as an innovative approach for the
analysis of intracardiac signal propagation using matrix-like catheters and
vector field theory. Our application of VFH in the context of scar-related
VTs demonstrates its potential in enhancing the accuracy of identifying
critical isthmus sites for catheter ablation. The mapping outcomes have
shown a statistically significant increase in propagation heterogeneity at these
sites compared to LVAs and NVAs, suggesting that VFH could be used for
targeting ablation sites without the necessity of inducing VT. Looking ahead,
further research will focus on integrating VFH into existing intracardiac
mapping systems and assessing its applicability to other cardiac conditions,
such as AF.
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Chapter 8

Quantifying a Spectrum of Clinical Response in
Atrial Tachyarrhythmias Using

Spatiotemporal Synchronization of Electrograms

Abstract

Background and Objectives: There is a clinical spectrum for atrial tachyarrhythmias
wherein most patients with AT and some with AF respond to ablation, while others
do not. It is undefined if this clinical spectrum has pathophysiological signatures.
This study aims to test the hypothesis that the size of spatial regions showing
repetitive synchronized EGM shapes over time reveals a spectrum from AT, to AF
patients who respond acutely to ablation, to AF patients without acute response.
Methods: We studied n = 160 patients (35% women, 65.0 ± 10.4 years) of whom (i)
n = 75 had AF terminated by ablation propensity matched to (ii) n = 75 without AF
termination and (iii) n = 10 with AT. All patients had mapping by 64-pole baskets to
identify areas of repetitive activity (REACT) to correlate unipolar EGMs in shape
over time. Results: Synchronized regions (REACT) were largest in AT, smaller in
AF termination, and smallest in non-termination cohorts (0.63 ± 0.15, 0.37 ± 0.22,
and 0.22 ± 0.18, P < 0.001). Area under the curve for predicting AF termination in
hold-out cohorts was 0.72± 0.03. Simulations showed that lower REACT represented
greater variability in clinical EGM timing and shape. Unsupervised machine learning
of REACT and extensive (50) clinical variables yielded four clusters of increasing
risk for AF termination (P < 0.01, χ

2), which were more predictive than clinical
profiles alone (P < 0.001). Conclusions: The area of synchronized EGMs within
the atrium reveals a spectrum of clinical response in atrial tachyarrhythmias. These
fundamental EGM properties, which do not reflect any predetermined mechanism
or mapping technology, predict outcome and offer a platform to compare mapping
tools and mechanisms between AF patient groups.

This chapter is based on the publication: P. Ganesan, B. Deb, R. Feng, M. Rodrigo, S. Ruipérez-
Campillo et al. (2023). Quantifying a spectrum of clinical response in atrial tachyarrhythmias using
spatiotemporal synchronization of electrograms. Europace, 25(5), euad055. [307]. Requests, citations, or
recognition should be directed to the first and last authors of this publication.
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8. Quantifying Clinical Response in Atrial Arrhythmias using REACT

Figure 8.1: Abstract figure of the REACT metric and the current chapter.

8.1 Introduction

AF is the most common arrhythmia that affects about 30 million people
globally and may cause hospitalization, heart failure, or stroke [316]. Early
rhythm control of AF reduces morbidity and mortality compared to rate
control. Nevertheless, the success of several approaches to ablation is ∼50–
70%, and it remains unclear which AF patients are more or less likely to
respond or how to quantify differences in AF between patients.

It is observed that patients with AF may interconvert to organized AT [317],
which is often easier to ablate, that some AF patients are easier to treat than
others, and that they may have more organized AF [318]. Physiologically,
patients with earlier AF not only show higher success from ablation than
those with later stage AF [316] but also show less disorganized AF with fewer
wavelets and lower spectral DF than later stage AF [316].

We asked whether (i) there is a pathophysiological spectrum of organization
underlying both AF and AT and (ii) if this spectrum may improve upon
clinical data to identify response to ablation. Several mapping studies to
quantify AF organization have been reported, but produce controversial
results and are difficult to verify clinically as they use complex mathematical
constructs such as Fourier analysis or phase reconstruction [33]. These indices
reflect specific mechanisms such as localized drivers [29], areas with high
propensity to conduction block [319], or rapid sites (DF) [33], which also may
not operate in all patients.

We reasoned that quantifying AF organization in an intuitive fashion that
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is not tied to a specific mechanism may improve its clinical utility. We
hypothesized that atrial regions within which EGMs show similar shapes and
are synchronized in time may be larger in AF patients with acute termination
from ablation than those with poor acute response and may occupy most of
the atrium in AT. This hypothesis provides a three-dimensional extension
of concepts of repetitive EGMs in AF at one or two sites.[320, 321, 322]. We
tested our hypothesis by developing an approach to map repetitive activity
(REACT) areas, which we developed in patients with AT then applied to
propensity-matched AF patients with and without acute termination by
ablation. We then used machine learning (ML) to assess the additive value of
this approach to predict ablation response over bedside features.

8.2 Methods

De-identified data used for this study will be made available from the authors
upon reasonable request.

8.2.1 Patient recruitment and clinical electrophysiology study

The study was approved by our Institutional Review Committee, and all
subjects gave written informed consent. We identified n = 219 consecutive AF
patients (29% women, 64.2 ± 11.0 years) refractory to one or more Class I/III
anti-arrhythmic drugs and n = 10 patients with AT (60% women, 59.7 ± 9.7
years) in the following groups:

1. n = 120 patients had acute AF termination by ablation (‘term’ group).

2. n = 99 in whom ablation did not terminate AF (‘non-term’ group).

3. n = 10 patients with AT and a prior history of AF, in whom ablation
terminated AT.

Patients in Groups 1 and 2 were propensity matched 1:1 based on age, sex,
and type of AF (paroxysmal and non-paroxysmal) yielding n = 75 patients
per group. Of patients in the term group, n = 7 underwent only pulmonary
vein isolation (PVI) and the rest had PVI and ablation of sites identified by a
commercial mapping system (Focal Impulse Rotor Modulation or FIRM). All
patients in the non-term group had PVI and targeted ablation. Differences
before and after matching are reported in Supplementary material, table E.1
S1.

For robust validation, AF patients were divided into training and test sets in a
five-fold cross-validation approach that maintained 1:1 propensity matching.
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8.2.2 Electrogram recording and pre-processing

Electroanatomic mapping was performed using NavX (St. Jude Medical, MN)
that incorporated data from 64-pole multipolar (basket) catheters (Abbott,
IL). Basket catheters offer a practical approach for global mapping despite
their limitations, and several groups report ∼75–80% coverage of the atrium
with contemporary designs [323]. Signals were recorded on Bard or Pruka
recording systems and bandpass filtered 4-s segments of 1-min recordings of
EGMs from the left atrium (LA). We used a 60 Hz notch filter, subtracted a
mean QRS complex, and filtered high frequency noise using a fourth order
Butterworth bandpass filter (2.5–250 Hz).

8.2.3 Identification of regions of repetitive activity

Our premise was to characterize spatial zones in which EGMs showing
REACT synchronized 1:1 in shape over time (REACT). We sampled EGMs
in 2 × 2 electrode grids corresponding to atrial areas of ∼ 0.5 cm2 (fig. 8.2.A)
then determined the cycle length (CL) of these four EGMs using the interval
between autocorrelation peaks corresponding to the 0th and 1st lag. We
defined a one-beat template that spanned this spatial group of four electrodes,
duration t0 = 90% median CL (red boxes in fig. 8.2.B and C), which we slid
from 0 ms every 1 ms until its right edge reached 4000 ms. The Pearson
function was used to generate a time series of correlations pooled across four
electrodes.

Next, we identified consecutively repetitive segments and assigned this as a
REACT score (0–1). This process was repeated for all 2 × 2 sites and all 4-s
segments within 1 min. The 4-s map with the highest median REACT was
selected and compared to the mean REACT across the minute as summarized
in fig. 8.4.C. Figure 8.2.D shows persistent AF in a 51-year-old Caucasian
man, in whom higher colour-coded REACT values indicate greater repetition
in EGM shape and timing (spatiotemporal similarity or synchronization). We
converted 2D median REACT maps to 3D using (x, y, z) coordinates of each
electrode from NavX (fig. 8.2.D).

We applied this approach to our cohort of three patient groups. We systemat-
ically assessed:

1. Global organization: by averaging the REACT value of the entire map.

2. Regional organization: defined as the total area of atrial islands with
REACT equal or higher than average of AF cases (0.6), as % mapping
field of 2D approximation of 3D basket.
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Figure 8.2: Quantifying EGM synchronization by REACT mapping: A. mapping in LA using
64-pole contact basket catheter, labels ‘1’ and ‘2’ indicate 2 × 2 electrode groups; B. EGMs
from 2 × 2 electrode region ‘1’ shows template (grey) repeating synchronously for consecutive
cycles (black); C. disorganized EGMs where template (grey) does not repeat in successive cycles
(black); D. 3D visualization of REACT map showing colours matching the correlation value. AF,
atrial fibrillation; CL, cycle length; ECGI, electrographic imaging; EGM, electrogram; LA, left
atrium; REACT, repetitive activity.

8.2.4 Identifying physiological variations underlying repetitive ac-
tivity values

We started with 1:1 organization from paced rhythm, selected to avoid subtle
biological variations, at cycle length 650 ms to avoid rate-dependent slowing
or EGM fractionation. To this REACT map (1.0 at all sites), we introduced
calibrated variations in EGM shape (% difference) or timing (in milliseconds).

Electrogram shape was varied by adding random white Gaussian noise of
increasing root mean square (RMS) value. Variation was quantified as the
Pearson correlation between noisy and original EGMs. Timing was varied by
shifting each activation by a random time interval sampled from a 0 mean
Gaussian distribution, with SD increasing from 0 to 80 ms (selected to ensure
that no 2 activations overlap). Repetitive activity values for each instance
of simulated variations was repeated for 100 trials, and their mean used to
create a nomogram calibrating REACT to EGM variability.

