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Abstract

Cardiovascular diseases are the principal cause of death worldwide, especially in the
US and Europe. Some of these diseases manifest as arrhythmic events, i.e., alterations
of the normal sinus rhythm of the heart.

Arrhythmia treatment varies depending on the type of arrhythmia and patient
characteristics. Anti-arrhythmic drug therapy is often the first choice for arrhythmia
management, although catheter ablation is becoming a first line therapy specially in
those cases when the disease is on its first states, anti-arrhythmic drug therapy is
ineffective or the arrhythmia focus is identifiable. Catheter ablation is a minimally
invasive clinical procedure that deploys small catheters in the cardiac chambers. Those
catheters are equipped with electrodes that sense the local electrical activity of the
heart, known as electrograms (EGM), during arrhythmia or sinus rhythm. Based on
the characteristics of this electrical activity, radio frequency energy is delivered at
those sites responsible of the clinical arrhythmia.

The aim of this thesis is to investigate signal processing techniques of invasive
EGM signals in order to provide useful tools for helping in the decision process during
ablation procedures and electrophysiological studies.

In chapter 2, an automatic EGM delineator based on the wavelet transform of the
bipolar electrogram (b-EGM) signal envelope is introduced and validated. It is moti-
vated by the need of an operator-independent algorithm to measure local activation
times (LATS) and to build ventricular activation maps in electroanatomical mapping
(EAM) systems. The accuracy of the method is first validated against manual anno-
tations performed by two experts, showing errors in the same order as the annotations
performed manually during the interventions in the electrophysiology lab. A second
study assesses the ability of the method to generate activation maps in order to identify
the area of interest for ablation and to determine the site of origin (SOO) in patients
with idiopathic outflow tract ventricular arrhythmias (OTVAs). Automatic activation
maps were compared with manual maps created during the procedure, showing similar
accuracy in identifying the earliest activation area for ablation purposes and a slightly
superior performance in the SOO identification of idiopathic OTVAs. Therefore, these
results suggest that the proposed automatic b-EGM delineator may potentially help to
reduce mapping acquisition time, especially when multi-electrode catheters are used,
to reduce operator variability and to increase ablation outcomes.

In chapter 3, a novel spatiotemporal approach to resolve high-density cardiac ac-
tivation during atrial fibrillation (AF) using multi-electrode array (MEA) sensors is
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introduced and evaluated. Classic activation detection approaches from unipolar elec-
trogram (u-EGM) signals simplifies the signal information to just a time-occurrence
signal, rejecting the remaining spatiotemporal information embedded in the shape of
u-EGMs. The method was evaluated against audited annotations from an expert elec-
trophysiologist of recordings using a MEA sensor from a single patient ongoing open
chest surgery during sinus rhythm and AF. The method provides smooth and accurate
activation maps compared with the expert annotations and also provides “loci maps”
that allow to visualize information regarding the number of concomitant wavefronts
underpassing the MEA sensor and substrate properties. These results open the pos-
sibility of robust analysis of high-density activations maps and the development of
minimally invasive high-density mapping.

In chapter 4, a predictability framework for analysis of AF activity, based on the
concept of the Granger causality (GC), is introduced and evaluated. It is motivated
by the fact that some EGM-based quantitative approaches for AF analysis rely on
activation detection outcomes and/or do not take into consideration the spatiotem-
poral relation existing between close electrodes. The framework is evaluated in seven
different simulation scenarios, which cover a wide range of propagation patterns, and
in mapping data from patients showing different spatiotemporal patterns of AF. The
proposed GC-based indices are able to differentiate the stability of the activation and
can be combined for obtaining activity maps showing, in a single graph, the prop-
agation of the activation and the stability of the cardiac substrate. Therefore, the
proposed GC-based predictability framework is able to characterize and identify ar-
eas of AF instability and to track propagation, thus being able to guide the ablation
procedure; it does not require activation detection or post-processing algorithms and
it is applicable to any multi-electrode catheter.

In conclusion, a set of tools based on signal processing of intracardiac EGM signals
for mapping and characterising cardiac arrhythmias has been proposed and validated
in this thesis. Each contribution is oriented within a spatiotemporal approach, pro-
viding solutions that take into consideration both the specific problem as well as the
complexity of cardiac arrhythmias.

Keywords: Atrial fibrillation, cardiac arrhythmias, catheter ablation, electrophysiol-
ogy, intracardiac electrograms, signal processing, ventricular tachycardia.



Resumen y Conclusiones

Las enfermedades cardiovasculares representan la principal causa de muerte a nivel
mundial, especialmente en los Estados Unidos y Europa. Algunas de estas enfer-
medades se manifiestan como eventos arritmicos, es decir, como alteraciones del ritmo
sinusal normal del corazon.

El tratamiento de las arritmias cardiacas depende del paciente y del tipo de arritmia
que éste padezca. Los farmacos antiarritmicos son el principal tratamiento de dichas
arritmias, sin embargo, la ablacién por catéter se postula como la principal terapia de
eleccion sobre todo cuando la enfermedad se encuentra en sus primeros estadios, los
farmacos antiarritmicos no son efectivos o se puede identificar el foco de la arritmia.
La ablacion por catéter es una técnica quirtrgica minimamente invasiva que introduce
pequenos catéteres en las cavidades cardiacas. Estos catéteres disponen de electrodos
que permiten medir la actividad eléctrica local del corazon, conocida como senal elec-
trograma (EGM), tanto en ritmo sinusal como durante la arritmia. Basandose en las
caracteristicas de dicha actividad eléctrica, se aplica energia de radiofrecuencia para
lesionar o ablacionar los lugares responsables de la arritmia clinica.

Esta tesis doctoral tiene como objetivo investigar técnicas de procesado de senales
invasivas EGM para proveer de herramientas ttiles que ayuden a los procesos de de-
cision durante los procedimientos de ablacion por catéter o estudios electrofisioldgicos.

En el capitulo 2, se introduce y evalia un delineador automético de senales EGM
basado en la transformada wavelet de la envolvente compleja de la sefial electrograma
bipolar (b-EGM). Este algoritmo viene motivado por la necesidad de un sistema para
medir los tiempos de activacion locales (LATs) para la reconstruccion de los mapas de
activacion ventriculares usando sistemas de mapeo electroanatomico (EAM) de forma
independiente del observador u operador del sistema. En un primer estudio, se evalia
la precision del método usando como referencia anotaciones manuales de los LATSs rea-
lizadas por dos expertos, mostrando un error de magnitud similar al obtenido por las
anotaciones manuales de los LATs realizadas durante la intervencion en el laboratorio
de electrofisiologia. En un segundo estudio, se evaliia la capacidad del método para
generar mapas de activaciéon automaticos que permitan identificar el area de interés
para realizar la ablacion y determinar el lugar de origen (SOO) de la arritmia. Con
este objetivo se han utilizado datos de pacientes con arritmias ventriculares idiopéaticas
del tracto de salida de los cuales se ha comparado los mapas de activacion generados
automaticamente con mapas de activacion obtenidos manualmente durante la interven-
cion, obteniendo una precision similar entre ambos conjuntos de mapas de activacion
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en la identificacion del area de activacion precoz para la ablacién y un rendimiento lige-
ramente superior en la identificaciéon del SOO de las arritmias ventriculares idiopaticas
del tracto de salida de los mapas de activacién generados automaticamente. Por lo
tanto, estos resultados sugieren que el delineador automéatico de b-EGMs propuesto
puede contribuir a reducir el tiempo de adquisiciéon de los mapas electroanatémicos,
especialmente en combinacién con catéteres multi-electrodo; reduciendo asimismo la
variabilidad en la identificacion de los LATs por parte de diferentes operadores, y
mejorando los resultados de la ablacion.

En el capitulo 3, se introduce y evaltia una estrategia espaciotemporal para la
obtencion de mapas de activacion de alta densidad durante fibrilacion auricular (AF)
usando sensores de agrupaciones multi-electrodo (MEA). Esta estrategia de deteccion
espaciotemporal se motiva en que las estrategias clasicas para la deteccion de las
activaciones en la sefial electrograma unipolar (u-EGM) simplifican la informacin de
la senal a solo una senal de tiempos de ocurrencia, eliminando en este proceso la
informacién espaciotemporal restante que esta contenida en la forma de la senal u-
EGM. El método propuesto se evalia frente a anotaciones auditadas por un experto
electrofisiologo en registros usando sensores MEA, durante ritmo sinusal y AF, de
un paciente al que se le ha practicado cirugfa abierta de térax. El método obtiene
mapas de activacion suavizados y precisos comparados con las anotaciones del experto
electrofisitlogo y también obtiene “mapas de lugares focales” que permiten visualizar
informacién adicional a los mapas de activacion relativa al nimero de frentes de onda
simultaneos que atraviesan el sensor MEA y a las propiedades del sustrato cardiaco
observado. Estos resultados abren la posibilidad de estudiar mapas de activacion de
alta densidad de forma robusta y el desarrollo de catéteres de mapeo intracavitario de
alta densidad minimamente invasivos.

En el capitulo 4, se introduce y evaliia un marco de trabajo para el anéalisis de la
predictibilidad de la AF basado en el concepto de la causalidad de Granger (GC). Este
marco de trabajo se motiva en el hecho de que algunas estrategias cuantitativas para el
analisis de la AF basadas en el procesado de la senal EGM dependen del rendimiento y
resultados de un detector de activaciones y/o no tienen en consideracion las relaciones
espaciotemporales existentes en la actividad eléctrica medida por electrodos cercanos
del catéter de mapeo. El marco de trabajo propuesto se evaliia en siete escenarios
de simulacién cardiaca que cubren un gran abanico de patrones de propagacion, y
también en datos de mapeo obtenidos de pacientes que muestran diferentes patrones
espaciotemporales de AF. Los indices propuestos basados en la GC son capaces de
diferenciar la estabilidad de la activacion y se pueden combinar para obtener mapas de
actividad que muestran, en una sola imagen, la propagacion de la activaciéon a través
del catéter y la estabilidad del sustrato medido. Por lo tanto, el marco de trabajo
propuesto basado en la GC es capaz de caracterizar e identificar dreas de inestabilidad
de la AF y seguir la propagacion de dicha actividad, de forma que puede servir para
guiar el proceso de ablacién; ademés, no requiere de la deteccion de activaciones o
de algoritmos de post-procesado y se puede aplicar para analizar cualquier catéter de
mapeo multi-electrodo.

En conclusion, en esta tesis doctoral se proponen y validan un conjunto de her-
ramientas basadas en el procesado de senales intracardiacas EGM con el objetivo de



mapear y caracterizar las arritmias cardiacas para ayudar en la toma de decisiones
durante procedimientos de ablacién con catéter o estudios electrofisiologicos. Cada
una de las contribuciones expuestas en esta tesis propone una solucién desde un punto
de vista espaciotemporal de forma que se toman en consideraciéon tanto el problema
especifico a tratar asi como la complejidad de las arritmias cardiacas.

Palabras clave: Ablaciéon por catéter, arritmias cardiacas, electrofisologia, electro-
grama, fibrilacion auricular, taquicardia ventricular, procesado de senales.
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Chapter 1

Introduction

“Each beat of your heart is a small
miracle, you know, so don’t get
carried away.”
La Mécanique du Coeur
by Mathias Malzieu
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1.1 Motivation

The most common cause of death at global level is cardiovascular disease (CVD) [1].
Particularly, 2016 mortality rate data attributable to CVD ranges from 30.8 % in the
US to 45 % in Europe [2,3]. This supposes an extremely important public health
problem with big impact in financial costs, which are predicted to continuously grow
over next decades [2].

1.2 The Cardiovascular System

The main function of the cardiovascular system is to serve the needs of the entire body,
either by transporting nutrients or waste products. It is composed of two main circuits
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Figure 1.1: The cardiovascular system: a) general organization of the circulatory system and b)
anatomy of the heart and blood flow. Reproduced, adapted and modified from [4].

depicted in Fig. 1.1(a): The systemic and the pulmonary circuits. The systemic (or
peripheral) circuit serves oxygen-rich blood to the entire body and carries out carbon
dioxide-rich blood. The pulmonary circuit takes this carbon dioxide-rich blood and
transforms it into oxygen-rich blood within the lungs. The heart is the organ that
maintains these two circuits flowing [4].

1.2.1 Anatomy of the Heart

The heart is a muscular organ of the size of a large fist formed by specialized muscu-
lar cells called myocytes, which are responsible of both electrical impulse conduction
and mechanical contraction [5]. The heart is anatomically divided into two “mirrored”
pumps, left and right, which support different circulatory systems as shown in Fig.
1.1(a). The right pump takes carbon-dioxide-rich blood from the vein system and
pumps it to the respiratory circuit in order to oxygenise the blood in the lungs. Oxy-
genised blood from the lungs flows to the left side of the heart and then is pumped
through the systemic circuit to the peripheral organs [4].

The septum separates these two pumps which are additionally divided into two
main cavities. One is the atrium, which collects blood from the systemic (right atrium
(RA)) or the pulmonary (left atrium (LA)) circulatory system circuit; the other cavity
is the wventricle, which collects blood from the atrium and pumps it out of the heart
(see Fig. 1.1(b)). Systole is the state when the heart contracts and diastole when the
heart relaxes.
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Table 1.1: Intracellular and extracellular ion concentration in cardiac myocytes and its resting po-
tentials.

Extracellular concentration Intracellular concentration Nerst potential

Ton (mM) (mM) (mV)
Nat 135 - 145 10 +70
K+ 3.5-5.0 155 —94
Ca?™* 2 1074 +132

1.2.2 Electrical Activity of the Heart

Cardiac myocytes have an hydrophobic lipid bilayer that isolate them from all water-
soluble substances such as ions. This membrane has transmembrane proteins that
allow ions to move across the membrane (called ion channels). The major charge
carrier ions present at intra and extracellular media are: sodium (Na'), potassium
(K*), calcium (Ca2?*) and chloride (C17) [4,6].

The Ion movement is driven by two forces: the electrical gradient and the chemical
gradient. The chemical gradient force ion movement towards a medium with lesser
concentration and the electrical gradient forces ion movement towards a medium with
opposite electrical charge [6]. The interplay of these electrochemical gradients ends
when the net transmembrane flux of charge (current) is compensated, known as resting
potential or Nerst potential, which in case of cardiac myocytes is around —90 mV [4-6].
Table 1.1 summarizes the equilibrium ion concentration and each ion’s Nerst potential

[6].

The Cardiac Action Potential

The action potential (AP) is the electrical result of ion electrochemical interactions be-
tween the inner and outer media of special cells, as the myocytes, having the property
of excitability [7]. Therefore, the AP represents the time variations of the transmem-
brane potential mediated by the ion flux across the ion channel opening and closing
dynamics that yield in mechanical contraction of the myocyte. Depolarization is when
the transmembrane potential rises over the resting potential and repolarization is when
it comes back to the resting potential [4,6]. The cardiac AP has five phases illustrated
in Fig. 1.2:

e Phase 4 - Resting: The transmembrane potential remains constant during the
diastolic period. During rest, the membrane is permeable to K+ and relatively
impermeable to other ions. When the transmembrane potential increases over
the threshold potential (approximately —65 mV) the cell starts to depolarize [6].

e Phase 0 - Rapid depolarization: Inflow of Na* and Ca2* ions quickly raises the
transmembrane potential over the threshold, starting the AP [5]. Rapid Na*
currents are the main responsive of Phase 0 onset and mediates Ca?* inwards
currents [5, 6].
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Figure 1.2: Illustration of the phases of the AP on a His-Purkinje cell AP including the refractory
periods. Dashed line indicates the threshold potential. Reproduced, adapted and modified from [6].

e Phase 1 - Early repolarization: The Na*t currents rapidly inactivate, hence yield-
ing to a early repolarization phase with the transmembrane potential falling to
approximately 0 mV [5,6]. This phase is mainly mediated by Kt outward cur-
rents and the Nat-Ca?" exchanger [6].

e Phase 2 - Plateau: The plateau phase is unique among excitable cells and rep-
resents a balance between Ca?* inward currents, Na*t currents and repolarizing
outward K* currents [6].

e Phase 3 - Final rapid repolarization: Resting potential is restored due to domi-
nant outward K+ currents and deactivation of inward Ca?* currents [6].

Once the AP has been started during a cardiac circle, myocytes become unexcitable
to stimulation during a certain amount of time, known as refractory period [5,6]. This
time period is physiologically necessary for allowing a correct recovery of the cardiac
cells and preventing multiple and compounded APs [6]. Cardiac myocytes present two
levels of refractoriness whose time intervals are depicted in Fig. 1.2. The absolute
refractory period extents 250-300 ms from the AP onset and no stimulus can excite
the cell regardless of its strength. The relative refractory period lasts round 50 ms and
only larger-than normal stimuli can propagate an AP [4-6].

Electrocardiography of the Normal Beating Heart

The heart has a specialized electrical conduction system that delivers the contraction
electrical impulse to all cardiac myocytes in order to get a synchronized and rhythmic
contraction of the heart, known as sinus rhythm (SR) (see Fig. 1.3(a)—(b)) [4].

The electrocardiogram (ECG) is the representation of the electrical cardiac activity
during a heartbeat recorded by different electrodes located on the torso. The specific
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Figure 1.3: Electrophysiology of the normal heart during SR: a) the electrical conducting system of
the heart, b) normal beat AP sequence of the different involved structures and c) surface electro-
cardiographic representation of the normal beat with the different waveforms. Reproduced, adapted
and modified from [4,6]. AVB: atrioventricular bundle, AVN: atriventricular node, LBB: left bundle
branch, LBB: right bundle branch, SAN: sinoatrial node.

location of these electrode is known as lead. The ECG shows a set of waveforms that
represent the different phases of the cardiac cycle (see Fig. 1.3(c)) [7].

During normal SR, the electrical impulse starts in the sinoatrial node (SAN), a
cluster of specialized muscular cells located in the superior posterolateral wall of the
RA immediately below and slightly lateral to the opening of the superior vena cava [4].
The impulse is directed through internodal pathways to the atrioventricular node
(AVN) whereas depolarizing the atrium. The P wave (see Fig. 1.3(c)) in the electrical
representation of the atrial depolarization (systole) in the surface ECG.

The AVN holds the impulse to allow the atrium mechanical contraction and ven-
tricle blood filling; represented as the electrically silent period after P wave shown
in Fig. 1.3(c). Then, the impulse rapidly spreads through the His bundle (HB) (di-
vided on the left bundle branch (LBB) and right bundle branch (LBB) which serve
each ventricle, respectively) and the His-Purkinje system (HPS) reaching each part of
the ventricles, causing its depolarization (systole). Ventricular depolarization is rep-
resented in the surface ECG by the Q, R and S waves known as QRS complex (see
Fig. 1.3(c)). During ventricle depolarization, the atrium repolarizes in order to reach
a relaxation state (diastole).

Finally, ventricles repolarize in order to reach the relaxation state (diastole) and
prepare for a new beat, represented in the surface ECG as the T wave (see Fig. 1.3(c)).
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Figure 1.4: Electrode location of the 12-lead ECG system: a) unipolar and bipolar limb leads electrode
location and b) unipolar precordial leads electrode location. Reproduced, adapted and modified
from [8].

The ECG is an interesting tool for diagnosis of CVDs which reflect as disorders
in the heart’s electrical activity. The 12-lead ECG system is the most widely-used
electrode configuration used in clinical practice [7]. It is composed by 3 bipolar limb
leads, 3 augmented unipolar limb leads and 6 precordial unipolar leads, whose electrode
locations are illustrated in Fig. 1.4.

The bipolar limb leads were introduced by the Dutch physiologist Willem Einthoven
in the early 20th century [7]. Therefore, this three-lead configuration is known as the
“Einthoven’s Triangle”. These leads are denoted as I, II and III; and are obtained as:

I =V — Via, (1.1)
IT = Vi, — Vi, (1.2)
IIT =V — Vi, (1.3)

where Vi, Via and Vy,, are the voltage variations sensed by the electrodes located at
the right arm, left arm and left leg, respectively and illustrated in Fig. 1.4(a). These
leads show the frontal plane of the heart activity in 60° orientation gaps. Therefore,
for spatial completion of the existing 30° gap between these leads, the augmented
unipolar limb leads (denoted aVL, aVR and aVF') were introduced [7]:

y
aVR = Vip — VA+ (1.4)
WV =V, — % (1.5)
aVF =, — Vent Vi . Var, (1.6)

where each augmented lead can be seen as the voltage difference between each vertex
of the triangle and the average voltage of the remaining two vertices.

Finally, the precordial leads, labelled from Vi to Vg, are positioned in succession
on the front and left sides of the chest, as illustrated in Fig. 1.4(b). The precordial
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leads are unipolar, and are referred to as the Wilson central terminal obtained as the
average voltage measured at the right and left arms and at the left leg:

Via + Vaa + Vio

: (1.7)

VWCT =

The precordial leads provide a more detailed view of the heart: V; and V5 mainly
reflect the activity of the right ventricle (RV), V3 and V; show the activity of the
anterior wall of the left ventricle (LV) and V5 and Vi the lateral wall of the LV [7].

Arrhythmias

Arrhythmias are alterations of the normal SR of the heart either by increasing (>
100 beats/min) or decreasing (< 60 beats/min) the normal rate. Each arrhythmia
courses with different symptoms and its management and treatment depends on its
mechanism and type.

1.3 Electrophysiological Mechanisms of Arrhythmias

The electrophysiological mechanisms involved on the initiation and perpetuation of
cardiac arrhythmias can be divided into: 1) cardiac impulse formation disorders (au-
tomaticity and trigger activity) and 2) cardiac impulse propagation disorders (reen-
try) [5,6,9-11]. However, a specific arrhythmia can occur as a combination of both
mechanisms.

1.3.1 Cardiac Impulse Formation Disorders

Automaticity

Automaticity is defined as the ability of a cardiac cell to spontaneous depolarize, reach
the threshold potential and trigger an AP in the absence of any external stimulus [6].

Automaticity can be referred as normal when arising from natural pacemaker cells
in the SAN or other subsidiary and latent structures as some atrial parts, the AVN and
the HPS [6,12]. SAN cells have shorter AP period than the subsidiary pacemaker cells,
thus in normal condition, it depresses the automaticity of the subsidiary pacemaker
cells. Therefore, those structures remain as a fail-safe mechanism ensuring the main-
tenance of ventricular activation [6,13]. However, any change in normal automaticity
(see Fig. 1.5(c)), either by suppression of SAN activity and/or enhanced automaticity
of the subsidiary structures, can be responsible of arrhythmia development [5, 6].

On the other hand, abnormal automaticity develops when major abnormalities in
the cell transmembrane potential are present, particularly in the steady-state depolar-
ization of the membrane potentials (see Fig. 1.5(a)—(b)). This can happen anywhere
in the heart and it is not limited to the normal pacemaker structures [6]. Working
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Figure 1.5: Disorders of the cardiac impulse formation: a) normal His-Purkinje AP, b) abnormal
automaticity of the His-Purkinje cell resembling SAN AP when increased resting potential, c¢) different
modulations of AP rate: 1) increasing rate of phase 4 depolarization, 2) normal rate, 3) slowing rate
of phase 4 depolarization, 4) increasing threshold potential, 5) hiperpolarization and d) different
types of afterdepolarizations (pointed by arrows) in His-Purkinje cell APs: 1) phase 2 EAD, 2) phase
3 EAD, 3) subthreshold DAD (bold line) occurring after full repolarization and triggered AP by a
DAD (grey line). Dashed line in panels (a)—(c) indicates Nerst potential. Reproduced, adapted and
modified from [6].

atrial or ventricular cells do not have spontaneous depolarization due to their low
resting potential (=120 to —170 mV), even when they are not excited during a long
period. However, several factors such as Ix activation or deactivation, sarcoplasmic
Ca?* release, catecholamines, ischemia and infarction can increase this resting po-
tential allowing these cells to spontaneously depolarize [5,6]. Therefore, abnormal
automaticity can contribute to a shift of the pacemaker from the SAN to another
place of the heart promoting an arrhythmic event.

Trigger Activity

Trigger activity stands for the impulse initiation in cardiac cells that occurs consequent
to one or more preceding APs due to depolarizing oscillation in the membrane voltage,
which are known as afterdepolarizations [6, 14].

Afterdepolarizations occurring early during the repolarization phase of the AP are
known as early afterdepolarizations (EADs) while those occurring late after comple-
tion of the repolarization phase are known as delayed afterdepolarizations (DADs).
When an afterdepolarization reaches the threshold potential for activation of an in-
ward current, a new AP is generated, hence referred to as triggered AP.

Membrane voltage oscillations within the diastolic period define a DAD, which
distinguishes from spontaneous normal pacemaker by its transient nature (see Fig.
1.5(d.3)) [6]. A triggered AP happens when a DAD reaches the voltage threshold,
moreover, this triggered AP can be followed again by other DAD which may or not
reach the threshold and promote a new AP, therefore DADs are usually shown in
short or long trains [6]. DADs amplitude and rate depend proportionally to cycle
length, helping to sustain the arrhythmic event [5,6]. Commonly, DADs occur under
conditions in which increases intracellular Ca?* concentration [5,6,11,15].
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On the other hand, EADs are membrane potential oscillations occurring during
the AP, hence interrupting the normal repolarization process of the myocyte, chang-
ing the time course of the repolarization such that the membrane potential rises in
depolarization direction, as illustrated in Fig. 1.5(d.1—2) [6]. EADs have been clas-
sified as phase 2 or 3 EADs (see Fig. 1.5(d.1—2)). However, their ionic mechanisms
differ [5,6,11]. The plateau phase of the AP is a high resistance (low conductance)
phase of the membrane. Consequently, small changes in ion currents can promote
EADs [5,6]. Phase 2 EADs seem to be related with I.,.; current while phase 3 EADs
may be due to low Iy, current [5]. Prolongation of the AP is a fundamental condition
underlying the development of EADs, whose amplitude increase at slow rates [5, 6].

1.3.2 Cardiac Impulse Propagation Disorders: Reentry

During normal excitation of the heart, the propagating impulse extinguishes due to the
long tissue refractoriness period compared to the excitation impulse duration. Reentry
occurs when this propagating impulse fails to extinguish and persists on activating the
heart by finding excitable tissue [6,16]. Therefore, reentrant tachycardias are repetitive
propagations of the activation wave in circular paths returning to its origin in order
to reactivate that site [5,6].

Reentry can be sustained under the following requirements [5, 6]:

e Substrate: Presence of a heterogeneous cardiac tissue with different electrophys-
iological characteristics, conduction and refractoriness that forms a circuit.

e Area of block: An area of unexcitable cardiac tissue (anatomical or functional)
around which the activation wavefront can circulate.

e Unidirectional conduction block.

e Area of slow conduction: Tissue with slow conduction that assures enough time
to the circulating wavefront to reach an excitable area proximal to the unidirec-
tional block.

e Critical tissue mass: Tissue which sustains the reentrant circuit.

e Initiating trigger: Changes in heart rate, autonomic tone, ischemia, electrolyte,
PH abnormalities or premature depolarization can serve as triggers that initiate
the reentrant path causing unidirectional block and slow conduction, hence the
arrhythmic event [6].

Wavefront Wavelength and Excitable Gap

The wavelength \ quantifies the distance travelled by the activation wavefront relative
to the effective refractory period, expressed as [6,16]:

A=v-t,, (1.8)



10 CHAPTER 1. INTRODUCTION

a) b) c)

Unidirectional
block Partially

recovered
Wavefront Q
"head"
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where v and ¢, stand for the conducting velocity and the relative refractory period of
the tissue, respectively.

The wavelength of the activation wavefront must be shorter that the length of the
potential reentrant circuit pathway for reentrant excitation to occur [6]. Therefore,
the excitable gap occurs as long as the extension of the refractory zone (“tail”) behind
the excitation wave (“head”) is smaller than the entire length of the reentran pathway,
as illustrated in Fig. 1.6(a) [5,6,16]. Hence, the existence of this excitable gap allows
the reentrant wavefront to continue propagate along the reentrant circuit.

A fully excitable gap is defined as the part of the reentrant circuit where the tail of
the preceding wavefront does not affect the head and the velocity of the following wave,
i.e., absence of head-tail interaction. On the other hand, the partially excitable gap is
defined as the zone where the rotating wavefront can be captured by local stimulation
in the presence of head-tail interaction (see Fig. 1.6(a)) [6,16].

The excitable gap characteristics may be different among types of reentrant cir-
cuits [6,16]. Many anatomically related circuits have large excitable gaps with a fully
excitable area, although it can be also only partially excitable. On the other hand,
functional circuits have often small and partially excitable gaps [6,16]. This phe-
nomenon connects with the stability of the reentrant arrhythmia. While the wavefront
wavelength is smaller than the reentrant path, the excitable gap is stable respecting to
the frequency of rotation and so the cycle length (CL) of the arrhythmia will be stable.
However, in the setting where the wavelength of the excitation exceeds the reentrant
pathway, the excitation wave encounters the non-excitable tissue and extinguish. The
intermediate situation, where the head of the wavefront meets the partially recovered
tissue, leads to unstable CLs and complex dynamics of the arrhythmia [6].

The existence and extent of excitable gaps in reentrant circuits has important
implications [16]: 1) it enables modulation of the frequency of a reentrant tachycardia
by external or local stimuli, 2) it can determine the effect of drugs in the reentrant
circuits and 3) it may be exploited in order to terminate the arrhythmia.
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Anatomical Reentry

It was first observed by Meyer in a subumbrella tissue preparation of jellyfish [17] and
confirmed later by Mines in heart muscle preparations [18]. This type of reentry is
based on an unexcitable anatomical obstacle surrounded by a substrate which allows
the wavefron to reenter, creating fixed and stable reentrant circuits [5, 6].