The fully automated REACT code is available for researchers to analyse
their data and as a platform to compare AF metrics https://github.com/

NarayanLab/REACT_Mapping.
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8.2.5 Unsupervised machine learning of repetitive activity and clin-
ical variables

We used unsupervised ML to study if REACT added to clinical data in
predicting AF ablation response. We applied k-means clustering on 50
clinical characteristics (see Supplementary material, table E.2) plus global
REACT in the n = 150 AF patients. Dimensionality reduction with factor
analysis of mixed data algorithm was done prior to using k-means. The
optimal value of k was determined automatically using the elbow method
[322]. We assessed (i) the quality of cluster using the Silhouette index [322]
and (ii) average REACT vs. the termination rate of patients within each
cluster.

8.2.6 Statistical analysis

Continuous data are represented as mean ± SD unless otherwise indicated.
For validation of the ability of REACT to predict clinical events, we randomly
divided the 75 propensity-matched pairs of AF patients into 5 sets of 15
pairs (30 patients). Logistic regression was repeated five times, once for each
of the five holdout test sets and the area under the ROC curve (AUROC)
was reported for each run, and as a mean across the five sets. Quantified
results among the three patient groups were compared using chi-squared
test, analysis of variance (ANOVA), and Kruskal-Wallis test if not normally
distributed. Chi-squared test was used to distinguish between patient clusters
identified by unsupervised ML of REACT and clinical variables.

8.3 Results

8.3.1 Patient demographics

Table 8.1 summarizes baseline characteristics in Groups I (AT), II (AF term),
or III (AF non-term). Groups did not differ significantly in any characteristic.
Patient characteristics before and after propensity matching are provided in
Supplementary material, table E.1.

8.3.2 Islands of electrogram similarity

Figure 8.3.A shows the LA during typical right AFL in a 71-year-old man.
Repetitive activity maps show high organization throughout the LA as ex-
pected. At multiple sites, REACT values vary from 0.84 to 0.99 with all sites
showing REACT ≥ 0.84 indicating high EGM similarity (maximum REACT
= 0.96 for the 2 is illustrated). The average REACT in AT cases (0.63 ± 0.15)
was to guide a cut point of 0.6 to separate regional AT-like organized islands
from disorganized activity during AF. Ablation at the right atrial tricuspid
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Table 8.1: Baseline characteristics

Variable AT (n = 10) AF termination
(n = 75)

AF non-termin.
(n = 75)

P value

Age, years 59.7 ± 9.7 65.5 ± 10.4 65.1 ± 10.3 0.224
Gender, female, % (n) 60 (6) 34.7 (26) 32 (24) 0.218
+AF duration, years N/A 4.5 (6.6) 3.1 (5.5) 0.153
Non-paroxysmal AF, % (n) N/A 69.3 (52) 69.3 (52) 1.000
Persistent, % (n) N/A 62.7 (47) 65.3 (49)
Long-standing persistent, % (n) N/A 6.7 (5) 4.0 (3)
Previous AF ablation, % (n) 30 (3) 48 (36) 33.3 (25) 0.149
LVEF, % 59.6 ± 8.4 56.8 ± 9.8 55.9 ± 9.4 0.527
LA size, mm 41.9 ± 4.6 40.5 ± 5.7 41.5 ± 6.5 0.555
*Myocardial infarct, % (n) 0 (0) 2.7 (2) 4 (3) 0.649
Hypertension, % (n) 50 (5) 77.3 (58) 71.2 (56) 0.177
*Diabetes Mellitus, % (n) 0 (0) 20 (15) 18.7 (14) 0.836
*CAD, % (n) 0 (0) 14.7 (11) 17.3 (13) 0.656
TIA/stroke, % (n) 20 (2) 8 (6) 10.67 (8) 0.477
CHAD2SVASC 1.9 ± 1.6 2.6 ± 1.5 2.6 ± 1.6 0.330

isthmus successfully terminated flutter. This patient is free of arrhythmias at
> 1 year.

Figure 8.3: Atrial arrhythmias fall along a REACT spectrum that indicates treatment response:
REACT falls progressively from a patient with AT (A), to a patient with AF in whom ablation was
acutely successful (B), to a patient with AF who required cardioversion to restore sinus rhythm
after ablation (C). AF, atrial fibrillation; AT, atrial tachycardia; REACT, repetitive activity.

Figure 8.3.B shows a 51-year-old man with persistent AF for 21.7 months
despite amiodarone and cardioversions, at index ablation. There is an orga-
nized island of high REACT value (≥ 0.6) spanning 12% of mapped atrium,
surrounded by moderately organized regions (0.6 < REACT ≤ 0.8). Using a
median of REACT ≥ 0.6, this patient’s EGM islands occupy 24.5% of the LA.
Ablation at the posterior inferior wall terminated AF.
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8.3.3 Islands of electrogram similarity: global and regional

Figure 8.4 summarizes global EGM similarity (REACT) for all n = 160
patients. A spectrum is revealed from AT patients with the highest EGM
synchronization, followed by AF term and then non-term (fig. 8.4.A, 0.63 ±
0.15, 0.37 ± 0.22, and 0.22 ± 0.18, P < 0.001, ANOVA).

Figure 8.4: Spectrum in organization and temporal analysis: decreasing organization between
patients with AT, AF termination, and AF nontermination both (A) globally and (B) regionally,
indicating a spectrum in phenotypes of arrhythmia type and treatment response. Error bars
indicate standard error. (C) Variations in global REACT over 1 min in all n = 150 AF patients;
REACT was significantly higher for patients with term than nonterm at all timepoints over a
minute (P < 0.001). Thus, REACT measured globally across the entire atrium for any one 4-s
interval reflects variations over 1 min and robustly separates response to AF ablation. AF, atrial
fibrillation; AT, atrial tachycardia; REACT, repetitive activity.

A spectrum was also observed in regional organization (islands with RE-
ACT ≥ 0.6). Patients in AT had the largest area of organized islands (e.g.
fig. 8.3.A), followed by patients with AF that terminated by ablation (labelled
in fig. 8.3.B), then those with AF who did not terminate (labelled in fig. 8.3.C;
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in fig. 8.4.B: 68.7 ± 23.2%, 31.5 ± 32.0%, and 14.2 ± 22.1%, P < 0.001).

The maximum REACT value of a 4-s EGM segment in each patient was
highly correlated with the arithmetic mean of REACT over the entire 1 min of
AF (R2

= 0.83, P < 0.001). Over 1 min, mean and SD of REACT (i.e. 15× 4-s
segments) were 0.25 ± 0.009 and 0.15 ± 0.007 for term and non-term groups,
respectively (fig. 8.4.C). Thus, REACT measured globally across the atria is
robust to the changes observed over time and separates groups.

8.3.4 Clinical phenotypes based on islands of electrogram similarity

Global REACT values were higher in AF patients with vs. without termina-
tion (0.37 ± 0.22 vs. 0.22 ± 0.18, P < 0.001). Figure 8.5 presents ROC of global
REACT values for predicting AF termination, with an AUROC of 0.72 ± 0.03,
positive predictive value of 0.67 ± 0.08, sensitivity of 0.59 ± 0.13, specificity of
0.71 ± 0.12, and F1 score of 0.62 ± 0.08. The AUROC was higher for patients
with non-paroxysmal AF (n = 52 term, n = 51 non-term) than paroxysmal
AF (0.72 vs. 0.64, Supplementary material online, fig. E.2), but this difference
was not significant.

Figure 8.5: Receiver Operating Curve (ROC) of REACT organization for predicting AF termination:
figure indicates ROC curves five-fold cross-validation of global organization values obtained using
REACT. Mean AUROC was 0.72 indicated by the solid blue line, the grey lines are each cross-
validation ROC, the grey shaded area indicates confidence intervals, and the red dotted line
indicates a reference of AUROC = 0.5. AF, atrial fibrillation; AT, atrial tachycardia; AUROC,
area under the curve; REACT, repetitive activity; ROC, receiver operating characteristics.
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8.3.5 Calibrating repetitive activity value to physiological electro-
gram variations

Figure 8.6 calibrates REACT to variations in EGM shape and timing. De-
creasing values of REACT (P < 0.05) represent increasing variability in EGM
timing (variability 10, 30, and 35 ms) and shape (variability 0.2, 0.2, and
0.3) for patients with AT (black ‘X’), AF termination (white ‘X’), and non-
termination (white ‘+’), although this did not reach significance. Thus, while
REACT separated groups based on variable EGM shape and timing, other
factors may operate clinically.

Figure 8.6: Physiology nomograph of REACT: to perfectly regular (A) pacing EGMs, variations
in (B) shape and (C) timing were introduced, and REACT value was calculated as average of 100
random variations in (D) each shape and timing combination to obtain the nomograph (centre
panel). EGM, electrogram; REACT, repetitive activity.

8.3.6 Clinical phenotypes identified by machine learning

We studied if combining REACT with clinical data would better separate
AF ablation response. Unsupervised k-means clustering of REACT and
50 clinical variables (listed in Supplementary material, table E.2 resulted
in an optimal value of k = 4. The clusters from 51-dimensional datapoint
projections onto the first two principal components are illustrated in fig. 8.7.A.
The cluster silhouette index was 0.41 (range −1 to 1), indicating good cluster
quality. n = 100 patients with random initializations showed that REACT with
clinical variables was more predictive than clinical variables alone (Silhouette
index 0.411± 0.001 vs. 0.336± 0.003, P < 0.001). Rates of AF termination were
significantly different between clusters (P < 0.01, χ

2; fig. 8.7.B) and directly
proportional to REACT in three out of four clusters.
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Figure 8.7: Unsupervised ML of REACT and clinical variables: A. four clusters found using ML
of REACT, and B. clinical variables showed a trend for predicting termination rate. The size of
grey circles in B is proportional to the size of samples within the cluster. AF, atrial fibrillation;
ML, machine learning; REACT, repetitive activity.