As illustrated in Fig. 1.6(b), the anatomical obstacle determines two pathways;
when the wavefront encounters the anatomical obstacle, it travels down one path and
gets blocked (unidirectional block) and the wavefront of the other path encounters
the unidirectional block starting the reentry [5,18]. Hence, the anatomically-based
reentry pathway is usually longer that the wavefront wavelength, yielding in stable CL
arrhythmias [6].

Functional Reentry

It was first hypothesized by Garrey in 1914 [19]. Functional reentry is determined
by dynamic heterogeneities in the electrophysiological properties of the cardiac tissue
without the intervention of anatomical structures or conducting pathways, as illus-
trated in Fig. 1.6(c) [5,6]. Such heterogeneities involve dispersion of excitability or
refractoriness and conduction velocity, as well as anisotropic conduction properties of
the myocardium [6].

Usually, the size of the functional reentrant circuits is small and their rhythm and
location are unstable [5]. This occurs due the different dynamics between the head
and tail of the reentrant wavefront explained by many mechanisms.

In 1977, Allessie and co-workers formulated the leading circle concept [20]. They
described a reentrant wavefront turning around a functionally region of unexcitable
tissue or refractory core and among a surrounding tissue with different electrophysio-
logical properties, as illustrated in Fig. 1.7(a). It was defined as “the smallest possible
path in which the impulse can continue to circulate” and “in which the stimulating
efficacy of the wavefront is just enough to excite the tissue ahead which is still in its
relative refractory phase” [20]. Therefore, this reentry in less susceptible to external
stimulation because does not have a fully excitable gap [5].

In 1981, El-Sherif et al. [21,24] delineated a figure of eight in epicardial mapping
of canine infarction models. It consists on two concomitant wavefronts travelling in
opposite directions (clockwise and counterclockwise) around two functional or fixed
arcs of blocks that merge in a central pathway [5,6,11,24], as illustrated in Fig. 1.7(b).
The same pattern can be obtained by creating artificial anatomical obstacles [25] and
in functional reentry created by premature stimulation [26].

The concept of spiral waves or rotors was introduced by Weiner and Rosenblueth
in 1946 but related to anatomical reentry [11,27]. Later, multiple studies translate
this concept to functional reentry [22]. Although spiral waves are considered similar
to the leading circle concept, they differentiate in some considerations in two- and
three-dimensions [5, 6,11, 16]. The term spiral wave describes a rotational wave in
two-dimensions. When the rotational wave occurs in three-dimensions, it is called
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Figure 1.7: Functional reentrant mechanisms: a) leading circle concept (reproduced from [20]) de-
picted in panel (al), where panel (a2) shows the corresponding membrane potentials at the points
indicated as A,1...5,D in the isochronal activation sequence in panel (a3); b) figure of eight reen-
try (reproduced from [21]) showing the isochronal map with the figure of eight reentry indicated by
dashed arrows at the top of each panel (bl) and (b2), at the bottom are shown recordings of ECG
and intracardiac signals from the indicated dots; c¢) spiral wave (rotor) reentry (reproduced from [22])
illustrated by a isochronal map of optical activity where the rotor evolution is indicated by a white
arrow and numbered from 1 to 3; and d) reflection reentry (reproduced from [23])), where panel (d1)
shows the preparation of the Purkinje fibre at the sites of excitation (S1 and S2), panel (d2) shows
the recording obtained ant points a-c and panel (d3) depicts the reflection reentry.
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scroll wave. The term rotor is commonly used to refer to the rotating source, and
spiral wave usually refers to the shape (i.e. curvature) of the wave emerging from the
rotating wave [6]. Spiral waves are organized activation patterns around a core, which
remains unstimulated thanks to the curvature of the spiral wave (see Fig. 1.7(c)).
This curvature is the key to core formation because it limits propagation velocities
thus resulting in slow conduction and blocks [5,6,11]. The tip of the spiral wave can
be stationary or move along complex pathways, radiating waves into te medium [5,6].
In contrast to the leading circle concept, rotors have a fully excitable gap [5].

Reflection is a special subclass of reentry where the wavefront does not travel
around a functional block but travels back and forth in the same path (e.g. trabecula
or Purkinje fibres) containing an area of conduction block [5,6, 11] as illustrated in
Fig. 1.7(d).

Phase 2 reentry is another special subclass of reentry which does not imply a
circus movement but can appear to be of focal origin [11]. It occurs when the phase
2 dome of the AP propagates from areas where is maintained (endocardium and mid-
myocardium) to zones where it is abolished (epicadium) causing local excitation and
generation of a closely coupled extrasystole [6,11].

Anisotropy is a normal condition of the heart related to the differential conduction
velocity in the transversal vs. longitudinal direction of cardiac fibres [5, 6, 28, 29].
Anisotropy and structural differences between adjacent areas of myocytes can lead
to conduction velocity and repolarization heterogeneities that may yield in blocked
impulses and slowed conduction, which sets the substrate for reentry [6].

1.4 Types of Arrhythmias

1.4.1 Bradycardias

Bradycardias are defined as those arrhythmias where the normal SR is decelerated
below 60 beats/min [4]. In healthy and trained subjects it could be a non-pathological
condition [4]; however it may also be cause of SAN dysfunctions, AVN aberrant conduc-
tion and other intrinsic or extrinsic factors that may require a pacemaker implantation
to restore the normal SR [30-32].

1.4.2 Tachycardias

Tachycardias are defined as those arrhythmias where the normal SR is accelerated
above 100 beats/min [4]. Some Tachycardias are life-threatening but some others
have benign course. Tachycardias are usually classified according to the part of the
heart where they are originated.
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Supraventricular Tachycardias

Supraventricular Tachycardias are those arising above the HB bifurcation or have
mechanisms dependent of the HB [33]. They are mainly classified into:

e Atrial tachycardia: Rapid and regular rhythm of the atria (100-200 beats/min)
with stable P-wave followed by electric silence, no AVN origin and sustained
solely by atrial structures [34,35]. Focal-related mechanisms (automaticity and
trigger activity) or macroreentry are mainly responsible of atrial tachycardias
(ATs) which can arise from almost any part of the atria [35,36].

e Atrial Flutter: Very high rate (240-350 beats/min) atrial tachycardia with con-
tinuous oscillating atrial waves without flat isoelectric line. [34,35,37]. Its mech-
anism is macroreentry and it distinguishes from atrial tachycardia in its depen-
dence with RA anatomy and ECG characteristics [35].

e Atrial Fibrillation: Characterizes by an irregular activation of the atrium (400-
700 beats/minute) with absence of distinct repeating P waves in the surface ECG
and irregular ventricular response when AVN is reached by the impulses. [4,38].
Mechanisms related with atrial fibrillation (AF) are still under study but covers
different combinations of automaticity, trigger activity and reentry. [6,39-46].

Ventricular Tachycardias

Arrhythmias arising from any part of the ventricles below the bifurcation of the HB
and independently of AVN conduction are known as ventricular tachycardia (VT) [6].
They are usually classified by its duration and surface ECG QRS complex morphology
as:

e Extrasystoles: They are ventricular contractions occurring after a normal beat
followed by a pause (also known as ectopy or premature ventricular contraction
(PVC) beats). Extrasystoles are related with automaticity, trigger activity and
microreentry [47-49]. They can occur independently of the present of structural
heart disease (SHD) [49,50]. When there is no underlying SHD, they are known
as idiopathic ventricular arrhythmias (VAs) and have benign clinical course and
good prognosis. However, frequent extrasystole bursts can cause tachycardia-
induced cardiomyopathies [6,49,50].

e Non-sustained Ventricular Tachycardia: They are characterized by bursts of
ventricular complexes which self-terminates in less than 30 s [49]. They have
similar course that idiopathic VAs but are associated to mortality and sudden
cardiac death in SHD patients [50].

e Sustained Monomorphic Ventricular Tachycardia: VT lasting more than 30 s,
whose ventricular complexes morphology does not change during the course of
the tachycardia or can present different single morphology at different arrhyth-
mia episodes [6]. Reentry is the main mechanism associated to this VT's and it is
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frequently related to the presence of myocardial scars [6,51]. Ventricular flutter
is recommended to be included in this classification as monomorphic VT with
indeterminate QRS morphology [49].

e Polymorphic Ventricular Tachycardia: VT whose ventricular complexes mor-
phology change during the course of the tachycardia indicating a variable se-
quence of activation of the ventricles [6]. Torsades de pointes is an example of
polymorphic VT.

e Ventricular Fibrillation: Rapid and irregular ventricular rhythm (usually over
350 beats/min) with strong variability of QRS morphology due to a disorgani-
zation of electrical impulses [6] which results fatal if not cardioverted due to the
completely inefficient ventricular contraction [4].

1.5 Electrophysiological Study of Arrhythmias

Invasive electrophysiological testing is used in patients with suspected or documented
history of cardiac arrhythmias in order to precisely manage the diagnostic and deci-
sion process during ablation interventions. It uses multi-electrode catheters, percuta-
neously located in contact with the cardiac chambers, to record portions of the cardiac
electrical activity and perform programmed cardiac electrical stimulation [6].

1.5.1 Catheters

Invasive catheters are used for electrophysiological testing in order to record the elec-
trical activity of the heart and perform electrical stimulation (pacing). Catheters are
isolated wires which are attached to a one or more electrodes exposed to the cardiac
surface. They are made of different materials depending on the desirable proper-
ties (deflectability, curvature, stiffness, etc.) and allow different electrode configura-
tions [6].

Catheters are usually guided through the cardiac structures using fluoroscopy.
Right heart structures like RA, HB or RV are commonly accessed via femoral vein;
the coronary sinus (CS) is more easily accessed via superior vena cava access, although
femoral vein approach can be appropriate in most cases [6]. Femoral artery approach
and retrograde aortic access is used for mapping LV and mitral annulus but a transep-
tal approach can also be used [6,52]. The LA, due to its complex anatomy, is mapped
via transeptal puncture from the RA [6,52]. In some special cases, epicardium access
is done via a subxiphoid puncture [6].

Multi-electrode catheters have different shapes and electrode configuration (either
electrode number or inter-electrode distances) which allow to have special properties
for mapping individual heart structures (see Fig. 1.8(a)—(e)). Ablation catheters (see
Fig. 1.8(f)) are a special subclass which are equipped with a metal tip (with different
tip lengths) connected to an ablation energy generator in order to perform permanent
lesions in the cardiac tissue.
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Figure 1.8: Multi-electrode mapping and ablation catheters: a) linear catheters (Boston Scientific,
Inc., Natick, MA, USA), b) Lasso® catheter of different sizes (Biosense-Webster, Inc., Diamond
Bar, CA, USA), c) Constellation™ “basket” catheter (Boston Scientific, Inc., Natick, MA, USA),
d) IntellaMap Orion™ catheter (Boston Scientific, Inc., Natick, MA, USA), e) PentaRay® catheter
(Biosense- Webster, Inc., Diamond Bar, CA, USA) and f) ablation catheters with different tip shape
and size (Boston Scientific, Inc., Natick, MA, USA).

1.5.2 Intracardiac Signals

Multi-electrode catheters serve for recording the local electrical activity of the heart
(otherwise known as electrogram (EGM)) and are connected to a recording system in
their proximal part. Depending on the arrangement of these electrodes, different kind
of signals with different properties can be acquired from the cardiac activity. In general,
EGMs provide information about: 1) the time of activation of the myocardium, 2) the
direction of the propagation of the cardiac activity in the field of view of the current
electrode and 3) the complexity of myocardial activation within the field of view of
the current electrode [6].

Unipolar Electrograms

The local electrical activity sensed by a single electrode referred to a common potential
(generally located in the patient’s surface) is known as unipolar electrogram (u-EGM).
By convention, the electrode in contact with the cardiac tissue is connected to the
positive input of the recording amplifier, therefore, an approaching wavefront creates
a positive deflection that abruptly reverses itself when the wavefront surpasses the
recording electrode with a final return to baseline, hence generating an RS complex
[6,53,54], as illustrated in Fig. 1.9(a).
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Figure 1.9: Two different recording sites during PVC after a normal beat from a patient with focal VA:
a) anywhere in the myocardium and b) close to the VA focus site indicated by the QS morphology at
ABLsy. Each panel shows from top to bottom: ECG leads I, II, ITI, V1 and V6; u-EGM signals recorded
at the tip and second electrode of the ablation catheter (noted as ABLy;, and ABLg, respectively)
and the distal b-EGM signal from the ablation catheter (noted as ABLgis;). Vertical dashed line
indicates the reference time for LAT computation.

In homogeneous propagation conditions, the maximum negative slope (dV/dt) of
u-EGMs coincides with the phase 0 of the AP corresponding with the rapid Na*t
intake and thus with the true activation of the myocyte (or local activation time
(LAT)) [6,53,55,56]. Also, u-EGMs provide information about the direction of the
impulse propagation: positive deflections (i.e. R-waves) are generated by wavefronts
propagating towards the electrode whereas negative deflections (i.e. QS morphology

and the S-waves) are generated by wavefronts propagating away from the electrode
[6,53-56], as illustrated in Fig. 1.9(b).

The major disadvantage of u-EGMs is they are affected by far-field electrical signals
generated by depolarization of tissue remote from the recording electrode. [6,54, 57].
Despite the interesting properties of u-EGMs regarding timing and direction of the
propagation, they are less preferred in clinical routine compared with bipolar electro-
grams (b-EGMs) [6].

Bipolar Electrograms

A b-EGM signal is obtained by subtraction of the cardiac electrical activity sensed by
a pair close electrodes [6,53,54], as illustrated in Fig. 1.9. Usually, multi-electrode
catheters have short inter-electrode distances (around 2 mm) hence b-EGMs are less
sensitive to far-field electrical sources and have high signal-to-noise ratio [6]. Therefore,



18 CHAPTER 1. INTRODUCTION

b-EGMs allow better identification of local activity, like those coming from myocardial
infarction (MI) scar areas, which can be masked by far-field activity [54].

In contrast, the amplitude of the b-EGM depends on the direction of the activation
wavefront with respect to the b-EGM recording bipole axis. The b-EGM signal am-
plitude is maximal if the depolarization wavefront propagates parallel to the recording
axis, whereas it is close to zero if the propagation occurs perpendicular to the record-
ing axis [6,54]. Additionally, in homogeneous conduction, the maximal peak of the
b-EGM is related to the LAT [6,57]; however, in case of complex activation, there is
no consensus on the correct b-EGM signal characteristic for LAT measurement [49].
Therefore b-EGMs looses the directivity features and the LAT relation of u-EGMs due
to their differentiation nature [6,53,54,57].

1.5.3 Approaches for Cardiac Mapping

Cardiac mapping refers to the process of identifying the spatiotemporal characteristics
of the cardiac substrate during a certain heart rhythm [6]. The choose of the correct
mapping approach depends on the intrinsic mechanism of the clinical arrhythmia.

Activation Mapping

The analysis of the sequence of myocardial activation during a certain rhythm is re-
ferred as activation mapping (AM). It can help to assess the mechanisms that sustain
and maintain cardiac arrhythmias and can be used in combination with other map-
ping techniques [49]. It is indicated to identify the site of origin (SOO) of the activa-
tion during focal tachycardias or the critical reentrant isthmus during macroreentrant
tachycardias [6,57].

Pace Mapping

Pace mapping is a technique that helps to localize tachycardia sources by pacing at
different endocardial sites in order to reproduce the ECG morphology of the clinical
arrhythmia [6]. Pace mapping is more useful for assessing focal tachycardias than for
reentrant tachycardias because the reentrant circuit can be activated in a different
configuration than the one that promotes the clinical tachycardia [6]. High match
on surface ECG for a certain pacing site can be an indicative of the SOO of the
clinical arrhythmia [6,53]. Pace mapping does not require induction of the clinical
arrhythmia when this is non-tolerated or non-inducible, thus presenting an advantage
over AM [53]. However a pacing site can resemble high ECG morphology similarity to
the clinical arrhythmia at distances up to 15 mm away from the true origin [6], hence
this mapping approach is less precise than AM [49].
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Entrainment Mapping

Entrainment mapping consist of identify the reentrant isthmus of an stable reentrant
tachycardia by continuous resetting of the reentrant circuit by a series of stimuli [6,
53]. It is performed by pacing at a slightly superior cycle length than the reentrant
arrhythmia until capture of the excitable gap of the reentrant circuit [6, 49,53, 58].
Once the presence of entrainment is confirmed [49], pacing is terminated and the post
pacing interval is analysed in order to establish the relation of the pacing site with the
reentrant circuit and identify the ablation targets [6,49,58].

Substrate/Voltage Mapping

Substrate/voltage mapping is a non-conventional mapping approach that requires
the usage of an electroanatomical mapping (EAM) system for data visualization.
It consists on evaluating the amplitude (voltage) of the b-EGM signal in order to
characterize areas involved in the generation and maintenance of reentrant arrhyth-
mias [49]. This mapping approach facilitates the ablation of multiple VTs, pleomor-
phic VTs and unmappable VTs due to haemodynamic instability, non-inducibility or
non-toleration [49]. It is usually helpful for catheter ablation of scar-related post-MI
VTs [49,51]

1.5.4 Non-fluoroscopy Systems

Catheter ablation interventions have become a first-line therapy in multiple scenarios
[49,59]. In those interventions, catheters were introduced within the cardiac chambers
and located using fluoroscopy and EGM signals have been interpreted by the physician
using conventional recording systems. Recent technological advances have yield in
the development of non-fluoroscopy systems (otherwise known as EAM systems) that
locate multiple catheters in a three-dimensional space within the patient’s chest and
provides tools for interpretation of the cardiac substrate [57,60]|. With some differences
in the operation principles among EAM systems, their common features are [49, 60]:

e Three-dimensional location of multiple catheters within the patient’s chest that
allows the reconstruction of the cardiac anatomy and minimize fluoroscopy ex-
posure.

e Display EGM signal characteristics (most commonly activation and voltage) in
the electroanatomical cardiac anatomy using a colour-coded scale.

e Allow integration of radiographic anatomy (computed tomography (CT), magnetic
resonance imaging (MRI), fluoroscopy) in relation with the catheter position
within the electroanatomical cardiac anatomy.

e Use of visual tags that help to identify areas of interest within the electroanato-
mical cardiac anatomy.
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Figure 1.10: Catheter location technologies of the principal EAM systems: a) diagram of the loca-
tion pad of CARTO® system (reproduced from [61]), b) diagram of the mapping catheter sensor of
CARTO® system (reproduced from [61]), and c) orthogonal surface patches for catheter location of
the EnSite™ NavX™ system (reproduced from [60]).

CARTO® Electroanatomical Mapping System

The CARTO® EAM system is developed by Biosense Webster Inc. (Diamond Bar,
California, USA) and it is one of the most commonly used EAM systems in clinical
practice. The system uses ultra-low energy magnetic fields emitted from three coils in
a locator pad beneath the laboratory table (see Fig. 1.10(a)) [61-63]. These magnetic
fields are sensed by a sensor embedded in the tip of the mapping catheter, which dif-
ferent field strengths allow to triangulate the catheter tip position within the patient’s
chest (see Fig. 1.10(b)) [61-63].

EnSite™ NavX™ Electroanatomical Mapping System

The EnSite™ NavX™ EAM system is developed by St. Jude Medical Inc. (St. Paul,
Minnesota, USA) and it is also widely used in clinical practice. The location system
is based on measuring the impedance variation from the catheter to three pairs of
patches (a pair for each spatial coordinate, see Fig. 1.10(c)) connected to a low-current
generator [64]. The main characteristics of the NavX™ EAM system is its ability to
locate any diagnostic and ablation catheter within the patient’s chest without using
an special catheter equipped with sensors [6,60].

Other Systems

Other EAM systems technologies are available in the market as well as experimental
technologies proposed to overcome the limitations of current EAM system approaches.
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One of them is a non-contact mapping system and multi-electrode array (MEA)
catheter (EnSite™ 3000 system, St. Jude Medical Inc., St. Paul, MN, USA). This
system uses a 64 electrode MEA mounted on an inflatable balloon which is located
within the cardiac chambers and expanded without contact with the myocardium.
Therefore, the system measures far-field electrical activity and allows to reconstruct
the surface cardiac activity by computation of virtual EGMs using a single beat [65].

More recently, the Rhythmia™ contact EAM system developed by Boston Sci-
entific Inc. (Natick, Massachusetts, USA) has become clinically available. It com-
bines magnetic and impedance localization technologies paired with the IntellaMap
Orion™ 64 mini-electrode catheter (Boston Scientific Inc., Natick, MA, USA, See
Fig. 1.8(d)) [66]. The main advantage of this system is the rapid acquisition of high-
density electroanatomical maps without the need of manual annotation [66,67].

Other experimental technologies use robot and /or magnetic navigation to overcome
the necessary skills in catheter manipulation of electrophysiologists, reduce radiation
exposure of the patient and operator and reduce intervention times [49].

Moreover, body surface potential mapping (BSPM) is being investigated as a non-
invasive measurement of cardiac activity during arrhythmias in order to precisely plan
ablation interventions [6]. BSPM places multiple surface ECG electrodes in the pa-
tient’s chest and compute the inverse problem to derive potential activation of the
myocardium projected on CT or MRI anatomy of the patient’s heart [6, 68].

1.5.5 Ablation Energy Delivery

After electroanatomical mapping and proper identification of the arrhythmia mecha-
nism and ablation target, permanent lesions in the arrhythmogenic tissue are achieved
by heating the cardiac tissue above 50°C [6,49,69].

Radiofrequency Ablation Energy

The most common form of ablation energy is radiofrequency (RF) energy [49]. Electro-
surgery RF ablation energy currently uses hectomeric wavelengths, around 300-1000
kHz, being electrically conducted to the cardiac tissue through the catheter tip. In
this setting, the body becomes a part of the in-series circuit formed between the RF
generator connected to the catheter tip and a ground pad located in the patient’s skin
(unipolar configuration). This circuit forms lines of field (currents) that flow from the
catheter tip to the ground pad whose energy dissipates as heat; thus, the high current
density around the catheter tip heats the tissue in contact with the catheter tip [6].

The thermal injury created by RF ablation is due to two phenomena: resistive
heating and conductive heating. Resistive heating refers to the ablation lesion created
by direct contact of the catheter tip with the tissue, which spans in a 1-2 mm rim
behind the electrode. Conductive heating refers to the conduction of the thermal
heating created by direct contact which spans to a distance depending on the applied
power and continues after RF application stops (see Fig. 1.11(b)—(c)) [6,69].
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Figure 1.11: Illustration of lesion formation (extension and depth) of different catheter tip sizes: a)
lesion created by a 4 mm catheter tip, b) lesion created by a 8 mm catheter tip with 20 W power
output, ¢) lesion created by a 8 mm catheter tip with 50 W power output and d) lesion created by
an open irrigated catheter tip of 3.5 mm. Reproduced and modified from [6].

Application of Radiofrequency Ablation Energy

Efficacy of RF ablation is dependent on RF power and application duration but most
importantly by the contact of the catheter tip with the cardiac tissue and the cooling
effect of blood [6,49,69,70]. Most of RF energy is dissipated into the blood and the
measured catheter temperature is lower than tissue temperature, thus limiting lesion
formation [6,49]. Tissue heating, and thus lesion formation, is indicated by an increase
of electrode temperature and a fall of measured impedance during ablation [49].

Energy delivery should be titrated to that required to perform permanent lesion
avoiding excessive tissue damage like coagulum formation, carbonization and steam
popping [6,49]. Energy titration typically limits RF power to 30-50 W, controlling
electrode temperature between 55-70°C and impedance fall between 10-15 ohms [49].

Bigger catheter tip sizes (typically 8 to 10 mm) allow greater energy delivery but
most of the energy is dissipated by blood cooling, yielding into lower lesion sizes that
requires more generator power compared with smaller tip size catheters, as illustrated
in Fig. 1.11(a)—(c) [6,49]. Cooled-tip catheters aim to prevent overheating of the
endocardium by actively cool the catheter tip before temperature increases to coag-
ulation formation (above 70°C), therefore, allowing sufficient RF energy delivery to
increase lesion size [6,49,71] (see Fig. 1.11(d)). The catheter tip can be cooled by
a room temperature liquid flowing through a close circuit within the catheter (close
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irrigation) or by a saline solution that emerges through pores in the catheter tip (open
irrigation) [6,49,71]. However, the temperature of the catheter tip can not be reliable
measured and impedance control is further needed for safe operation with cooled-tip
catheters [6,49, 71].

Other Forms of Ablation Energy

Alternative sources of energy for ablation are proposed to improve lesion size and deep,
but not all being clinically available. Cryoablation catheters are the main alternative
to RF ablation in clinical practice, but do not demonstrate a clear superiority [6,49].
Other sources of energy are microwaves, laser or ultrasounds but are less used or not
yet clinically available [6,49].

1.6 Scope and Objectives of the Thesis

This thesis aims to contribute in reducing the burden of CVDs from the technical point
of view of processing the electrical signals coming from the heart. Especially, the main
objective of this thesis is to investigate signal processing techniques of invasive EGM
signals that provide useful tools for helping electrophysiologists and technicians in the
decision process during ablation procedures or arrhythmia studies. More precisely, the
problems addressed in this thesis with their specific aims are:

1. Signal processing for automatic electroanatomical mapping: EAM sys-
tems play a key role for mapping and ablation of focal VTs. However EAM
systems do not include convenient EGM signal processing techniques and the
system operator usually needs to modify the measurements during the proce-
dure. This is a very subject-dependent and time-consuming task done during
stress situations. Within this specific context, the aim of this thesis is to pro-
vide signal processing techniques that allow automatic accurate measurements
of relevant EGM signal characteristics for cardiac mapping during ablation in-
terventions using EAM systems. This may help to improve procedure time and
reduce measurement variability, which may yield into less risk of the ablation
procedures and reduction of VT recurrence rates.

2. Signal processing for high-density activation mapping during AF: AM
helps to understand the underlying arrhythmia mechanisms. However, during
unstable arrhythmias (like AF) sparse electrode catheters or sequential point-
by-point EAM systems are not suitable. Therefore simultaneous high-density
mapping of AF is desirable. Classically, construction of high-density activation
maps rely on the LAT detector accuracy and do not take into consideration the
spatial relations between close electrodes. Hence, this thesis aims to explore
spatiotemporal signal processing methods for obtaining high-density activation
maps which may help in the study of the mechanisms perpetuating AF.
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3. Signal processing for characterizing AF activity: Multi-electrode catheters

are used for guiding ablation interventions during AF. Therefore, multiple signal
processing techniques have been developed to help in the decision process. Most
of these techniques rely on activation detection and/or do not take into con-
sideration spatiotemporal features of the multiple acquired signals. This thesis
aims to evaluate the causal relations of these multiple sites in order to provide a
global view of the fibrillation process and help to interpret such activity during
AF.

1.7 Document Organization

This document is organized as follows:

Chapter 2: Electroanatomical Ventricular Activation Mapping: In this
chapter the problem of automatic VT AM using current EAM system software
is introduced and a method for automatic ventricular AM is presented. The
method is evaluated in two clinical scenarios: 1) The first scenario assess the
detection performance of the method in a database of focal VT patients by com-
paring automatic LAT annotations with manual LAT annotations from different
experts and 2) a clinical scenario where the ability of the automatic activation
maps in identifying the SOO of idiopathic VTs is tested. This chapter is based in
the research presented in [72-75]; result of a research collaboration with Hospital
Clinic (Barcelona, Spain) and Universitat Pompeu Fabra (Barcelona, Spain) and,
in part, of a research stay at Universitat Pompeu Fabra subsidized by MINECO
(Spain).

Chapter 3: Spatiotemporal High-Density Atrial Activation Mapping:
In this chapter, AM of AF is introduced and a spatiotemporal method for as-
sessing high-density AF activation maps is presented and evaluated. Evaluation
of the method is done by comparison with expert manual annotations of high-
density invasive open chest surgery data during SR and AF. This chapter is
based on the research presented in [76, 77]; result of a research collaboration
with Dr. Richard P. M. Houben in a research stay at Applied Biomedical Sys-
tems B.V. (Maastricht, The Netherlands) subsidized by MINECO (Spain).

Chapter 4: Causal Characterisation of Atrial Activity: In this chap-
ter, investigation of atrial regularity and interactions during AF is addressed
by proposing a linear multi-variate predictability framework. Evaluation and
validation of the proposed framework is conducted by a simulation study of dif-
ferent AF complexity patterns and the capabilities of the proposed framework
are illustrated using additional real patient data. This chapter is based on the
research presented in [78]; result of a research collaboration with Dr. Luca Faes
in a research stay at BIOtech Centre, Universita Degli Studi di Trento (Trento,
Italy) subsidized by MINECO (Spain).
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Chapter 5: Final Discussion and Conclusion: Finally, the methods pre-
sented in this thesis are discussed and the main limitations are outlined, together
with a final conclusion, analysis of the clinical implications and introduction of
future extensions of this thesis.