8.4 Discussion

In this global mapping study of patients with AF, the spatial area within
which EGMs were synchronized in shape over time revealed a therapeutic
spectrum for atrial arrhythmias. Electrograms in AT were synchronized
across the entire atria, as expected. In patients with AF, areas showing syn-
chronized EGMs were larger in patients with termination by ablation than in
those without AF termination. We show that REACT fell monotonically with
increasing variability in EGM timing (in milliseconds) or shape, providing
a physiological calibration for our findings. Finally, ML of REACT and
clinical data predicted ablation response better than clinical data alone. Thus,
this approach revealed fundamental EGMs properties in atrial arrhythmias
independent of any specific mechanism that separated AF patient types by
ablation response and may enable comparison of different AF mapping tools.

8.4.1 Metrics of atrial fibrillation organization and disorganization

Repetitive activity features AF organization beat-to-beat by millisecond tim-
ing in EGMs and changes in EGM shape, as shown in our nomograph
(fig. 8.6). Temporal AF organization has previously been reported as con-
sistent rate, spectral DF, or narrowness of the DF peak (indicating greater
organization) [33]. Spatial AF organization has been studied by spatial dis-
persion of EGMs indicating driver regions [324] or by direct mapping of
organized rotational and focal drivers [29]. Spatial disorganization in AF has
been reported in the multiple wavelet hypothesis [325], endo-epi dissociation
[319], fractionated EGMs [325, 326], and stochastic modelling using renewal
theory.

While the mathematical approach to these prior tools varies, our approach
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uses a simple ‘similarity’ measure that is visually apparent and combines
both spatial and temporal components.

8.4.2 Mechanisms for synchronized sites

Repetitive activity avoided any specific definition of AF sites of block, [319]
breakthrough [325], rotational or focal drivers [29], organization around scar,
or other mechanisms, which are difficult to verify in patients, may differ
between AF patients, and are thus controversial [327]. Accordingly, our
approach may provide a platform to compare or even calibrate multiple AF
mapping tools such as those reported by Ablacon Inc., Wheat Ridge, CO,
USA; CardioNXT, Westminster, CO, USA; Cartofinder, Biosense Webster,
Irvine, CA, USA; and Acutus Medical Inc., Carlsbad, CA, USA, to identify
features that may or may not support a driver [12].

The slightly higher AUROC for non-paroxysmal vs. paroxysmal AF patients
may indicate that EGM features in the left atrial body are more indicative
of phenotype for non-paroxysmal AF, while for paroxysmal AF, the most
critical features could lie within PVs. This in turn could reflect differences in
stability of organized regions, the presence of endomysial fibrosis that, rather
than overall connective tissue content, is the main determinant of conduction
disturbances in human AF [328] and other features of structural remodelling.

8.4.3 Previous reports of repetitive activations in atrial fibrillation

The present study spatially extends prior studies that examined repetitive
activation in small regions (1–2 EGMs sites) and may not have linked those
analyses to treatment response.

Zeemering et al. [329] reported repetitive activation in a goat model of AF
using a high-density narrow field-of-view approach and showed greater
organization in early AF (3 weeks) than late AF (22 weeks). Interestingly,
while REACT differed between patients with and without ablation response,
they did not reflect AF duration (similar for patients with and without
termination in table 8.1). Spatial organization may thus represent a marker
for disease progression distinct from AF duration. Lin et al. [321] recently
reported recurrence plots of AF EGMs, with higher ablation success when
targeting sites identified by single sites of EGM similarity. Our results extend
this approach by considering four spatially contiguous channels and by
identifying consecutive repetitions. Others studied repeating EGMs in AF
at one [320] to two [322] sites and apply unsupervised ML [322] to classify
EGMs with similar patterns.

Our group (Bhatia et al. [330]) previously identified consistent vectorial
regions in patients with persistent AF, where we detected 1:1 repetitive
spatial areas with rotational and focal patterns. Ablation in larger areas
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terminated AF. The concept of large areas of repetitive patterns is consistent
with this study, although REACT indicates fundamental EGM properties that
do not assume definitions of rotational or focal patterns. We are working on
studies to overlay REACT and vectorial analyses and identify concordance
and differences.

8.4.4 Prior studies linking atrial tachycardia and atrial fibrillation

Multiple groups have shown overlap of critical sites between AF and AT. Spa-
tial concordance was recently shown using spatiotemporal EGM dispersion
between AT locations and AF driver sites [331]. Previously, Baykaner et al.
[317] using basket recordings, and Yamashita et al. [318] using electrographic
imaging (ECGI), showed that AT in patients with AF arose at sites that also
had harboured ablation termination sites for AF. Our study further advances
this concept by revealing how AT-like regions in AF may affect AF treatment
response.

8.4.5 Clinical utility of repetitive activity

The computational approach to calculate REACT is fully automated. This
could be extended a priori to predict poor responders to ablation by applying
it to non-invasive ECGI. As a proof of concept, we have recently shown
spatial and temporal concordance in AF indices mapped by ECGI and AF
maps acquired inside the heart [332]. Another potential utility of our study is
to improve ablation outcomes by determining if sites show organization akin
to these ‘AT islands’, which may respond to additional ablation. Repetitive
activity could also be used to distinguish sites with features supporting
a driver or passive sites identified by existing mapping approaches such
as electrographic flow [325], FIRM (focal impulse and rotor mapping), or
spatiotemporal dispersion [324].

8.4.6 Limitations

Our approach focuses only ∼ 0.5 cm2 regions (2 × 2 electrode), and we are
exploring the sensitivity and specificity of larger areas (e.g. 3 × 3 electrodes).
Functional features such as entrainment were not assessed and indeed may
not be possible in AF. Area of organized islands was calculated in 2D then
scaled to 3D that could introduce small errors, although the organization
spectrum was also seen globally (fig. 8.4.A). Our nomogram of shape and
timing variations (fig. 8.6) assumes Gaussian distributions that may not
reflect clinical variations in AF EGMs but does support the physiological
basis of REACT. We have not used these maps prospectively, nor to guide
ablation. Such studies are planned and are made possible by others using our
freely available code. Ongoing studies will examine potential mechanisms for
organized regions including focal or rotational sites or repetitive activations
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of other spatial patterns representing active or passive activation from other
AF mechanisms [325]. We will answer a key question, that is, whether
mechanisms differ between patients and whether this could be identified by
ML that includes clinical features.

8.5 Conclusions

We developed tools to identify an intuitive signature of organized activity
in AF, indicating islands that show similar EGM shapes over time. This
approach revealed global organization in patients with AT, large islands in
patients with AF and good response to ablation, and small regions in patients
with AF and poor response. Using ML, these features better predicted
ablation response than existing clinical metrics. This approach, which does
not rely upon a specific mechanism, may provide a platform to compare the
results of different AF mapping tools and may help guide ablation.

Data availability

De-identified data used for this study will be made available from the authors
upon reasonable request. The fully automated REACT code is available online
(https://github.com/NarayanLab/REACT_Mapping).
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Chapter 9

Discussion

This Chapter discusses the outcomes of the research of this doctoral thesis,
reflecting on how the objectives have been met and the initial hypotheses ad-
dressed. We delve into a comparison between non-invasive and intracardiac
measurements, and explores the role of ECGi as a bridging technology. The
discussion also critically examines intracardiac recordings, the advantages of
omnipolar technology, and validation of the cross-omnipole in both animal
and clinical studies, while offering insights into electrode configurations for
array catheters. Finally, it highlights the clinical implications of omnipolar
technology in detecting local electrical disarray and closes with a discussion
on conduction patterns, limitations, and future research directions.

9.1 Achievement of thesis objectives

In reference to the objectives outlined in section 1.2, we can assert that
the overarching goal of exploring the potential of high-density catheters
combined with advanced signal processing techniques to better characterize
arrhythmogenic tissue has been successfully addressed. Below, we evaluate
the extent to which each specific objective has been achieved.

Regarding the first objective, the limitations of multielectrode catheters for
omnipolar estimation have been thoroughly investigated. This is demon-
strated in chapter 4, where all current triangular-clique configurations were
assessed theoretically in controlled simulation environments. Additionally,
chapter 5 explores these configurations’ limitations for omnipolar reconstruc-
tion in an animal model, providing further validation. A comprehensive
analysis of the impact of interelectrode distance on multielectrode catheter
performance was also conducted in chapter 5, with findings contextualized
against the existing literature.

Objective two, focused on proposing improved configurations for omnipo-
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lar EGM estimation, is achieved in chapter 4. This chapter introduces the
cross-clique configuration, a novel approach that reconceives the omnipolar
EGM as a virtual bipolar EGM aligned with the direction of propagation.
This new configuration demonstrates superior performance compared to the
triangular-clique configurations prevalent in current practice. The mathe-
matical underpinnings of this approach were established and validated in
simulation studies in chapter 4, with further validation on EP signals from
animal models detailed in chapter 5.

Building on the foundation laid by objectives one and two, objective three is
addressed in chapter 6, where a novel metric for quantifying conduction het-
erogeneity in propagation maps is developed and rigorously characterized.

For objective four, which aimed to investigate conduction patterns from a
global perspective, chapter 3 provides the groundwork, while the metric
derived in chapter 8 is used to examine spatio-temporal electrical disarray
through global mapping techniques.

Finally, the translation of these methodologies into clinical practice, corre-
sponding to objective five, is fulfilled in both chapter 8 and chapter 7. These
chapters demonstrate the application of local and global heterogeneity met-
rics (developed in objectives three and four, based on the concepts from
objectives one and two) in clinical settings. Specifically, chapter 8 assesses
the spectrum of organizational patterns in patients with AF and correlates
these patterns with clinical outcomes. In chapter 7, the local propagation
heterogeneity metrics are employed to identify areas of interest for ablation
planning in patients with VT.

The thesis objectives have, therefore, been fulfilled to a broad extent, with
some inherent limitations, which will be discussed later in this chapter.