Chapter 2

“This world spins from the same
unseen forces that twist our hearts.”
Cloud Atlas by David Mitchell

Electroanatomical Ventricular
Activation Mapping
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2.1 Introduction

2.1.1 Sequential Electroanatomical Activation Mapping

The aims of AM are to determine the electrical activation sequence of the heart during
an arrhythmia and to identify the mechanism involved on its initiation and mainte-
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Figure 2.1: Activation map of the RV in posterior-anterior view: focal activation arise from the septal
part of the RV outflow tract. LAT is colour-coded from red (earlier) to purple (later). White spheres
indicate the location of reference anatomical structure points, red spheres indicate sites of RF delivery,
orange spheres indicate HPS points. White crosses indicate acquired EAM points. OT: outflow tract,
PA: posterior-anterior, TA: tricuspid annulus.

nance, hence defining the ablation target [6,79]. This activation sequence is obtained
by moving a single or multi-electrode catheter through the cardiac cambers during the
clinical arrhythmia. Therefore, this approach is preferably applicable during stable
arrhythmias [79], such as focal or macroreentrant tachycardias [6]. In case of focal
tachycardia, the earliest activation site (EAS) becomes the ablation target while in
macroreentrant tachycardias the ablation focuses on the critical reentrant isthmus [6].
Using an EAM system, the arrhythmia mechanism can be identified by using a colour-
coded scale of the activation sequence after acquisition of a sufficient number of map-
ping points to characterise both anatomy and activation propagation, as illustrated in
Fig. 2.1.

During AM using EAM systems, the timing of activation (otherwise known as
LAT) is referred to a stable time reference [6,49,79,80]. In case of VT AM, this
reference time must be carefully selected from the surface ECG QRS complex [57].
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Figure 2.2: LAT measurement surrogates (indicated with black crosses): a) u-EGM maximum neg-
ative slope and b) from left to right: b-EGM onset, b-EGM maximal peak and b-EGM maximal
slope.

100 ms

Different characteristics of u-EGM or b-EGM signals can be used for LAT mea-
surement, as introduced before in section 1.5.2. The maximum negative slope (dV/dt)
of u-EGM signals (see Fig. 2.2(a)), coincides with the upstroke of the cardiac AP and
therefore with the true activation time [55,56]. However, u-EGMs are not commonly
used in the clinical practice because they are prone to be disrupted by other electrical
sources such as baseline wander or far-field potentials [6, 54, 57].

On the other hand, common LAT surrogates from b-EGM signals are: 1) the max-
imal peak of the signal, 2) the maximal slope and 3) the activation onset, defined
as a voltage change from baseline of 45° or more at a recording paper speed of 100
mm/s [55]. Those LAT surrogates are illustrated in Fig. 2.2(b). However, there is not
an established consensus on these surrogates. The first two can not be reliably esti-
mated in fractionated b-EGMs [49] and the b-EGM onset definition is ambiguous since
depends of the used amplitude scale. Nevertheless, the b-EGM onset is considered a
better marker for AM using b-EGMs [6].

2.1.2 Methods for Sequential Activation Mapping

Usually, the software in EAM systems locates the maximal peak of the b-EGM signal
in a window of interest. Therefore, the EAM system software forces the operator to
manually modify the marker if they want to use other LAT surrogate for AM.

Only a few approaches for LAT measurement have been proposed in the bibliogra-
phy as alternatives to those performed by EAM systems. El Haddad et al. proposed
an algorithm which heavily filters the b-EGM signals for detecting its onset and end.
These landmarks were used as a window for LAT estimation from u-EGMs, and this
LAT surrogate is called slope-hybrid v-EGM LAT [81,82], as illustrated in Fig. 2.3.
On the other hand, the non-linear energy operator has been proposed for b-EGM LAT
identification by Oesterlein et al. and tested on simulation data [83].
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Figure 2.3: Algorithmic LAT measures for AT and VT AM proposed by El Haddad et al. [81,82].
Reproduced from [82]. AT: atrial Tachycardia, CoM: center of mass, CS: coronary sinus, LAT: local
activation time, VT: ventricular tachycardia.

2.1.3 Motivation

Estimation of LATs based on the b-EGM onset landmark for AM using EAM sys-
tems is a highly manual task performed by the EAM system operator [84]. This LAT
identification turns into a very subjective and time-consuming task done in stress-
ing conditions, which can compromise the accuracy of the mapping procedure. This
chapter introduces an automatic delineation strategy combining information from the
surface ECG and the wavelet decomposition of the b-EGM envelope for LAT compu-
tation, with the aim of providing fast and observer-independent activation maps.

2.2 The Wavelet-Envelope Detector and Delineator

2.2.1 Electrogram Signal Pre-processing: the Hilbert Trans-
form

During arrhythmias, b-EGM signals show large morphology variations due to differ-
ent causes such as complex activation, the relative position between the activation
wavefront and the catheter electrodes or the contact of the electrodes with the my-
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ocardium [85,86]. Thus, in order to minimise the influence of b-EGM morphological
variations in detection performance, an envelope-based pre-processing step is proposed.

Let an EGM activation z[n] be modelled as a positive valued low-pass signal e[n]
modulated by a cosine with modulation frequency w,, and phase angle ¢:

x[n] = e[n] - cos(wmn + ¢). (2.1)

The envelope e[n] can be extracted by means of the analytic signal of z[n] defined
as in [87]:
a[n] = z[n] + ji[n], (2:2)

where j is the imaginary unit and #[n] stands for the Hilbert transform of the signal

x[n], defined by:
SRl
> — (2.3)
k=—0o0

which is the convolution of 2[n] with an impulse response h[n] = 1/7n, known as the
Hilbert transformer, whose transfer function is

E[n] = H{z[n]} =

El

H(ej“’) _ { .]7' —T<w<0

-7, O0<w<m ’ (2.4)

thus #[n] is a 90° phase-shifted version of x[n]. Therefore the analytic signal x4[n]
represents a frequency-shifted version of the envelope e[n],

z4[n] = e[n] - ed¥m™, (2.5)

from which the envelope e[n] can be directly obtained, without any previous knowledge
of the modulation frequency w,, or phase angle ¢, by means of the modulus

e[n] = |zqa[n]| = V22[n] + #2[n]. (2.6)

Figure 2.4 shows representative examples of different EGM morphologies and the
computation of its envelope, yielding to a positive-peak shape of the resulting pre-
processed signal.

2.2.2 The Wavelet Transform

The continuous wavelet transform (CWT) is the decomposition of a signal x(¢) into
a set of basis functions, which are created by dilation and translation of a single
prototype wavelet function v (¢) [88]. Therefore, the CWT can be written as:

t—b

Woa(b) = % f: 2t (a> dt,a >0, (2.7)

where a and b stand for the expansion and translation factors, respectively. The CWT
can be interpreted as the filtering of z(t) with an impulse response h(t) = 1 (—t/a)/+/a.
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Figure 2.4: Examples of b-EGM activations (bold line) and its envelope e[n] (dashed line) in: a)
Normal b-EGM, b) noisy wide b-EGM, ¢) low amplitude b-EGM and d) fractionated b-EGM.

Hence, the expansion factor a modifies the bandwidth of the signal representation in
the CWT domain, i.e., the larger is a, the wider is 1 (¢/a) and more information about
lower frequencies is included in the CWT signal representation and vice versa.

If the prototype wavelet () is the derivative of a smoothing function 6(¢), then
(2.7) can be written as [89]:

Woz(b) = —a <CZ)> rm w(t)0a(t — b)dt, (2.8)

—0

where 0,(t) = (1/4/a)0(t/a) is the scaled version of the smoothing function. There-
fore, the CWT at scale a is proportional to the derivative of the convolution of z(t)
with a smoothing impulse response at scale a. Then, the zero-crossings of the CWT
correspond to local maxima or minima of the smoothed signal at different scales, and
maximum or minimum values in the CWT are respectively associated with maximum
upward or downward slopes in the smoothed signal.
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Figure 2.5: Implementation of the DWT: a) Mallats’ algorithm analysis filter-bank, b) algorithme a
trous analysis filter-bank. G(z) and H(z) are low-pass and high-pass FIR filters, respectively.

The “Dyadic” Discrete Wavelet Transform

The CWT is highly redundant because the wavelet decomposition coeflicients are
computed for each value of the expansion factor a. Therefore, for computer-based
implementation purposes, a discrete signal z[n] is considered and the CWT can be
discretised by means of the called dyadic discrete wavelet transform (DWT). The
dyadic DWT discretises the time-scale plane parameters a and b following a dyadic
sampling grid (a = 2™,b = 2™l;m € N,[ € Z). Therefore, the resulting basis function
is:

Ymaln] = 272270 — 1. (2.9)

Mallat and Zhong [89] demonstrated that the DWT is equivalent to an octave filter-
bank that can be implemented as a cascade of identical cells of low-pass and high-pass
finite impulse response (FIR) filters followed by decimation stages as illustrated in Fig.
2.5(a). The signal z[n] can be reconstructed from the wavelet coeflicients Wam x[2™]
and the low-pass residual using the reconstruction filter-bank. The reconstruction
filter-bank is not shown because it is not relevant for the application aim.

The Mallats’ algorithm turns the signal representation time-variant due to the re-
ducing temporal resolution of the wavelet coefficients as scale increases. The decima-
tion stages can be removed using the algorithme & trous by interpolating the filter im-
pulse response of the previous stage (see Fig. 2.5(b)), thus keeping the time-invariance
representation of the signal and the temporal resolution of the different scales while
preserving the sampling rate [90]. Using the algorithme & trous, the equivalent fre-
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quency response of the mth scale can be written as:

G(ev), m=1
joy _ = , 2.10
Qm(e ) G(e]2 UJ)’ n H(6]2lw)7 m 2 2 ( )
1=0

where G (e/“) and H(e’“) are the frequency response of the impulse response functions
g[n] and h[n] associated with the low-pass and high-pass filters of the filter-bank
respectively.

The Prototype Wavelet

The frequency response at each scale shown in equation (2.10) depends on the used
prototype wavelet function v (¢). A function can be considered a wavelet prototype if
it forms an orthonormal basis on L?(R) through dilation and translation [88].

On the other hand, the interesting properties derived from equation (2.8) com-
bined with the positive-peak shape of the preprocessed b-EGM signal explained in
section 2.2.1, allow to represent the signal peaks as zero-crossings and its upward and
downward slopes as maximum or minimum values in the wavelet domain.

Thus, inspired in a similar problem with surface ECG signal detection and de-
lineation [91], the selected prototype wavelet 1 (t) corresponds to the derivative of a
quadratic spline, whose Fourier transform is of the form:

W(Q) = jO (5”152)) , (2.11)

that can be interpreted as the derivative of the convolution of four rectangular pulses,
i.e. the derivative of a smoothing function. Figure 2.6(a) shows the used wavelet proto-
type ¢ (t) and its corresponding smoothing function 6(t). Therefore, the corresponding
filters H(e’*) and G(e’*) to implement the DWT in (2.10) are [91,92]:

. _ 3
H(e?®) = e/w/? (cos ﬂ)
2/ (2.12)
JWY — Aied9/2 (gin =
G(e'?) = 4je (Sln 2) ,
which correspond to the following FIR filter impulse responses:
1
hin] = ={¢ 2]+ 30 1] + 34 on—1
[n] = G461+ 2] + 30[n + 1] + 33[n] + 6 — 1]} o1

gln] = 2{6[n + 1] — d[n]}.

Using the algorithme & trous and equations (2.10) and (2.12), the frequency re-
sponse of the first four scales for an interpolation sampling frequency of 1000 Hz are
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Figure 2.6: Implemented wavelet transform: a) prototype wavelet 1(¢) and smoothing function 6(t)
and b) equivalent frequency responses of the DWT using the prototype wavelet ¥ (t) at scales 2™ |
m = 1...4 for 1000 Hz interpolation sampling frequency.

those presented in Fig. 2.6(b). These transfer functions behave as low-pass differentia-
tors and, as the analytic filters have linear phase [91], the delay of the filter output can
be compensated in order to preserve synchronisation with the original signal. There-
fore, the implementation of the DWT using this wavelet prototype can be considered
as a low-pass differentiator filter-bank.

2.2.3 Delineating the Electrogram

The algorithm is based in the outcomes of a combined surface ECG and EGM signal
analysis strategy, as illustrated in Fig. 2.7.

Reference Beat QRS Detection and Delineation

This detection step (illustrated in bottom branch of Fig. 2.7) aims to identify the
reference beat and provide a reference window for the EGM delineation algorithm
(illustrated in top branch of Fig. 2.7).

A single-lead wavelet-based QRS detector and delineator was applied on each sur-
face ECG lead [91] and a global multilead QRS delineation is obtained using the rule
algorithm described in [93]. These rules were designed to include the spatiotemporal
information of each ECG lead while avoiding errors and miss-detections, obtaining a
single set of temporal marks that are in agreement across the recorded leads.

This multilead delineation process identifies three time instants for each lead [ and
beat b: 1) the onset of the bth QRS complex n!:*, 2) the fiducial point of the bth QRS

complex nt’ (usually related with the R wave) and 3) the end of the bth QRS complex

Lb
nov.
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Figure 2.7: Block diagram of the wavelet-envelope detector and delineator: the EGM delineation
algorithm uses the DWT of the b-EGM activation envelope (top branch) centred within a window
obtained from the QRS delineation of the reference beat (bottom branch). Tpar stands for the
computed LAT value.

The nearest QRS fiducial point to the reference time selected by the EAM system
operator, defines the reference beat fiducial point n;. This point and its related onset
and end time instants (n® and n?) describe the reference beat. Therefore, the basic
searching window S spans from the onset to end time points of the reference beat
(marked as blue dotted vertical lines in each panel of Fig. 2.8)

Electrogram Delineation Algorithm

After QRS detection and delineation of the reference beat, an EGM delineation strat-
egy is applied to the DWT of the b-EGM signal envelope e[n].

The strategy is inspired on the multi-scale approach used in [91], whose objective
is to locate a set of local maxima and minima across the different scales of the DWT,
called maximum modulus lines (MML) [94]. First, the highest peak of the EGM signal
envelope is located, defining the “main activation wave”. Since the EGM activation
envelope is a positive peaked signal, the main activation wave is related with the zero-
crossings between a pair of positive and negative MMLs in the DWT domain [91].