9.2 Answering the initial hypotheses

In this section, we reflect on the hypotheses posed on section 1.3 at the
outset of this dissertation, and evaluate the extent to which they have been
confirmed or refined based on the findings of the research.

The first hypothesis stated that recordings from four electrodes arranged
in a 2x2 square in high-density multi-electrode catheters could be used to
reconstruct omnipolar signals, overcoming the limitations of current trian-
gular omnipoles, bipoles, and unipoles, particularly in terms of orientation
independence. This hypothesis has been confirmed through the results pre-
sented in chapter 4. Both theoretical and simulation studies demonstrated
that the cross-clique configuration provides orientation-independent signals
and performs better than traditional configurations. Experimental validation
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in an animal model, as shown in chapter 5, further supports the superiority
of this configuration in omnipolar EGM reconstruction.

The second hypothesis posited that robust omnipolar signal representations
could be used to create accurate propagation maps and design biomarkers to
quantify the heterogeneity of electrical propagation patterns in patients with
arrhythmias, with potential for substrate mapping in clinical settings. This
hypothesis has been validated in part. The development of propagation maps
based on the proposed omnipolar reconstruction successfully quantified local
conduction heterogeneity and identified regions of interest chapter 6. Early
clinical studies (chapter 7) have shown promise in correlating these metrics
with regions of interest for ablation treatment in VT patients, though further
work is needed to refine these biomarkers for broader clinical application.

The third hypothesis suggested that raw unipolar signals from global map-
ping catheters could be used to analyze spatio-temporal heterogeneity of
propagation patterns, helping to identify clinical responses in patients with
atrial or ventricular arrhythmias. This hypothesis has been supported by the
findings in chapter 8, where spatio-temporal heterogeneity metrics were able
to characterize the degree of disorganization in AF patients and correlate to
clinical outcomes of interest. These results demonstrate that spatio-temporal
heterogeneity may serve as a valuable tool for understanding the underlying
mechanisms of arrhythmias and guiding clinical interventions.

In conclusion, the hypotheses proposed at the start of this thesis have largely
been confirmed by the research findings. While hypothesis one was fully
validated, hypotheses two and three may require further clinical validation
to maximize their translational potential.

9.3 Non-invasive vs intracardiac measurements: can we
do without one?

Arrhythmias and EP heart conditions are often diagnosed through non-
invasive recordings. These are typically sufficient for diagnosis and initial
treatment planning, particularly when the treatment involves only medication.
However, non-invasive methods may not always be effective, necessitating
further invasive procedures. In some cases, detailed mapping becomes
essential to plan invasive treatments like ablation.

Despite extensive and frequently updated guidelines, significant variability
remains in treatment approaches across the medical community. For instance,
ablation procedures for AF vary widely between medical centers and even
among clinicians within the same institution. In the study presented in
chapter 3, we focused on AFL, a condition with somewhat more consensus
within the scientific community. Although AFL can be caused by differ-
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ent macroreentrant circuits requiring varied ablation approaches, there is
agreement on the most effective strategies for known circuits.

Many studies highlight the importance of non-invasive diagnosis using ECGs
to identify the specific type of arrhythmia [ref]. In chapter 3, we propose
a non-invasive identification method for subtypes of AFL, which can help
target invasive treatments more precisely to the area of interest. Moreover,
our study demonstrated differences in VCG morphology, as well as in time
and distance fractions during low CV between CCW and CW variants of
the same MRAT type. These findings suggest that these variants should be
treated as distinct groups, raising further questions about the asymmetry of
conduction patterns in macroreentry circuits, which warrant additional study
in an EP setting. However, these findings should be considered cautiously,
as accurately identifying atrial signals from non-invasive recordings can be
challenging, especially when the atrioventricular conduction ratio is short
(e.g., 2:1). While a single loop may suffice for analysis in patients with AFL
due to the high consistency among loops, adenosine administration or carotid
massage was often required to facilitate the recording of several contiguous
loops of atrial activity. Nevertheless, the near-field precision of intracardiac
recordings cannot be matched by non-invasive techniques.

Various methods have been proposed for non-invasively removing the ven-
tricular component in AF, but they often fail with AFL. For instance, QRS-T
cancellation algorithms [210, 231] may inadvertently remove atrial signals
when they are coupled with ventricular activity. While Blind Source Separa-
tion methods [212] can isolate an atrial source, they fall short in reconstructing
the VCG, as more than one component is needed. Other approaches, such
as estimating and removing the T-wave in MRAT [214], have been proposed
but have only been tested on synthetic signals and lack clinical validation.
Improved algorithms, such as those utilizing spatial or temporal signal prop-
erties—like projective filtering [232] or Periodic Component Analysis (πCA)
[233]—may be required.

All in all, while non-invasive recordings are crucial for preliminary diag-
noses and treatment planning, they are insufficient even in well-defined
arrhythmias like AFL. The EP community still relies on high-density invasive
mapping to accurately determine arrhythmia patterns and plan ablation
strategies. However, the valuable insights gained from non-invasive record-
ings should not be overlooked. With advanced signal processing techniques,
as proposed in chapter 3, non-invasive methods can focus attention on criti-
cal regions of interest, potentially saving time and effort and aiding in the
identification of key slow conduction areas in complex cases.
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9.4 ECGi as a promising bridge

While traditional non-invasive methods such as surface ECGs provide impor-
tant initial insights, they often fall short in the nuances of electrical conduction
patterns on the tissue. This is where Electrocardiographic Imaging (ECGi)
offers a significant advancement, narrowing the gap between non-invasive di-
agnostics and a higher precision required for invasive EP studies by mapping
electrical activity on the heart’s epicardial surface. This technique integrates
multi-electrode body surface recordings with geometrical data from CT or
MRI scans, enabling the non-invasive reconstruction of electrical potentials,
EGMs, activation sequences, and repolarization patterns [333].

ECGi has proven particularly useful in mapping the cardiac substrate in
various conditions with relatively high spatial resolution. For example, in
hereditary arrhythmogenic syndromes such as Long QT syndrome (LQTS)
and Brugada syndrome (BrS), ECGi has been able to identify abnormal sub-
strates that are undetectable with conventional surface ECGs [334, 335]. In
LQTS, it revealed prolonged and heterogeneous repolarization times, indicat-
ing a substrate for reentrant arrhythmias [336]. In BrS, ECGi differentiated
between malignant and benign forms by mapping structurally-based abnor-
mal conduction confined to the right ventricular outflow tract (RVOT) [335].
Moreover, ECGi has been effectively employed to map the electrical substrate
of post-myocardial infarction scars, particularly in relation to VT. It identified
critical features such as low EGM voltage and scar heterogeneity, which are
key in differentiating patients with and without VT [337, 338].

However, despite its potential, ECGi is not without limitations. Its accu-
racy depends heavily on the quality of the body surface recordings and
the geometrical data from imaging modalities, which can be influenced by
patient-specific factors such as body habitus and the presence of structural
heart disease. While ECGi provides valuable non-invasive insights, it can-
not replace the precision of invasive intracardiac mapping, particularly in
complex cases [333]. Additionally, further validation through larger clinical
studies and technological advancements are needed before it can become a
standard tool in cardiac EP [339, 340].

9.5 Intracardiac recordings: not all that glitters is gold

Intracardiac signal acquisition, though critical for guiding ablation and other
interventions in the EP lab, is not without significant challenges. The environ-
ment is inherently noisy, with a multitude of devices such as ECG machines,
pulse oximeters, and defibrillators contributing to leakage currents that inter-
fere with both extracardiac and intracardiac signals. Additionally, patients
themselves can act as antennas, picking up electromagnetic noise from sur-
rounding equipment and wiring, further compounding the interference [341,
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342]. These disturbances, along with motion artifacts from muscular and
cardiac activity, create a highly complex setting for accurate signal acquisition
[343]. Even though analog amplification and noise reduction techniques help
in improving signal quality, they do not entirely eliminate the noise that
complicates the interpretation of real-time recordings [344].

Moreover, the process of converting these analog signals into digital form
introduces additional distortions. Quantization noise, aliasing issues due to
inadequate sampling rates, and thermal noise arising from analog-to-digital
conversion all degrade the fidelity of the recorded signals [345]. Despite
advancements in both analog and digital signal processing, these persistent
sources of noise often obscure critical details in the intracardiac recordings,
making it difficult for electrophysiologists to extract meaningful insights
during procedures [345]. As a result, achieving a high signal-to-noise ratio
remains a significant technical challenge, particularly when the goal is to
distinguish between true cardiac signals and unwanted artifacts. Thus, while
intracardiac recordings provide invaluable insights, the development of new
technologies, like those proposed in this dissertation, is crucial to overcome
some of these limitations and enhance clarity during the EP procedures.

9.6 Omnipolar technology and the advantage of the
cross clique

Proposed by Deno et al., the omnipolar EGM emerged as a novel method
to characterize propagation patterns in the myocardium, offering a catheter-
orientation insensitive approach for real-time high-density recordings [15].
This technique has shown promise in producing accurate voltage maps in
complex AF patterns [18] and in successfully delineating infarcted areas both
in vivo [22] and ex vivo [192] during ventricular mapping. These capabilities
address the limitations of traditional bipolar and unipolar mapping methods.
However, Riccio et al. [23] identified a key limitation in the triangular
configuration proposed by Deno et al. [15, 17], revealing dependencies
on wavefront propagation orientation that can affect voltage and velocity
estimations, as well as tasks such as fibrosis detection.

In light of these limitations, chapter 4 introduces an alternative configuration
to the triangular omnipolar approach: the cross omnipole. In the conventional
triangular configuration, the geometric centers of bipolar EGM signals do not
coincide, resulting in the propagation wavefront passing through these points
at different times. This misalignment leads to significant errors in estimating
the theoretical omnipole, even under idealized conditions with homogeneous
and planar propagation patterns. While Riccio et al. [23] suggested that
temporal alignment could mitigate these errors, challenges such as the lack of
a reliable time reference may affect the accuracy of LAT and CV estimations.
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The cross-clique configuration inherently avoids the need for temporal align-
ment, as the bipolar EGM centers are spatially aligned. This results in more
precise and thinner bipolar loops, leading to more robust conduction propa-
gation measurements compared to the traditional triangular approach. This
finding aligns with the observation that averaging delayed pulses results in
a wider pulse with lower amplitude [254]. Additionally, as demonstrated
in chapter 4, the cross-configuration yields more accurate LAT estimations
in our simulation study, which is crucial for accurately detecting delays in
electrical wavefront propagation [255].

9.7 Validation of the cross-omnipole in animal and clin-
ical studies

Chapter 4 provided a methodological introduction to the cross-omnipole,
testing it within a simulation environment under unphysiological conditions,
such as plane wavefront propagation. However, its direct translational value
to physiological conditions was limited. Chapter 5 extends this work by test-
ing and evaluating the performance of the cross-omnipole in an animal study,
comparing it to other triangular-clique configurations [15] under controlled
conditions. In particular, we retrospectively assessed the cross-oEGM estima-
tion in a Langendorff heart model, which allowed us to better understand the
strengths and limitations of these so-called orientation-independent sensing
(OIS [17]) methods.

One advantage of the animal study was the consistent placement of the
stimulation electrode in the rabbit Langendorff model, ensuring a uniform
propagation direction of the wavefront. This consistency enabled reliable com-
parisons across complementary, mirrored triangular-clique configurations,
given a steady catheter placement. As anticipated, results from chapter 5,
which were obtained under controlled conditions, demonstrated a high de-
gree of consistency between complementary mirrored triangles. In contrast,
non-complementary configurations showed varied performance. This led to
the coexistence of both accurate and inaccurate omnipolar EGM estimations,
depending on the chosen configuration. These findings support Riccio et
al.’s [23] assertion that triangular clique configurations are dependent on the
orientation of the propagation wavefront to reliably reconstruct the omnipole.

The cross-oriented configuration proposed in Chapter 4, however, proved to
be at least as accurate as the best-performing complementary triangular pairs.
This highlights the cross-clique’s advantages in clinical practice, where its
independence from catheter orientation and movement—both of which are
notoriously difficult to control—offers a more robust and reliable approach
for oEGM reconstruction. While further validation in clinical settings is
necessary, the successful application of this technique as the foundation
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for VFH analysis in animal studies (chapter 6) and clinical environments
(chapter 7) demonstrates its robustness and potential for clinical translation.
A comparative study similar to the one presented in chapter 5 but in a clinical
scenario, would be a valuable contribution to the literature.

9.8 Insights on the inter-electrode distance for array
catheters

The choice of catheter and its interelectrode distance is critical for effective
arrhythmia mapping. Standard catheters, with a 3.5-mm distal electrode and
4.75-mm center-to-center spacing, record bipolar EGMs from tissue areas
between 3.5 and 7.5 mm, depending on the catheter’s angle. In contrast,
catheters with 1-mm electrodes and 3-mm center-to-center spacing capture
signals from a smaller tissue range of 1 to 4 mm [ref]. This smaller inter-
electrode distance improves mapping resolution, enabling more accurate
detection of heterogeneity in low-voltage areas and viable tissue channels.
Additionally, closer spacing minimizes signal averaging, producing clearer
EGMs with higher bipolar voltage and shorter duration, while requiring
lower output for pacing due to increased electric density. This enhanced
precision is particularly valuable in mapping scar-related arrhythmias.

Anter et al. (2015) [346] compared the standard linear catheter (Thermocool)
with a 3.5-mm distal electrode and 4.75-mm center-to-center spacing to a
multielectrode catheter (Pentaray) with 1-mm electrodes and 3-mm center-
to-center spacing. The study, conducted under general anesthesia with jet
ventilation using the Carto 3 mapping system, showed that catheters with
smaller electrodes and tighter interelectrode spacing offer superior resolution
in mapping atrial scar. In a subset of 10 patients, mapping with both catheters
confirmed that the multielectrode catheter’s closer spacing provided greater
clarity in detecting scar heterogeneity, facilitating more accurate ablation of
scar-related atrial tachycardias. This highlights the significant advantage of
using smaller electrodes and closer interelectrode spacing for scar mapping
and ablation.

Letchumy et al. [276] investigated the impact of electrode configuration and
spacing on EGM morphology, concluding that an interelectrode distance of
2-3 mm provides the optimal balance between minimizing signal cancellation
and enhancing activation localization. Distances exceeding 4 mm were
less effective due to multiple minima in the EGMs, which reduced the
ability to differentiate between healthy and scar tissue. Conversely, distances
under 2 mm resulted in low-amplitude signals that were more susceptible
to noise. Electrode groupings of three to four electrodes were most effective
in capturing localized electrical activity, while larger groupings diminished
spatial resolution. Yet, they based their conclusions on an in-silico study
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which requires of clinical validation.

Consistent with the findings of Anter et al. [346] and aligning with most of
the arguments presented by Letchumy et al. [276], chapter 5 emphasizes the
importance of electrode spacing below 2 mm for omnipolar-based analyses,
as introduced in chapter 4. The interelectrode distance dependency study in
chapter 5 particularly illustrates how distances greater than 3 mm lead to ac-
tivation delays between neighboring unipolar electrodes, which in turn affect
the morphology of diagonal bipoles and, consequently, the omnipolar EGM.
Even in healthy tissue, fractionated signals may emerge under these clinical
conditions. Notably, these effects are more pronounced for diagonal bipoles,
which are crucial for spatial alignment and accurate bipolar activation, as
they scale the interelectrode distance by a factor of the square root of two.
These findings, consistent with prior studies, underscore the need to design
and clinically implement catheters with higher electrode density and closer
spacing, such as the recently developed OctarrayTM Mapping Catheter from
Biosense Webster (Jonson&Johnson MedTech).

9.9 From omnipolar technology to quantifying local elec-
trical disarray in clinical settings

Omnipolar technology enables the development of metrics based on orientation-
independent catheter recordings, which motivated chapter 6. In this chapter,
we propose a novel local heterogeneity metric, termed VFH, to assess local
electrical disarray at both the clique and grid levels. The properties of VFH
were first validated in simulations with progressively disorganized conduc-
tion patterns, showing promising results in characterizing electrical disarray.
These findings were further confirmed in an experimental setup using a
Langendorff-perfused rabbit heart, similar to the experiments discussed in
chapter 5. The experiments demonstrated that the VFH metric successfully
distinguished between basal and stimulated patterns, outperforming the SI
metric [294], which has notable limitations due to its reliance on LAT maps
[294, 12].

Unlike other metrics, VFH provides a unique method for quantifying spatio-
temporal electrical disarray. While some studies have quantified the entropy
of ECG morphology [302], the underlying causes of complex fractionated
atrial EGMs (CFAEs) require further investigation [347]. Other approaches,
such as coherence [288] or cross-correlation [304], compare simultaneous
recordings from different locations but necessitate larger grids, losing the
focus on local tissue dynamics. Similarly, anisotropy ratios [293] and other
methods require extensive data points and specific conditions, which are
often difficult to obtain in clinical EP studies [305, 306].
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Assessing local electrical disarray in propagation patterns may be of particular
interest in clinical settings, for example, to understand how fibrotic tissue
disrupts uniform propagation [262]. In this case, the VFH could be correlated
with impaired tissue regions. Alternatively, VFH could be used to map
heterogeneity in arrhythmogenic tissue, as proposed in chapter 7, where its
diagnostic value was demonstrated in identifying abnormal propagation in
substrate mapping for patients with scar-related VT.

In this study, we observed a statistically significant increase in quantified
local electrical disarray at both the clique and grid levels within functional
isthmus regions, compared to normal and low-voltage bystander regions
in scar-related VT substrate mapping. This finding highlights the clinical
potential of the VFH metric in identifying regions of interest where current
metrics or methods fall short. For example, recent strategies for functional
substrate mapping in VT aim to target the functional isthmus by identifying
isochronal late activation areas [348], decremental conduction patterns [349],
or mapping repolarization dynamics [350] and multiple wavefronts [351].
However, these methods have limitations, including the need for extended
mapping time and additional catheter maneuvers. The VFH metric aims to
overcome some of these issues and offer an alternative marker by accounting
for dynamic changes in wavefront propagation and increased non-linear
anisotropy in the formation of functional isthmuses during VT [352].

Additionally, VFH holds the potential to integrate easily into mapping sys-
tems without requiring additional hardware. Unlike other approaches, such
as the SI index, VFH is designed to be bounded between 0 and 1, making it a
more practical and scalable tool in clinical EP procedures.

9.10 Local and global organization conduction patterns

In understanding local propagation patterns with a high level of detail,
the VFH proves useful as it quantifies electrical disarray at the finest scale
achievable with current technology, specifically through the use of cliques
in multi-array diagnostic catheters. This has been particularly helpful in
identifying regions of interest during the mapping of arrhythmias such
as VT. However, to gain a broader understanding of temporal and spatial
disorganization in complex arrhythmias such as AF, tools that assess global
heterogeneity are needed. This motivated the development of the REACT
metric in chapter 8, which, in a manner somewhat analogous to the VFH
metric, was designed to identify areas of repetitive activity in unipolar EGMs
in space and time in the spectrum of atrial tachyarrhythmias.

In this global mapping study of AF patients, as expected, atrial tachycardia
rhythms displayed synchronization across the entire atria. Meanwhile, in
AF rhythms, patients who terminated after ablation treatment exhibited
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greater overall synchronization compared to those who did not. The REACT
metric showed predictive power for ablation outcomes and characterized
AF organization by measuring beat-to-beat timing variations and changes in
EGM morphology. Temporal AF organization has been linked to consistent
rates, narrow DF peaks, and increased overall organization [33]. Spatial
organization has been studied through EGM dispersion to identify driver
regions [324], and through the mapping of rotational and focal drivers [29].
In contrast, AF disorganization has been associated with the multiple wavelet
hypothesis [325], endo-epicardial dissociation [319], fractionated EGMs [325,
326], and stochastic modeling.