A local maximum or minimum value at scale 2™ can be considered a part of an

MML if it is higher than a threshold defined as:

1
Ehon = €my | T > (Wame[n])2,m = 1.4, (2.14)

nes

where ¢4 = 3/4 and €,, = 3/8,m = 1...3, are the threshold scaling factors of each
DWT scale and L stands for the length of the window .S. Given the low-pass frequency
content of the EGM envelope, most of their frequency components are likely to lie at
scales 2 and 23 (see Fig. 2.6(b)).
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Figure 2.8: LAT detection in representative b-EGM morphologies from the same patient during PVCs:
a) normal EGM, b) noisy wide EGM, c) low amplitude EGM and d) fractionated EGM. Each panel
shows, centred at the reference beat and from top to bottom: ECG lead III, mapping catheter EGM
signal z[n], its envelope e[n] and the four first scales of the DWT Wame[n], m = 1...4. Black dots
indicate MMLs. Blue dotted vertical lines show the search window S. Gray line at scale 2! indicates
zero level. Red dashed lines at scale 22 indicate detection thresholds £26M and £2GM. Purple dashed
vertical lines connect the DWT characteristic landmarks with their annotations: the main activation
wave n®EM and its onset and end points n2S™ and n2SM | respectively. Tt,at stands for the computed
LAT value.
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An EGM activation can occur outside the QRS complex boundaries of the reference
beat, especially during PVCs in focal arrhythmias [6]. Therefore, S is extended in both
ends by 30 ms defining the extended window S’. Within S’, those local maxima and
minima values exceeding the threshold €2 ,, defined by (2.14) at scale 2* were selected.

If S” was inadequate for finding at least a pair of local maximum-minimum (LMM)
at scale 2%, a new searching procedure was performed by extending 30 ms S’, forward
or backward depending on the sign of the already detected local maxima and minima,
and applying a threshold reduction by 50% of the previous value. If there was no
success in the LMMs searching procedure at scale 2%, then scale 22 was used for LMM
detection in combination with the threshold €3 .,, defined by (2.14). This scale includes
higher frequency components of the signal than scale 2* but it is usually noisier.

Once LMM pairs were located at the appropriate detection scale (either 24 or 23),
MML searching across the rest of the scales was performed by connecting the local
maxima and minima detected using their corresponding thresholds defined by (2.14),
followed by rejection of those isolated and redundant lines in the same way as in [91].

When a single zero-crossing between a pair of positive and negative MMLs at scale
2! is present, it is marked as the main activation wave n®¢™ (see Fig. 2.8(a)—(b)). In
case that more than one zero-crossings are found, the main activation wave n®°™ is
determined by selecting among the possible pairs of LMM candidates, the zero-crossing
at scale 2! whose associated LMM pair presents higher maximum-to-minimum value.
The result of this procedure can be seen in Fig. 2.8(c)—(d).

Once the main activation wave is detected, the next step of the algorithm is to
delineate the onset and end points. The algorithm starts from the formerly detected
main activation wave n®“™  which will be flanked by a pair of positive and negative
MMLs at scale 22. Local maximum or minimum values at scale 22 are related to
up and down slopes of the EGM signal envelope, respectively. Therefore, the EGM

activation onset and end points, n?°™ and n®“™, are detected as the single first sample
below or above a threshold defined as:
EPM = ~ - max(Waze[n]),n € S,, (2.15)
&M = 5, - min(Waze[n]),n € S,, (2.16)

where v, = 0.1 and 7, = 0.05 are the proportional threshold factors. Those thresholds
are computed within two windows, S, and S,, spanning 30 ms before and after the
main activation wave n®“™, respectively. An example of this delineation process is
shown in Fig. 2.8(a). In order to protect the method against fractionated and noisy
EGM activations, as those shown in Fig. 2.8(b)—(d), the algorithm only considers
those candidate samples lying within the biggest upward slope at scale 24. This scale
is related with the overall shape of the EGM activation envelope.

Computation of the Local Activation Time

Sequential AM requires an stable time reference for LAT computation. This is usually
identified as the maximum or minimum deflection of the QRS complex from the sta-
blest ECG lead during mapping [6,49,79,80]. Therefore, for each mapping point, the
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Figure 2.9: Decision diagram of the spatial consistency algorithm.

LAT value T}, is defined as the time difference between the QRS reference time nf, .
and the onset of the b-EGM activation from the mapping catheter n?“™, as illustrated
in Fig. 2.8:

Toar = nE™M —nf ... (2.17)

LAT

2.2.4 Including Spatial Information

Rationale

When mapping focal arrhythmias, the EAS becomes the area of interest (AOI) and
thus the ablation target [6]. Therefore, a high number of close mapping points are
usually acquired in order to identify the EAS. However, the delineation algorithm
introduced in section 2.2.3 analyses each mapping point separately, without taking
profit of the existing spatiotemporal relations between the already acquired mapping
points.

Activation Spatial Consistency Algorithm

The aim of this algorithm is to exploit the morphological similarities of spatially close
mapping points for obtaining reliable and coherent activation patterns. This algorithm
makes a difference in areas with high-density of mapping points. The decision diagram
illustrating this algorithm is shown in Fig. 2.9.

The algorithm is applied after delineation of the b-EGM at each ith mapping
point, z;[n]. Each mapping point has a position vector r; = [ry,,7y,,75,]" given by
the EAM system. Then, from the already acquired mapping points zx[n], k = 1...7,
those located within a neighbourhood defined as:

Ni = {k; |ri —rgf. < 6 mm}, (2.18)

were considered as neighbour cluster candidate points (k € N;).

Next, the morphology similarity of these neighbour cluster candidate points is quan-
tified by means of the normalized cross-covariance function:

Sl (@iln] = Z) (@[n + m] — 7

¢2ima]:mx£mmw—m

(2.19)
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where L is the window length spanning 70 ms before and after the estimated QRS
onset and end points, Z; and Ty are the mean values of z;[n] and xi[n], respectively,
and m stands for the lag between signals. The delay between signals 7; ; is obtained
by maximizing (2.19):
Tik = argmax {C; p[m]} . (2.20)
m

Then, the cluster of neighbour and morphologically similar points is defined as:

M; = {k e N;; Ci,k[ﬂ,k] >0.85 & Tik < X 10 HlS}. (2.21)

All signals from the cluster points xi[n], k € M;, were aligned with respect to z;[n]
using the delay 7; in order to check the LAT agreement between adjacent points.
The algorithm considers that the current mapping point is consistently annotated if
the difference between its LAT with the median LAT of the rest of mapping points in
M; is below + 2 ms. If this condition is not fulfilled, a weighted average EGM signal
Tuw,i[n] is computed as follows:

> wik - wkn = 7ik]
Toi[n] = 2 7 (2.22)

2, Wik

keM;

where w; i, stands for the weights for each cluster signal zx[n], defined as:

Wik = W,k e M. (2.23)

Finally, this weighted averaged EGM signal x,,;[n] is delineated with the same
algorithm explained in section 2.2.3. The resulting onset, end and main activation
wave landmark times, ngG", n §™ and n;“"", respectively, are associated to the
current mapping point and a reliability value of the new mark is assigned as the median
value of C; y[7 k], k # 1.

For the rest of the clustered points in M;, their single-point-computed landmarks
are modified by correcting ngG*, ngG™ and ;" with the corresponding delay
Ti,k. This landmark modification is performed except if the same point had been
previously assigned to another cluster with a greater maximum covariance than the

current C; [7; x]. Figure 2.10 illustrates an application example of this process.

2.3 Delineation Accuracy

To evaluate the proposed wavelet-envelope EGM detector and delineator, its accuracy
in the identification of the b-EGM signal onset is assessed.
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Figure 2.10: Application example of the spatial consistency algorithm on a fractionated, low amplitude
b-EGM: evaluation point z;[n] (red trace) is paired with three clustered mapping points zj[n] (blue
traces). A weighted averaged EGM z,, ;[n] is obtained (black trace) after alignment and annotation

consistency checking. Finally, a new activation onset nf?M“’ is identified and reassigned to xz;[n].

Activation onsets are indicated with black vertical lines pointed by a triangle.

2.3.1 Testing Database

The studied database is composed of 10 patients with idiopathic VAs and non-tolerated
PVC beats whose were admitted for ablation procedure at Hospital Clinic (Barcelona,
Spain). All patients signed their written informed consent form and the study was
approved by the Local Ethics Committee.

From those patients, 14 electroanatomical maps (9 RV and 5 LV maps) were stud-
ied. Each of these maps were acquired using the CARTO 3 system (Biosense Webster,
Inc., Diamond Bar, CA, USA). For each patient and map, different number of map-
ping points were acquired depending on the electrophysiological protocol, large enough
to have sufficient anatomical and electrical information to support the clinical decision.

The total number of mapping points is 1982 (142 + 60 points/map). Each mapping
point includes 12-lead surface ECG signals and b-EGM signals from a 4-pole, 3.5
mm irrigated tip NaviStar Thermocool catheter (Biosense Webster, Inc., Diamond
Bar, CA, USA). For mapping and ablation purposes, the distal EGM signal from the
catheter was used. Those signals were acquired point-by-point with 1 kHz sampling
frequency during 2.5 s, assuring stable contact of the catheter tip with the myocardial
wall and has at least one PVC beat in the recording excerpt matching the clinical VA.
The CARTO system stores the signal within a window spanning from 2 s before to 0.5
s after the fiducial point of the PVC beat of interest at the reference ECG lead. The
b-EGM signals were band-pass filtered between 16 and 500 Hz with a 50 Hz power-line
suppression notch filter.
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Table 2.1: Details of the delineation accuracy assessment database. LV: Left ventricle, LVOT: Left
ventricle outflow tract, On: available on-procedure manual annotations, Off-1: available off-procedure
manual annotation from expert 1, Off-2: available off-procedure manual annotation from expert 2,
RV: Right ventricle. N/A: Not applicable.

Patient Map Location Mapping points RF applications Available manual
(#) (#) (#) (#) annotation sets
1 1 RV 128 12 On, Off-1, Off-2
2 LV 110 N/A On, Off-1, Off-2
2 3 RV 155 5 On, Off-1
4 LV 179 10 On, Off-1, Off-2
5 RV 204 2 On, Off-1, Off-2
5 6 RV 230 1 On, Off-1, Off-2
7 LV 49 N/A On, Off-1
6 8 RV 193 2 On, Off-1, Off-2
7 9 RV 156 1 On, Off-1, Off-2
8 10 RV 181 3 On, Off-1, Off-2
9 11 RV 192 10 On, Off-1, Off-2
12 RV 81 N/A On, Off-1
10 13 LV 87 21 On, Off-1
14 LVOT 37 N/A On, Off-1

Activation maps were generated by the EAM system operator which manually
annotated each EGM signal onset during the intervention. The EAS was identified
and RF energy was delivered until termination of the arrhythmia.

These manual annotations obtained during the intervention (referred here as “on-
procedure” annotation set) represent the annotation accuracy currently achieved during
the procedure. However, they may not be appropriate as a reference annotation set as
they are obtained during stressing conditions. Therefore, a second type of annotations
from two other experts (blind to the on-procedure annotation set) were obtained after
the intervention with no time limitation (referred here as “off-procedure” annotation
set 1 and 2). Table 2.1 summarizes the characteristics of the database.

2.3.2 Evaluation Protocol

The proposed wavelet-envelope EGM detector and delineator was evaluated against
the different annotation sets available in the studied database. Due to the absence of a
systematic well-established rule of LAT measurement for AM, the manual off-procedure
annotation sets were considered as the reference (gold standard) for evaluation. The
annotations performed during the procedure (on-procedure annotation set) were also
evaluated with respect to the off-procedure annotation sets, being a reference for per-
formance comparison.
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Due to expert availability, annotations performed by both experts were available
only in 9 maps (see Table 2.1). In those maps with two available annotations, the
average value between both expert annotation sets were computed and labelled as
“averaged off-procedure” annotation set, which serves as “gold standard”.

Errors between annotation sets were shown as mean + standard deviation (SD).
Due to the sequential nature of LATs (i.e. from earliest to latest activated point) and
in order to estimate the agreement in the sequences of activations obtained with the
different LAT annotations, Spearman’s rank correlation ps was computed. Addition-
ally Lin’s concordance correlation factor p. [95] and Bland-Altman analysis [96] were
used for assessing agreement between the different LAT annotation sets. A p-value <

0.05 was considered as a threshold for statistical significance.

Additionally, annotation errors were evaluated with respect to: 1) a qualitative
accuracy scale and 2) the signal voltage amplitude. On one hand, inspired in the
accuracy scale proposed by FEl Haddad et al. [81], annotations were classified as: 1)
Highly accurate annotations (error < + 5 ms), 2) accurate annotations (error < + 10
ms) and inaccurate annotations (error > + 10 ms). On the other hand, errors were
studied depending on the signal voltage using the standard b-EGM voltage thresholds
for: healthy tissue (V = 1.5 mV), scar border-zone (BZ) tissue (1.5 mV > V > 0.5
mV) and scar core-zone (CZ) tissue (V < 0.5 mV) [49].

2.3.3 Results

Double Expert Assessment

The error in LAT estimation by the proposed algorithm compared with the evaluation
reference is shown in the third column of Table 2.2. The automatic annotation error
is 1.20 + 10.72 ms from 1573 LAT measures. Thus, automatic delineation provides
slightly later LATs than the reference. Moreover, high correlation values (ps = 0.94
and p. = 0.93, p < 0.05 both) indicate high agreement with the evaluation reference
(see fourth and fifth columns of Table 2.2).

Evaluation results of the on-procedure annotation set are shown in columns six to
eight of Table 2.2 for comparison purposes. The error is —2.80 + 6.01 ms, thus provides
slightly earlier LATs than the reference. Additionally, it has higher correlation with
the reference than the automatic annotations (ps = 0.97 and p. = 0.97, p < 0.05 both).

The inter-expert variability can be considered as a lower bound for comparison,
since an algorithm having smaller error than the inter-expert variability could mean
that it is over-adapted to one of the experts. Columns nine to eleven of Table 2.2
show the inter-expert variability results. The low difference in LAT annotation (—0.01
+ 5.44 ms) and high correlation values (ps = 0.98 and p. = 0.98, p < 0.05 both)
indicate a high level of agreement between experts in the same conditions (off-procedure
annotations).

Figure 2.11 shows scatterplots for Lin’s concordance correlation factor p. (top pan-
els) and Bland-Altman plot analysis (bottom panels) for the error (Fig. 2.11(a)—(b))
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Table 2.2: Double expert assessment of the LAT error and inter-expert difference (mean + SD) by
electroanatomical; and Spearman’s rank correlation ps and Lin’s concordance correlation factor pe.