The REACT method integrates spatial and temporal components using a vi-
sually intuitive similarity measure that represents global heterogeneity across
the atrium while offering insights into sub-anatomical spatiotemporal disor-
ganization. Zeemering et al. showed that early AF in a goat model exhibited
greater organization than late AF, suggesting that spatial organization could
serve as a marker for disease progression independent of AF duration [329].
Lin et al. reported higher ablation success when targeting sites identified
by single-site EGM similarity, a method extended by our study through the
use of four spatially contiguous channels to capture consecutive repetitions
[321]. Prior studies have also shown overlap between critical sites in atrial
tachycardia (AT) and AF, with spatial concordance demonstrated between
AT locations and AF driver sites [317, 318, 331]. Our findings build on this
concept by suggesting that regions resembling AT may affect AF treatment
response. The fully automated REACT metric, which is also applicable to
non-invasive ECGI, has the potential to improve ablation outcomes by identi-
fying organized sites similar to AT islands, facilitating the distinction between
driver and passive sites [325, 324].

9.11 Overall limitations and future work

Each of the methods proposed in this thesis, along with their potential clinical
applications, carry certain limitations. Rather than restating all of them in
detail—since each chapter has a dedicated section addressing these—we will
briefly summarize the overarching limitations of the work presented in this
dissertation.

Due to the methodological nature of this thesis, the number of patients or
animal subjects involved in applying the proposed methods may limit the
clinical translation. For instance, in the vectorcardiographic approach to
non-invasively diagnose AFL types presented in chapter 3, the sample size
for each patient group was relatively small. While the statistical analyses
were appropriately adapted and the results were significant, the small sample
size for certain peripheral AFL types should be considered, as it reflects the
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clinical reality of the uneven distribution of these cases.

Similarly, for the cross-omnipolar EGM reconstruction proposed in chap-
ter 4, the limitation lies in its testing solely in controlled simulation settings.
However, in chapter 5, this was addressed by comparing cross-clique and tri-
angular clique configurations for omnipole reconstruction in an experimental
setting, studying inter-electrode distance. Although the number of recordings
and rabbit hearts in the Langendorff-perfused model was sufficient to draw
conclusions, translating these findings to clinical settings is limited by the
assumptions inherent to animal studies.

The generalization to clinical settings poses a challenge due to the lack of
control and absence of ground truth for propagation patterns in vivo. This
reflects a common limitation between in vivo and in vitro studies, as well
as between animal models and simulations. In chapter 5, we opted for an
intermediate step between controlled experiments and realistic physiological
conduction patterns by using the rabbit Langendorff model, since key factors
such as CV are similar in both rabbit and human hearts.

It is important to note that the success of the cross-omnipolar reconstruction
is also linked to the design of the VFH metric, as proposed in chapter 6.
The limitations of this chapter are similar, as its clinical translation was also
demonstrated in the same animal model settings, with similar motivations
as in chapter 5. However, the work was extended in chapter 7, where the
clinical potential of the VFH metric was tested in identifying functional isth-
muses versus bystander areas in patients with VT during substrate mapping.
Although this study could have benefited from a larger patient cohort for
more robust conclusions and analysis of diverse etiologies, these concerns do
not apply to the study on global spatio-temporal heterogeneity in chapter 8,
which was validated with a sufficient number of patients and a well-designed
hold-out test cohort.

The technical limitations for each method are discussed in their respec-
tive chapters. A common limitation across most methods arises from the
inter-electrode distance in high-density multielectrode array catheters. We
observed that even in healthy tissue, fractionated signals may appear in
diagonal bipoles with current technology. These findings, consistent with
previous studies, underscore the need for catheters with a higher electrode
density and a closer spacing for more accurate results in clinical applications.

In future work, several avenues of research can build on the methods and
findings of this thesis. First, expanding the validation of the proposed meth-
ods to larger, more diverse patient cohorts would be crucial for increasing
the generalizability of the results. Multi-center collaborations and clinical
trials involving different patient populations could offer a more comprehen-
sive understanding of the effectiveness and limitations of each technique
across various cardiac arrhythmias and etiologies. Second, translating the
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cross-omnipolar approach and the VFH metric into real-time systems for
use in clinical catheter ablation procedures would be a significant next step.
This involves not only optimizing the computational methods for speed and
efficiency but also integrating them into existing EP mapping systems to facil-
itate their adoption in real-world settings. Additionally, further exploration
of electrode configuration and density in high-density catheters is warranted.
As demonstrated in the current work, electrode spacing plays a critical role
in the accuracy of signal reconstruction; hence, developing new hardware
designs that support the increasing resolution of these methods will be nec-
essary for future clinical applications. Lastly, extending the methodologies to
non-invasive and less-invasive approaches, such as body-surface mapping or
wearable technologies, could further enhance early diagnosis and real-time
monitoring of arrhythmias, making these innovations more accessible to
broader patient populations.
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Chapter 10

Conclusions

This doctoral dissertation has explored the integration of high-density catheters
and advanced signal processing techniques to enhance the characterization
of arrhythmogenic tissue. Through the development of novel methodologies
for both local and global analysis of cardiac conduction patterns, this work
has made significant strides in improving our tools for understanding elec-
trical propagation patterns in cardiac maps, with a clear focus on clinical
applications in atrial and ventricular arrhythmias.

A key achievement of this research was the development of the cross-clique
configuration for omnipolar EGM reconstruction, understanding the om-
nipole as a bipolar EGM aligned with the propagation direction. Addressing
the limitations of traditional triangular-clique configurations, this novel ap-
proach provided an orientation-independent solution for omnipolar EGM
estimation. Through both theoretical simulations and experimental validation
in animal models, the cross-clique configuration was shown to outperform
existing methods, resolving critical issues such as orientation bias and im-
proving the reliability of EGM reconstruction. This formulation opens new
possibilities for more accurate intracardiac mapping, particularly in complex
arrhythmias where signal orientation can impact diagnosis.

Another major contribution of this thesis was the development of the VFH
metric, designed to quantify local electrical disarray in arrhythmogenic
tissue. This metric was rigorously validated in both simulation environments,
experimental EP studies, and clinical retrospective studies. The VFH metric
has proven to be a robust tool for assessing conduction heterogeneity, offering
clinicians a new method for identifying and characterizing arrhythmogenic
substrates. Its application in VT substrate mapping demonstrated its clinical
potential in guiding ablation therapy by accurately identifying functional
isthmuses and other regions of interest.

In addition to local conduction analysis, this dissertation also advanced the
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understanding of global conduction patterns through the introduction of
the REACT metric. This metric, designed to assess spatio-temporal hetero-
geneity at a broader scale, was shown to be effective in identifying regions
of repetitive activity and disarray in patients with AF. The REACT metric
provided valuable insights into AF organization, offering a predictive tool
for ablation outcomes by identifying areas of higher synchronization in pa-
tients who responded positively to treatment. By addressing both local and
global conduction patterns, the REACT and VFH metrics together provide a
comprehensive approach to arrhythmia mapping, enhancing the diagnostic
capabilities for clinicians managing atrial and ventricular arrhythmias.

Crucially, this research demonstrated the translational potential of these novel
techniques in clinical settings. The local and global heterogeneity metrics
were validated in patients with AF and VT, showing strong clinical relevance.
The ability of these metrics to identify regions of interest in substrate mapping
underscores their potential to improve patient outcomes, offering a more
targeted approach to treating arrhythmias. This work paves the way for
further clinical adoption of these techniques, marking a significant step
forward in the use of high-density catheters for cardiac EP.

While the objectives of this dissertation have been successfully fulfilled,
some areas require further exploration. Future studies will benefit from
larger clinical trials to validate the proposed metrics across diverse patient
populations and arrhythmia types. Additionally, the integration of these
methods with emerging technologies, such as Electrocardiographic Imaging
(ECGi), could further enhance their diagnostic accuracy and clinical utility.
Such advancements could bridge the gap between non-invasive and invasive
diagnostic methods, ultimately refining the way arrhythmias are diagnosed
and treated.

All in all, this dissertation has laid a strong foundation for improving the
characterization and treatment of arrhythmias through advanced signal
processing techniques. The cross-clique configuration for omnipolar signal
reconstruction, along with the VFH metric, represent significant innovations
in both the theoretical understanding and practical application of high-
density catheters in cardiac EP. These contributions have the potential to
shape future clinical practices, offering more accurate and reliable tools for
diagnosing and treating patients with complex arrhythmogenic substrates.
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Scientific Impact of this Dissertation

The scientific impact of this doctoral dissertation is reflected through several
channels, including the peer-reviewed scientific publications that emerged
from the research, presentations at international and national engineering
and clinical conferences, and the awards received for both oral and written
contributions. This chapter outlines and quantifies these contributions to the
scientific community.

A.1 Scientific journal articles

The following peer-reviewed journal articles are related to the research
conducted in this dissertation:

⧫ Ruipérez-Campillo, S., Castrejón, S., Martı́nez, M., Cervigón, R., Meste,
O., Merino, J. L., & Castells, F. (2021). Non-invasive characterization
of macroreentrant atrial tachycardia types using a vectorcardiographic
approach with the slow conduction region as a key marker. Computer
Methods and Programs in Biomedicine, 200, 105932. [193]

⧫ Castells, F.*, Ruipérez-Campillo, S.*, Segarra, I., Cervigón, R., Casado-
Arroyo, R., Merino, J. L., & Millet, J. (2023). Performance assessment
of electrode configurations for omnipolar electrogram estimation from
high-density arrays. Computers in Biology and Medicine, 154, 106604.
[237]

⧫ Ruipérez-Campillo, S., Crespo, M., Tormos, Á., Guill, A., Cebrián, A.,
Alberola, A., & Castells, F. (2023). Evaluation and assessment of clique
arrangements for omnipolar electrogram estimation in high-density
electrode arrays: An experimental animal model study. Physical and
Engineering Sciences in Medicine, 46(3), 1193-1204. [257]

⧫ Pancorbo, L.*, Ruipérez-Campillo, S.*, Tormos, Á., Guill, A., Cervigón,
R., Alberola, A., & Castells, F. (2023). Vector field heterogeneity for
assessing locally disorganized cardiac electrical propagation wavefronts
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from high-density multielectrodes. IEEE Open Journal of Engineering in
Medicine and Biology. [277]

⧫ Ganesan, P., Deb, B., Feng, R., Rodrigo, M., Ruiperez-Campillo, S.,
Rogers, A. J., & Narayan, S. M. (2023). Quantifying a spectrum of
clinical response in atrial tachyarrhythmias using spatiotemporal syn-
chronization of electrograms. Europace, 25(5), euad055. [307]

⧫ Tonko, J.*, Ruipérez-Campillo, S.*, Cabero-Vidal, G., Cabrera-Borrego,
E., Roney, C., Jiminez, J., Roig, J. M., Castells-Ramon, F., & Lambiase, P.
(2024). Vector field heterogeneity as a novel omnipolar mapping met-
ric for functional substrate characterisation in scar-related ventricular
tachycardias. Heart Rhythm. [313]

Note: *Indicates shared first authorship.

A.2 Awards associated with the research for this thesis

⧫ 2019: Award for the Best Poster at the Annual Congress of the Spanish
Society of General Medicine. Poster: A Vectorcardiographic Approach to
Discriminate Between Different Atrial Flutter Reentrant Circuits.

⧫ 2020: First Prize José Marı́a Ferrero Corral at the National Congress
of the Spanish Society of Biomedical Engineering (CASEIB). Talk: Atrial
Vectorcardiogram Parameterization for Characterization of Different Flutter
Types.
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Classification of Human Signals Using Advanced Signal Processing and
Artificial Intelligence Techniques.

⧫ 2024: Clinical Needs Translation Award at the International Conference
Computing in Cardiology. Talk: Identification of Potential Ablation Targets
for Ventricular Tachycardia Using a Novel Omnipolar-Based Propagation
Organization Metric.

A.3 International engineering conference publications

The following publications were presented at international engineering con-
ferences, further contributing to the dissemination of this research:

⧫ Crespo, M.*, Ruipérez-Campillo, S.*, Casado-Arroyo, R., Millet, J.,
& Castells, F. (2023, July). Assessment of the Interelectrode Distance
Effect over the Omnipole with High Multielectrode Arrays. In 2023
45th Annual International Conference of the IEEE Engineering in Medicine
& Biology Society (EMBC) (pp. 1-4). IEEE. [353]

⧫ Segarra, I., Cebrián, A., Ruipérez-Campillo, S., Tormos, Á., Chorro, F.
J., Castells, F., & Millet, J. (2023, July). Mini Peltier Cell Array System for
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the Generation of Controlled Local Epicardial Heterogeneities. In 2023
45th Annual International Conference of the IEEE Engineering in Medicine
& Biology Society (EMBC) (pp. 1-4). IEEE. [354]

⧫ Pancorbo, L., Ruipérez-Campillo, S., Castells, F., & Millet, J. (2023,
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sification of Atrial Tachycardia Types Using Dimensional Transforms of
ECG Signals and Machine Learning. In 2022 Computing in Cardiology
(CinC) (Vol. 498, pp. 1-4). IEEE. [356]

⧫ Segarra, I., Ruipérez-Campillo, S., Castells, F., & Millet, J. (2022,
September). Novel Method for Orientation-Independent Analysis in
Equi-Spaced Multi-Electrode Arrays. In 2022 Computing in Cardiology
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Note: *Indicates shared first authorship.
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context:
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para la clasificación de señales biomédicas: Aplicación a 3 desafı́os de
la ingenierı́a biomédica. In Congress of the National Society of Biomedical
Engineering (CASEIB), ISBN: 978-84-09-45972-8, pp. 31-34.
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Appendices to Chapter 3

B.1 VCG loop alignment

Defining each individual loop by the triplet (Xk, Yk, Zk), where a bold type-
face vector is composed of all time samples and k = 1 . . . K, a least square
minimisation approach is considered. Unlike the model in [367], each indi-
vidual loop is simply assumed to be a noisy observation of a time shifted
reference loop (X{r}, Y{r}, Z{r}). The noise level is assumed to be identical
whatever the lead and the patient, providing the simple least square expres-
sion:

d̂1, . . . , d̂K, X̂{r}, Ŷ{r}, Ẑ{r}
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With this formulation, the shifts dk’s operates on the reference loop. Using
the property that each record is a loop, the expression can be replaced and
simplified by:

J = ∑
k

(−2XT
k,−dk X{r}

− 2YT
k,−dk Y{r}

− 2ZT
k,−dk Z{r}

+X{r}TX{r}
+ Y{r}TY{r}

+ Z{r}TZ{r})+ C
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where C stands for a constant. In order to minimise the criteria J the
derivation with respect to each reference loop is given by:

∂J
∂X{r} = ∑

k

(−2Xk,−dk + 2X{r})

∂J
∂Y{r} = ∑

k

(−2Yk,−dk + 2Y{r})

∂J
∂Z{r} = ∑

k

(−2Zk,−dk + 2Z{r})

Zeroing each expression provides the solutions:

X̂{r}
=

1
K ∑

k

Xk,−dk

Ŷ{r}
=

1
K ∑

k

Yk,−dk

Ẑ{r}
=

1
K ∑

k

Zk,−dk

It can be shown that when replacing these solutions in J we get:

J = C − X̂{r}TX̂{r}
− Ŷ{r}TŶ{r}

− Ẑ{r}TẐ{r}

= C − ∥X̂{r}∥2
− ∥Ŷ{r}∥2

− ∥Ẑ{r}∥2

Meaning that the minimisation of J is equivalent to maximise the sum of the
energy of the resynchronised averaged leads. That is:

d̂1, . . . , d̂k = arg max
d1,...,dk

(∥X̂{r}∥2
+ ∥Ŷ{r}∥2

+ ∥Ẑ{r}∥2)

We propose using an iterative scheme to get the solution of this maximization.
The delays dk’s are sequentially selected over an interval corresponding to
the length of the loop in order to maximize the criteria. After the selection of
the last delay dk, the global process is repeated until convergence. Note that
using the estimated delays, not only is the loop temporally aligned but also
the estimated reference loops X{r}, Y{r}, Z{r}.
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Appendices to Chapter 5

C.1 Statistical analysis

DHARMa is an R package that aims to facilitate the problematic interpretation
of residuals from generalised linear mixed models.

The package uses a simulation-based approach normalising the residuals to
a scale 0-1. If the statistical model is correctly defined, its fitted residuals will
all follow the same known distribution [368].

The R script lines used for the first model based on a random intercept
dependence on the heart origin:

model <- lmer (log(metrics) ~ treatment * distance +

(1| rabbit) + (1| rabbit:treatment:

distance),

data=dat)

where dat is the dataframe containing the experimental data, treatment refers
to the configuration (C , C and C ), metrics to the variable (NLA, ORR...),
and distance to the interelectrode distance, describing rabbit the rabbit
heart origin dependence.

The R script lines from the second model (the one used) built as a mixed
model on the aggregated data (aggregation of subsamples of the rabbit heart
origin):
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aggregated_data <- aggregate (metrics ~ treatment +

distance + rabbit ,

data = d, FUN= mean)

model_agg <- lmer(log(metrics) ~ distance * treatment

+

(1| rabbit), data = aggregated_data)

A summary table from the regression models was retrieved, as well as the
random effect variance of the heart origin, the p-values were computed with
Kenward-Roger Approximation for the degrees of freedom.

To calculate the randomised quantile residuals coming from the fitted model
defined above and plot the DHARMa residual plot we made use of the
following line of R code:

simulateResiduals(model_agg ,plot=T)

Two plots were retrieved. A QQ plot containing added tests for correct
distribution, dispersion and outliers, highly useful to detect overall deviations
from the expected distribution.

A second figure was equally obtained with the DHARMa simulation, plotting
the residuals against the rank transformed model predictions, including
quantile regressions to discover trends.

C.2 Code

The code written for this manuscript can be found in the following GitHub
link: GitHub Repository.
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C.2. Code

Figure C.1: Residual diagnostics for hierarchical regression model in NLA metric. A. Regression
model table; B. Residuals QQ plot; C. Residuals plot over their expected value.
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Figure C.2: Residual diagnostics for hierarchical regression model in ORR metric; A. Regression
Model table; B. Residuals QQ plot; C. Residuals over model predictions.
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Figure C.3: Residual diagnostics for hierarchical regression model in PW metric; A. Regression
model table; B. Residuals QQ plot; C. Residuals over model predictions.
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Figure C.4: Residual diagnostics for hierarchical regression model in MD metric; A. Regression
model table; B. Residuals QQ plot; C. residuals over model predictions.
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Appendices to Chapter 6

D.1 Statistical tests results

The decision to use the Wilcoxon Rank-Sum test as a non-parametric alter-
native to ANOVA lies in the fact that both the VFH and SI values fail to
follow a normal distribution. This was proven by the Shapiro-Wilk test and
can be visually observed in the QQ plots (fig. D.1.A and D.1.B), where the
points deviate from the diagonal line. Moreover, the ROC and PR curves
corresponding to the values in table 6.7 are represented in figure D.1.C.