Map Points Automatic LATs On-procedure LATSs Inter-expert
(#) (#) error (ms) Ps Pe error (ms) Ps pe | difference (ms) ps Pe
1 128 | —0.09 + 6.85 0.97" 0.97" —3.22 + 5.97 0.98" 0.97"| —2.20 + 4.11 0.99" 0.99"
2 110 | —0.36 + 8.03 0.91" 0.92" —3.18 + 4.63 0.96" 0.95" | —0.93 + 3.69 0.97" 0.98"
4 179 | —0.26 + 6.25 0.80" 0.85" —3.15 + 4.28 0.89" 0.87"| —1.22 + 3.72 0.94" 0.93"
5 204 | —0.64 £ 9.01 0.94" 0.95" —6.61 + 7.55 0.96" 0.93"| —1.35 + 3.37 0.99" 0.99"
6 230 | 1.18 +7.82 0.92" 0.94" 0.37 +3.78 0.98" 0.98"| —0.31 + 3.93 0.97" 0.98"
8 193 4.04 + 10.62 0.91 0.89" —2.26 + 6.02 0.95" 0.96" | —0.97 + 3.11 0.98" 0.99"
9 156 | 4.12 + 12.07 0.85" 0.82" —3.12 + 6.24 0.94" 0.93" | —1.01 + 3.40 0.98" 0.98"
10 181 3.29 + 11.17 0.96" 0.94" —3.26 + 4.61 0.98" 0.98"| —0.58 + 2.70 0.99" ~1"
11 192 | —0.92 + 17.32 0.90" 0.90" —1.59 + 6.94 0.96" 0.98"| 7.24 + 9.66 0.94" 0.94"
Total 1573 | 1.20 + 10.72 0.94" 0.93" —2.80 + 6.01 0.97" 0.97" | —0.01 + 5.44 0.98" 0.98"
" indicates p-value < 0.05
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Figure 2.11: Boxplot for Lin’s concordance correlation factor p. analysis and Bland-Altman plot of
the double expert assessment: a) automatic LATSs error assessment, b) manual on-procedure LATSs
error assessment and c¢) inter-expert variability. Top panels show scatterplot for p. computation (pink
line indicates the unitary slope) and bottom panels show the Bland-Altman plot (red continuum line
indicates mean error/difference and red dashed lines indicate mean + 2 SD of the error/difference).
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Table 2.3: Accuracy classification of automatic and on-procedure annotation sets compared with the
averaged off-procedure annotation set.

Automatic (%) On-procedure (%)
Highly accurate 52 74
Accurate 24 16
Inaccurate 24 10

Table 2.4: Double expert assessment of LAT error and inter-expert difference (mean + SD) by EGM
voltage amplitude; and Spearman’s rank correlation ps and Lin’s concordance correlation factor pe.

Voltage Points Automatic LATs On-procedure LATs Inter-expert

(#) error (ms) Ps Pe error (ms) ps pe |difference (ms) ps De
Normal 1102 4.55 +£ 7.72  0.96" 0.95" —3.17 + 5.98 0.98" 0.97"| —0.12 + 4.91 0.98" 0.98"
BZ 260 | —3.11 £ 8.55 0.96" 0.95" —2.30 + 6.38 0.98" 0.97"| —0.15 + 4.28 0.99" 0.99"
CzZ 211 |[—11.01 £ 15.01 0.87" 0.80" —1.50 + 5.43 0.98" 0.98"| 0.79 + 8.48 0.95" 0.95"

* indicates p-value < 0.05

and the inter-expert variability (Fig. 2.11(c)). Bland-Altman plots of Fig. 2.11(a)—(b)
reveals that errors of both automatic and on-procedure annotation sets have a slight
linear tendency (Pearson’s p = 0.36 and p = 0.10, respectively; p < 0.01 both) to-
wards an under-estimation of LAT precocity compared with the reference. On the
other hand, the Bland-Altman plot for the inter-expert variability (bottom panel of
Fig. 2.11(c)) reveals no tendency between experts (Pearson’s p = —0.03, p = 0.215).

Annotation accuracy classification is shown in Table 2.3. With this classification,
76 % of the mapping point annotations obtained with the automatic algorithm are
considered as accurate or highly accurate compared with the reference. However, the
performance of the automatic detection is inferior to the 90 % of mapping points
considered as accurate or highly accurate in the on-procedure annotation set.

Table 2.4 illustrates the LAT assessment by b-EGM voltage amplitude. It shows
that the automatic algorithm performance decreases with b-EGM voltage amplitude.
Automatic LATSs have positive error bias (i.e., late LATs than the reference) for nor-
mal EGMs and negative error bias (i.e., precocious LATs than the reference) for BZ
and CZ EGMs. Moreover, high correlation is found for normal and BZ EGMs with
respect to the evaluation reference while in CZ, ps and p. reduce to 0.87 and 0.80,
respectively. On the other hand, automatic delineation is outperformed by the on-
procedure annotation set, which shows lower bias and higher correlation in all b-EGM
amplitudes.

Single Expert Assessment

As introduced in section 2.3.1, the off-procedure annotation set 1 has annotated all
patients and maps of the studied database by the same expert. In order to evaluate
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Table 2.5: Single expert assessment of the LAT error (mean + SD) of the complete database; and

Spearman’s rank correlation ps and Lin’s concordance correlation factor pc.

Map Points Automatic LATs On-procedure LATs
(#) (#) error (ms) Ps Pe error (ms) Ps Pe
1 128 | —1.38 £ 7.60 0.97" 0.97° —4.51 + 6.55 0.97" 0.96"
2 110 | —1.03 £8.55 0.91" 0.91" —3.85 4+ 5.26 0.94" 0.94"
3 155 | 10.12 4+ 11.27 0.91" 0.89" 3.31 + 5.07 0.98" 0.98"
4 179 —1.06 + 6.60 0.80" 0.84" —3.96 + 5.58 0.86 0.80"
5 204 | —1.53 £ 9.17 0.94" 0.94" —7.49 + 7.88 0.96" 0.92"
6 230 0.77 +£ 844 0.92" 093" —0.04 +4.75 0.97" 0.97"
7 49 7.20 + 14.07 0.65" 0.51" 0.02 + 5.33 0.96" 0.92"
8 193 | 3.35 + 10.87 0.90" 0.89" —2.95 + 6.47 0.94" 0.95"
9 156 3.37 +£12.43 0.84" 0.82" —3.86 + 6.89 0.93" 0.91"
10 181 2.77 £ 11.28 0.95" 0.94" —3.78 +£ 5.17 0.98" 0.98"
11 192 | 2.44 +19.32 0.86" 0.86" 1.77 £ 7.98 0.96" 0.97"
12 81 5.30 + 16.69 0.60" 0.58" 3.06 + 5.78 0.92" 0.89"
13 87 |—2.25 £ 10.55 0.63" 0.73" 2.14 + 6.29 0.85" 0.87"
14 37 | —2.08 £ 24.77 0.50" 0.40" 4.11 + 5.61 0.93" 0.92"
Total 1982 | 1.82 + 12.38 0.92" 0.91" —1.85 + 7.07 0.97° 0.97"

* indicates p-value < 0.05

the performance of the automatic method in the complete database, the LAT error
was computed using this annotation set as a reference. Table 2.5 shows an increase
of the error, especially in the case of the automatic annotations (0.70 + 12.88 ms), as
compared with results shown in Table 2.2.

Execution Time

A low computational time of the algorithm is important for being suitable to be used
into an EAM system software and for its application in real time during clinical routine.
The complete process of ECG and EGM detection and delineation is done in 791 +
26 ms/mapping point with a regular computer (Windows 7 based PC, Intel Core i7
3.4GHz, 8Gb RAM with Matlab R2010a). Within this processing time, only the 13.7
% corresponds to the EGM detection and delineation process (109 + 7 ms/mapping
point).

2.4 Mapping Performance

This section assess the performance of the proposed wavelet-envelope detector an de-
lineator in a clinical scenario.
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Figure 2.12: Schematic of the RV in posterior-anterior view illustrating the studied map descriptors
for different VA origins with septal activation (shown in red): a) expected EAS isochronal area size
and shape of an RVOT VA and b) expected EAS isochronal area size and shape of a LVOT VA. Ap:
apex, OT: outflow tract, TA: tricuspid annulus.

2.4.1 Idiopathic Outflow Tract Ventricular Arrhythmias

Idiopathic VAs are those occurring in patients without SHD [49]. Among idiopathic
VAs, those arising from the outflow tract (OT) regions are the most common [97-100].
In particular, 70-80 % of idiopathic VAs arise form the right ventricle outflow tract
(RVOT) and 15 % from the left ventricle outflow tract (LVOT) [49].

Adenosine-induced DADs and triggered activity are the mechanisms responsible
of idiopathic outflow tract ventricular arrhythmias (OTVAs) [100]. Therefore, it is a
focal arrhythmia where AM can help to identify the EAS for ablation [6]. Ablation
treatment of idiopathic OTVAs using EAM systems is very effective once identified
the SOO prior to catheter ablation by analysis of the ECG [49]. However, the OTs
have complex 3-dimensional anatomical relationships [6,101, 102], which makes the
identification of the SOO especially challenging in those cases showing maximum EGM
precocity in septal RVOT, where it is unknown a priori whether the SOO is located
in the RVOT or the LVOT.

2.4.2 Map Descriptors

Map descriptors aim to characterize the extent and spreading of the activation pattern
during PVCs arising from the septal RVOT. Those where already introduced by
Herczku et al. [99] and have been shown to predict the SOO of idiopathic OTVAs
[99,103].

Those map descriptors quantify the size and shape of the 10 ms EAS isochronal
area in the RV electroanatomical activation map. In particular, the size of the 10 ms
EAS isochronal area and its longitudinal and perpendicular diameters relative to the
RVOT as it is illustrated in Fig. 2.12. The longitudinal diameter was defined by the
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line parallel to the septal projection of the RVOT longitudinal axis (perpendicular to
the plane of the pulmonary valve), then defining its perpendicular diameter. Hence,
the spreading of the activation pattern was characterized by defining the ratio between
those two axes [99].

As it is illustrated in Fig. 2.12, these map descriptors were proposed under the hy-
pothesis that VAs arising from the septal RVOT will show an activation pattern whose
main direction extends along the fibre orientation (i.e., elliptical shape of the EAS
isochronal area oriented along the longitudinal direction, see Fig. 2.12(a)) whereas
those arising from the LVOT would show slower and less preferential conduction path
in the longitudinal direction (i.e., circular/elliptical shape of the EAS isochronal area
along the perpendicular direction, see Fig. 2.12(b)) [99,103].

2.4.3 Patient Sample

The patient sample is composed of 18 patients with symptomatic, drug-refractory OT
PVC beats, whose were admitted for ablation procedure at Hospital Clinic (Barcelona,
Spain). Inclusion criteria were as follow: 1) patients with idiopathic OTVAs submitted
for ablation; 2) EAS located at the septal part of the RVOT electroanatomical map
and 3) successful ablation at the EAS identified by manual AM during the intervention.
All patients signed their written informed consent form and the study was approved
by the Local Ethics Committee.

Patient electroanatomical maps were acquired with the CARTO 3 system (Biosense
Webster, Inc., Diamond Bar, CA, USA) using a 3.5 mm irrigated tip NaviStar Ther-
mocool catheter (Biosense Webster, Inc., Diamond Bar, CA, USA) for mapping and
ablation. The 12-lead surface ECG and EGM signals were displayed during each
intervention and stored for offline prospective analysis. EGM signals were acquired
point-by-point during stable contact with the myocardium; pulmonary and aortic root
wall and assuring the presence of PVCs matching the clinical VA during mapping time.

The EAM system operator manually annotated the onset of the distal b-EGM
signal from the mapping catheter during the intervention. Detailed AM of the RVOT
was performed during PVCs. If according to RVOT isochronal activation map, a LVOT
origin was suspected, the distal CS, great cardiac vein, left anterior descendent vein,
supravalvular and subvalvular LVOT were mapped as part of the electrophysiological
study protocol. A LVOT origin was suspected when EAS was located > 1 cm below
pulmonary valve or the 10 ms isochronal area longitudinal/perpendicular diameter
ratio was < 0.8 [103].

After the acquisition of a sufficient number of mapping points to reconstruct
anatomy and activation pattern by using a filling threshold of 6 mm, RF was de-
livered at the EAS. A power limit of 40 W was used in the RVOT, subvalvular LVOT
and aortic root whereas a limit of 20 W was used in the CS.
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2.4.4 Evaluation Protocol

Offline automatic LAT detection was performed using the presented wavelet-envelope
detector and delineator. Those annotations were manually introduced in the CARTO
3 system for analysis.

Manual and automatic isochronal activation maps were reconstructed using an
interpolation filling threshold of 6 mm. Those maps were generated by discretising
the colour scale into 10 ms isochronal areas, defined as those areas whose mapping
point LATSs lie within a temporal interval of 10 ms starting from the earliest activated
EGM mapping point in 10 ms steps.

The CARTO 3 integrated measurement tools were used for offline measurement of
the map descriptors introduced in section 2.4.2. Additionally, in those maps where a
RVOT origin was identified, the accuracy of the proposed algorithm in locating the
EAS for ablation purposes was assessed. In that regard, two distances were measured:
1) the distance from the centre of mass of the 10 ms EAS isochronal area to the
effective RF ablation site and 2) the distances between EAS isochronal area centre of
masses from manual and automatic maps. The effective RF ablation site was defined
as that location where ablation terminates the clinical arrhythmia. LVOT activation
maps were not considered for this specific measurement because they did not fulfil the
6 mm filling threshold criteria as they had lower density of mapping points, compared
with the RVOT maps.

Comparison between different populations is given by the Wilcoxon-Mann-Whitney
test for continuous variables and by the Fisher’s exact test for categorical variables. A
p-value < 0.05 was required for considering results of statistical significance. Sensitivity
Se, specificity Sp and the accuracy Acc of the SOO identification have been computed
as:

TP
5= TPy PN (2.24)
TN
= 2.2
0= INTFP (2.25)
TP+ TN
Ace i (2.26)

" TP+FP+TN+FN’

where T'P stands for the number of true positives meaning the number of LVOT SOO
patients correctly identified, TN stands for the number of true negatives meaning the
number of RVOT SOO patients correctly identified, and F'P and F'N stand for the
number of false positives and false negatives, meaning the number of miss identifica-
tions of RVOT and LVOT SOOQO patients, respectively.

2.4.5 Results

Characteristics of the Patient Sample

Eighteen patients were included in the study (50 % males, mean age 56.3 + 16.6 years,
33.3 % hypertensive). Table 2.6 summarizes the baseline clinical characteristics of the
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Table 2.6: Baseline clinical characteristics of the studied patient sample. Values are given in mean +
SD and median [15¢ quartile,3"® quartile] or number and (%), when appropriate.

Entire population RVOT SOO LVOT SOO
p-value?
(n = 18) (n = 6) (n=12)
56.3 + 16.6 51.5 + 15.8 58.8 £ 17.1
Age (years) 0.372
58 [45,72] 45 [39,69] 60 [53,72]
Male sex, (n) 9 (50) 2 (33.3) 7(58.3)  0.244
Hypertension, (n) 6 (33.3) 1(16.7) 5 (41.6) 0.256
. . 175 + 61 172 £+ 47 177 £+ 69
Mapping points (n) 1.000
169 [120,240] 155 [148,181] 183 [112,247]
o 6+ 6 2+ 2 7T
Total RF applications (n) 0.259
3[1,8] 2 [1,3] 4[1,12]
o 3+4 242 3+4
RF application on RVOT (n) 0.556
2 [0,4] 2 [1,3] 11[0,5]

1 refers to the comparison between RVOT and LVOT SOO.