D.2 Computation of VFH from LATs

To eliminate the influence of LAT annotation errors on the superior perfor-
mance of the proposed metric over the SI, the comparative analysis has been
repeated with VFH values resulting from LAT-derived vector maps. The
gradient operator is applied to the LAT map and, after normalisation, a
vector map representative of the propagation directions is obtained, from
which a LAT-derived VFH value is computed. The comparison of these
results with the original omnipolar-derived VFH values is displayed in fig.
6.9. The performance of the VFH in distinguishing between stimulated and
basal maps remains high, as depicted by the low p-values in table D.1, and
the high AUCs in fig. D.2. Additionally, no significant differences are found
when comparing results for different catheter sizes (table D.2).
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Table D.1: P-values of Wilcoxon rank-sum test for comparing LAT-derived VFH values according
to stimulation type

Catheter Size Basal - Stim. 4
Hz

Basal - Stim. 6
Hz

Stim. 4 Hz -
Stim. 6 Hz

3 × 3 1.1962e-08∗ 2.8946e-08∗ 0.3311
4 × 4 2.3732e-08∗ 7.7600e-08∗ 0.7460
5 × 5 8.4498e-09∗ 1.9845e-08∗ 0.5828
6 × 6 3.7057e-09∗ 1.3548e-08∗ 0.3311
7 × 7 2.5882e-09∗ 1.1919e-08∗ 0.5447

∗ p-values < 0.0167

Table D.2: P-values of Wilcoxon rank-sum test for comparing LAT-derived VFH values according
to catheter size

Catheter
Size

3 × 3 - 4 × 4 4 × 4 - 5 × 5 5 × 5 - 6 × 6 6 × 6 - 7 × 7

Basal 0.6632 0.5137 0.9504 0.9380
Stim. 4 Hz 0.3520 0.1824 0.6327 0.3143
Stim. 6 Hz 0.0480 0.0279 0.9370 0.1892

∗ p-values < 0.0125
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Figure D.1: Statistical Test Results; A. QQ Plots of the VFH value samples according to
stimulation type (rows) and for different catheter sizes (columns). The 95% confidence interval is
indicated by the shaded region; B. QQ Plots of the SI index samples according to stimulation
type (rows) and for different catheter sizes (columns). The 95% confidence interval is indicated
by the shaded region; C. ROC and Precision-Recall (PR) curves comparison between the VFH
metric proposed in this study (solid line) and the SI index (dashed line).
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E.1 Additional description of the data

Table E.1: Propensity matching characteristics

Variable Before Matching After Matching

Term Non-Term Standardized
Difference

Term Non-Term Standardized
Difference

Age 63.9 (12.0) 64.6 (9.6) 6.9% 65.5 (10.5) 65.1 (10.3) 4.1%
Male 81 (67.5%) 75 (75.8%) 13.3% 49 (65.3%) 51 (68.0%) 5.6%

Paroxysmal AF 66 (55.0%) 24 (24.2%) 23 (30.7%) 23 (30.7%)
Persistent AF 48 (40.0%) 65 (65.7%) 61.5% 47 (62.7%) 49 (65.3%) 4.9%

Long-standing
Persistent AF 6 (5.0%) 10 (10.1%) 5 (6.7%) 3 (4.0%)

E.2 Dynamics of AF organization quantified by the RE-
ACT algorithm

The REACT approach quantifies organization by varying thresholds for
the correlation time-series of electrograms. In this section, we will discuss
how altering the threshold for REACT can be used to probe the interaction
between organized and disorganized EGM regions.

Supplement fig. E.1.A shows EGM from two 2-by-2 electrode grids ( 0.5cm2)
in a 71-year-old man. The blue box is a template of width 145ms, selected
as 90% of average cycle length across 4 EGMs (163ms here). The correlation
time-series indicate that EGMs E1-E4 in fig. 8.2.A show repeating organized
patterns. EGMs E5-E8 show a disorganized region lacking such repeating
organized patterns (again template in red box). As the correlation cut-point
is reduced from 0.8 (for example) to 0, we can probe the relationship of
organized-to-disorganized regions.

In fig. 8.2.B, applying a cut-point of 0.8 on the disorganized EGM shows few
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Table E.2: List of clinical variables used in clustering

Category Clinical Variables

Basic Demographics

1. Age
2. Sex
3. Race
4. Ethnicity
5. BMI

Cardiovascular Disease History

6. Congenital heart failure
7. Hypertension
8. Hyperlipidemia
9. TIA/CVA/stroke
10. Coronary artery disease
11. Myocardial infarction
12. Valvular disease
13. Ventricular tachycardia
14. Congenital heart disease
15. Peripheral artery disease
16. Other cardiovascular diseases

Cardiac Procedure History

17. Coronary artery bypass graft
18. Percutaneous coronary intervention
19. Valvular surgery
20. Congenital
21. Pacemaker
22. ICD
23. Maze procedure
24. CRT

Other History

25. History of smoking
26. Chronic Kidney Disease
27. Diabetes Mellitus
28. CHADS2VASc

AF Characteristics
29. AF type
30. AF duration

Presenting Symptoms

31. Syncope
32. Dizziness
33. Palpitations
34. Chest pain
35. Fatigue
36. Shortness of breath

Procedure Characteristics
37. Number of previous DCCV
38. Prior AF ablation
39. AF recurrence

Echo Measurements
40. LA size
41. LVEF

Antiarrhythmic Drugs

42. CCB
43. Digoxin
44. Flecainide
45. Propafenone
46. Amiodarone
47. Dronedarone
48. Sotalol
49. Dofetilide
50. Quinidine
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repeating cycles, but this number will increase as the cutpoint is reduced.
Thus, EGMs that are repetitive for more cycles will exceed a higher cut-point
(REACT score) than those with fewer repeating cycles.

The interactions between organized and disorganized regions can thus be
measured by the number of repeating cycles captured in the temporal window
(green window in fig. 8.2.B). The REACT algorithm is designed to maximize
the width of this temporal window, meaning that shorter repeating cycles
during the recording period are ignored.

Spatially, dynamic interaction is handled by the sliding window that extends
across electrodes in fig. 8.2.A. In the disorganized EGM example, EGM
E5 is visually more organized than the EGMs E6-E8, this reflects in the
correlation time series producing higher peaks. Thus, a greater number of
spatial electrodes with organized EGMs will produce a higher REACT score.

Figure E.1: Electrograms from 2-by-2 electrode grid
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E.3 REACT pseudocode

Algorithm 1: REACT algorithm pseudocode
1: for each 2x2 EGM do
2: Find CL
3: Split EGM into 15 segments, each 4 seconds
4: for each 2x2, 4-second EGM do
5: Set sliding window width W = 90% CL
6: for n = 0, 1, 2, . . . do
7: Choose template signal: t = n to t = (n + 1)×W
8: Find correlation time-series by sliding across 4-second EGM
9: end for

10: Repeat using all templates and store all correlation time-series
11: for each cut-point = 1, 0.9, 0.8, . . . , 0 do
12: Find the duration of consecutive peaks in all correlation

time-series
13: Store the maximum duration of consecutive peaks for each

cut-point
14: end for
15: end for
16: Compute REACT Score = Cut-point given a duration
17: end for
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Figure E.2: AUC curves for predicting AF termination in non-paroxysmal and paroxysmal AF
patients
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Figure E.3: A.: REACT Map of 55 YO Male with AF Termination shows large island (red and
orange in color) of synchronous EGMs. Labels ‘1’ and ‘2’ indicate 2x2 electrode groups, ‘X’
indicates site of ablation where AF terminated; B. EGMs from 2x2 electrode region ‘1’ shows
template (gray) repeating synchronously for consecutive cycles (black); C. Disorganized EGMs
where template (gray) does not repeat in successive cycles (black).
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In: Pflügers Archiv 397 (1983), pp. 190–194.

[69] Juul Achten and Asker E Jeukendrup. “Heart rate monitoring: applications
and limitations”. In: Sports medicine 33 (2003), pp. 517–538.

[70] Ahmed Faeq Hussein et al. “An automated remote cloud-based heart rate
variability monitoring system”. In: IEEE access 6 (2018), pp. 77055–77064.

[71] N Saoudi et al. “A classification of atrial flutter and regular atrial tachycardia
according to electrophysiological mechanisms and anatomical bases. A State-
ment from a Joint Expert Group from the Working Group of Arrhythmias
of the European Society of Cardiology and the North American Society
of Pacing and Electrophysiology”. In: European heart journal 22.14 (2001),
pp. 1162–1182.

169



Bibliography

[72] Francisco G Cosio et al. “Atrial flutter mapping and ablation I: studying
atrial flutter mechanisms by mapping and entrainment”. In: Pacing and clinical
electrophysiology 19.5 (1996), pp. 841–853.

[73] Francisco G Cosı́o et al. “Atrial flutter: an update”. In: Revista Española de
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and R–R interval estimation in lossless ECG compression”. In: Computer
Methods and Programs in Biomedicine 67.3 (2002), pp. 177–186.

[224] Mathieu Lemay et al. “Cancellation of ventricular activity in the ECG: eval-
uation of novel and existing methods”. In: IEEE Transactions on Biomedical
Engineering 54.3 (2007), pp. 542–546.

[225] Deepshikha Acharya et al. “Application of adaptive Savitzky–Golay filter for
EEG signal processing”. In: Perspectives in science 8 (2016), pp. 677–679.

[226] Alfonso Aranda et al. “Performance of Dower’s inverse transform and Frank
lead system for Identification of Myocardial Infarction”. In: 2015 37th Annual
International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC). IEEE. 2015, pp. 4495–4498.

[227] Rene Jaros, Radek Martinek, and Lukas Danys. “Comparison of different
electrocardiography with vectorcardiography transformations”. In: Sensors
19.14 (2019), p. 3072.

[228] Francisco Castells et al. “Principal component analysis in ECG signal pro-
cessing”. In: EURASIP Journal on Advances In Signal Processing (2007).

[229] G. Liu and H. Yang. “Multiscale Adaptive Basis Function Modeling of Spa-
tiotemporal Vectorcardiogram Signals”. In: IEEE Journal of Biomedical and
Health Informatics 17.2 (2013), pp. 484–492.

180



Bibliography

[230] Muhammad Haziq Bin Kamarul Azman. “Novel pre-interventional atrial
flutter localization tool for the improvement of radiofrequency ablation
efficacy”. PhD thesis. COMUE Université Côte d’Azur (2015-2019); Universiti
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