Table 2.7: Distance from the 10 ms EAS isochronal area to the effective RF ablation site and inter-
EAS area distance measured from the RVOT origin population.

Distance to the effective RF site (mm) Inter-EAS isochronal
Patient | Manual Automatic area distance (mm)
1 4.3 3.1 2.8
2 9.1 12.4 7.2
3 11.5 8.8 6.8
4 7.2 8.1 10
5 2.7 2.7 0
6 5.3 4.1 6.6

patient sample. Ablation was successful in all these eighteen patients, twelve of them
in the LVOT (9 in left /right coronary cusp and 3 in subvalvular LVOT) and six in the
septal RVOT. The median [interquartile range] number of RF applications was 3 [1,§]
and mean RF time was 6 + 6.7 minutes. No complications were observed.

Identification of the Earliest Activation Site

Table 2.7 shows the distance of the identified 10 ms EAS isochronal area centroid
from manual and automatic activation maps to the effective RF application point as
well as the distance between automatic and manual EAS area centroids. Automatic
and manual activation maps have similar distance with respect to the effective RF
application point (difference of distances: 0.15 + 2.08 mm, p = 0.859) and short
distance between them (5.55 + 3.56 mm).
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Table 2.8: Map descriptors measurement from manual and automatic activation maps. Data are
shown as mean + SD and median [1%¢ quartile,3"¢ quartile].
. Entire population RVOT SOO LVOT SOO
Map descriptor Measurement p-value!
(n = 18) (n=6) (n =12)
3.83 £ 3.03 2.77 + 2.52 4.37 + 3.22
Manual map
2.30 2.00,5.20] 2.05 [1.50, 2.30] 3.85 [2.30, 5.80]
10 ms isochronal
2 . 2.44 + 1.99 3.10 + 2.67 2.11 £ 1.59
area (cm?) Automatic map
1.95 [0.80,2.70]  2.25 [0.70,5.50] 1.65 [0.90,2.65]
p-value? 0.117 0.971 0.040
1.38 + 0.85 1.97 £ 0.88 1.08 £ 0.67
. Manual map 0.019
10 ms 1so.chro.nal 1.06 [0.73,1.63] 1.90 [1.12,2.63] 0.82 [0.72,1.31]
area longitudi- _ 1.27 + 0.71 201 + 044  0.90 + 0.48
nal/perpendicular  Aytomatic map
ratio 1.00 [0.74,1.83] 1.99 [1.72,2.38] 0.80 [0.58,1.00]
p-value? 0.740 0.937 0.544

! refers to the comparison between RVOT and LVOT SOO.

2 refers to the comparison between manual and automatic map measurements.

Assessment of Map Descriptors Measurement and Origin Identification

Table 2.8 shows the measurements of the map descriptors obtained from manual and
automatic activation maps. In the LVOT population, statistically significant differ-
ences were observed in the size of the 10 ms EAS isochronal area determined from
automatic vs. manual activation maps. Automatic maps provide smaller 10 ms EAS
isochronal areas compared with the manual maps (2.11 £+ 1.59 cm? vs. 4.37 + 3.22
cm?, respectively, p = 0.040). The rest of map descriptor measurements showed no
statistically significant differences between automatic and manual activation maps.

Map descriptors were compared in their ability of distinguish between RVOT and
LVOT origin (see Table 2.8). The 10 ms isochronal area longitudinal/perpendicular
diameter ratio differs significantly between RVOT and LVOT populations, whether
measured from the manual activation maps (1.97 + 0.88 vs. 1.08 + 0.67, p = 0.019)
or from the automatic activation maps (2.01 + 0.44 vs. 0.90 + 0.48, p = 0.001).

Figure 2.13 and Table 2.9 illustrate the SOO identification. The size of the 10
ms EAS isochronal area distinguishes better between RVOT and LVOT populations
if measured from manual activation maps with 83 % sensitivity and 67 % specificity
using an optimal threshold for area > 2.2 cm?. However, superior SOO identification
performance has been achieved by the 10 ms isochronal area longitudinal/perpendic-
ular diameter ratio measured either from manual or automatic activation maps. More
specifically, the best SOO identification performance is obtained from the automatic
activation map, with 92 % sensitivity and 100 % specificity using an optimal thresh-
old for the longitudinal /perpendicular diameter ratio < 1.27, which yields in a SOO
identification accuracy of 94 % in the studied patient sample.
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Table 2.9: LVOT SOO identification performance of the map descriptors measured from manual and
automatic activation maps.

Map descriptor Classification characteristics | Manual map Automatic map
Optimal threshold (cm?) 2.2 2.5
) Sensitivity (%) 83 33
;?ezls isochronal o cificity (%) 67 67
Accuracy (%) 7 44
AUC 0.72 0.48
Optimal threshold 0.91 1.27
Sensitivity (%) 58 92
Specificity (%) 100 100
10 ms isthrqnal Accuracy (%) 72 94
i;??;gyfégil?é;lar Hypothesis-based threshold 1 1
ratio Sensitivity (%) 67 67
Specificity (%) 83 100
Accuracy (%) 72 78
AUC 0.84 0.94

As explained in section 2.4.2, VAs arising from the RVOT are expected to show
a preferential activation in the longitudinal direction whereas those arising from the
LVOT should show slower and less preferential longitudinal activation. This hypoth-
esis allows establishing a comparison between both AM modalities (i.e. manual and
automatic) using a hypothetical threshold for LVOT SOO identification < 1 for the
10 ms isochronal area longitudinal/perpendicular diameter ratio. This the decreases
automatic maps’ performance on SOQO identification to 67 % sensitivity, 100 % speci-
ficity and 78 % accuracy, which remains slightly superior to the performance obtained
from manual activation maps (67 % sensitivity, 83 % specificity and 72 % accuracy).
This superiority is consistent with the higher area under the curve (AUC) observed for
automatic activation maps (0.94) compared with the manual activation maps (0.84).

2.5 Discussion

There is no clear consensus regarding the measurement of LATs in b-EGMs [55, 80|,
especially when fractionated or split potentials are present [49]. However, detection
of the EAS by locating the onset of the b-EGM has been shown to be useful for
the treatment of focal arrhythmias [80,99]. Some definitions of the activation onset
[55] seem to be arbitrary as they depend on the amplitude scale of the activation.
Hence, the identification of the activation onset for LAT computation in AM is a
strongly observer-dependent task that complicates the selection of a reliable reference
annotations for evaluation.
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Figure 2.13: SOO identification by map descriptors, measured from manual and automatic activation
maps (left and right column of panels, respectively): a) 10 ms EAS isochronal area and b) 10 ms EAS
isochronal area longitudinal/perpendicular diameter ratio. Top panels show scatter plots by SOO
(red dots: LVOT SOO, blue dots: RVOT SOO). Black dashed line indicates the optimal threshold
for SOO identification. Bottom panels show the corresponding receiver operation curve where big
dots indicate the optimal point for SOO identification.
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EAM systems are useful tools for cardiac mapping as they allow to have a 3D
location of the mapping catheter within the patient’s heart combined with the electrical
properties of the cardiac substrate [49]. However, they do not provide automatic
measurement of LATs using the b-EGM activation onset. Therefore, this must be
made manually by the operator, turning it into a highly time-consuming task.

In this chapter, an automatic envelope-wavelet EGM detector and delineator for
AM of focal VTs is introduced. The complete process is the combination of a two-step
signal analysis. First, detection and delineation of the beat of interest in the surface
ECG is performed. The second step uses this delineation as a basic window for the
EGM delineation algorithm. The presented algorithm exploits the DWT time-scale
characteristics of the EGM activation envelope signal in order to identify the b-EGM
activation onset for automatic AM. As a secondary result, the end of the activation is
delineated using a systematic approach. Moreover, spatiotemporal information of close
mapping points with morphologically similar signals is combined in order to obtain
more reliable activation maps.

Evaluation was conducted by means of two different studies. First, a detection
performance study where a controlled database with annotations from different experts
was used in order to evaluate the accuracy of the algorithm in identifying the onset
of b-EGMs for AM. Second, the presented algorithm was evaluated in a clinical
study where its ability to generate activation maps helping in the decision process
for ablation interventions was assessed. In both cases, the performance of manual
annotations performed during the ablation procedure were taken as a reference for the
current achieved performance.

2.5.1 Algorithm Performance

In this part of the study, a good agreement between the proposed method and a gold
standard built from expert annotations was obtained. The error compared with the
combination of annotations from two experts is 1.20 + 10.72 ms and correlation with
the evaluation reference is high (ps = 0.94 and p. = 0.93). The error bias is low and
positive, meaning that the automatic method provides slightly later LATs than the
reference. In terms of the accuracy of the annotations, 76 % of the evaluated mapping
points are considered as accurate or highly accurate.

Annotation errors show to be higher in the subset of mapping points with bipolar
voltage < 0.5 mV (—11.01 £ 15.01 ms). This points out the fact that identifying
the b-EGM onset in low-voltage signals is a difficult task. Higher differences between
experts have also been found for this sub-set of mapping points (0.79 + 8.48 ms).

Additionally, the error increases up to 1.82 + 12.38 ms and the correlation decreases
to ps = 0.92 and p. = 0.91 when only the annotation set from a single expert is
considered as reference.

The automatic method does not perform better than the on-procedure annotations
when compared with the evaluation reference (error of -2.80 £ 6.01 ms and ps; =
0.97). The negative error bias indicates that the on-procedure annotations provide
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slightly earlier LATs than the reference. Moreover, 90 % of the evaluated mapping
points are considered as accurate or highly accurate annotated. On the other hand, the
difference annotation for low-voltage EGMs compared to the inter-expert variability
suggests high similarity to one of the reference experts in those low-voltage EGMs.

Figure 2.14 illustrates four representative examples of activation maps obtained
with all the LAT annotation sets of the studied database for detection performance
evaluation. In those examples, a concentric spreading of the activation is more clear
and uniform at the automatic reconstructed map, as it would be expected in case of
focal activity [6]. The EAS is identified from all maps (automatic and manual maps) in
the same location: septal part of the tricuspid annulus for map #1; lateral (anterior)
part of the RVOT for maps #8, #9 and septal part of the RVOT for map #10 (see
Fig. 2.14). The effective RF ablation point (red spheres pointed by white arrows) lies
within the two first isochronal areas in all cases. Nevertheless, it must be noted that
having an annotation error of —0.09 + 6.85 ms, 4.04 + 10.62 ms, 4.12 + 12.07 ms and
3.29 £+ 11.17 ms for maps #1, #8, #9 and #10 respectively, does not result in a lack
of precision in determining the EAS for ablation of focal VAs.

In terms of computational cost, the proposed algorithm detects the b-EGM activa-
tion onset in 109 + 7 ms, a small percentage of the total processing time per mapping
point (791 + 26 ms). It also should be noted that the computation time associated
to the surface ECG delineation can be neglected in real applications since it can be
performed online by current EAM systems. Manual annotation of each b-EGM was
reported to be performed within 3 to 4 seconds per point. Moreover, the larger part of
the acquisition time is due to the necessary operations of the physician for positioning
and stabilizing the catheter and the occurrence of a PVC beat matching the clinical
VA during the intervention. Therefore, the computational time of the proposed signal
processing method can be considered appropriate for its use in EAM systems.

2.5.2 Clinical Application

In RVOT SOO patient maps, the location of the 10 ms EAS isochronal area centroids
in manual and automatic activation maps are 5.55 + 3.56 mm apart, illustrating the
accuracy of the automatic algorithm for providing precise localization of the EAS
isochronal area. Additionally, the distance from the 10 ms EAS isochronal area to the
effective RF application site of manual and automatic activation maps showed to be
similar (difference: 0.15 + 2.08 mm, p = 0.859). Therefore, these results illustrate that
the automatic detector is as accurate as manual LAT identification for the purpose of
ablation of focal VAs.

The measurement of the activation pattern descriptors show statistically significant
differences for the size of the 10 ms EAS isochronal areas in LVOT population obtained
from the automatic maps, which shows to be smaller than those measured from the
manual maps. This may come from: 1) the complex anatomical relationship between
LVOT and RVOT structures [6,101,102] and/or 2) far-field signals measured from the
LVOT at RVOT level, which are usually shown as low amplitude baseline drifts in the
bipolar EGM signal that are difficult to distinguish by the automatic algorithm from
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Figure 2.14: Representative examples of activation maps with zoom view of the EAS (white square):
a) using the on-procedure annotation set, b) using the averaged off-procedure annotation set and c)
using the automatically detected LATs. LATSs are shown in 10 ms isochronal areas colour-coded
from red (earlier) to pink (later). White small spheres indicate location of mapping points whereas
white big spheres indicate anatomical reference points. Pointed red spheres indicate location of RF
delivery. Orange spheres indicate HPS, cyan spheres indicate double EGMs, blue spheres indicate
end of sheath, black spheres indicate a point of interest, green spheres indicate manually introduced
annotations and grey spheres indicate discarded points. Ap: apex, AP: anterior-posterior OT: outflow
tract, PA: posterior-anterior, TA: tricuspid annulus.
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baseline noise level. Therefore, the LAT detection in LVOT SOO with septal activation
at RVOT level supposes a challenge for automatic AM. The rest of evaluated map
descriptors show no statistically significant differences measured from automatic or
manual activation maps.

Regarding the SOO identification, the 10 ms isochronal area longitudinal /perpen-
dicular diameter ratio, measured either from manual or automatic activation maps,
shows the higher LVOT SOOQ identification performance in the current patient sample.
The best performance was obtained from the automatic activation map by using a lon-
gitudinal /perpendicular diameter ratio threshold < 1.27, yielding 92 % sensitivity and
100 % specificity compared with 58 % sensitivity and 100 % specificity using a smaller
longitudinal /perpendicular diameter ratio threshold (< 0.91). For SOO identification,
it is desirable to have very high specificity while preserving sensitivity as high as pos-
sible, avoiding an unnecessary retrograde aortic approach for LVOT and aortic root
mapping, which can increase the complication rate of OT ablation procedures.

These optimal thresholds for SOO identification using the 10 ms isochronal area
longitudinal /perpendicular diameter ratio represent slightly different activation pat-
terns at automatic and manual activation maps. On the one hand, the optimal ratio
threshold found for automatic maps (< 1.27) shows a slightly longitudinal dispersion
of the activation of the 10 ms isochronal area at the septal RVOT from some LVOT
cases of the studied patient sample with automatic LAT detection. On the other hand,
the optimal ratio threshold for manual maps (< 0.91) shows an opposite behaviour
indicating that some RVOT cases with septal activation of the studied patient sample
show a slightly perpendicular dispersion of the activation of the 10 ms isochronal area
with manual LAT identification.

Nevertheless, this dispersion is not critical because both optimal thresholds are
concordant with the obtained in previous studies [99,103]. In that regard, an eval-
uation of the SOO identification performance was conducted based on the rationale
of the 10 ms isochronal area longitudinal /perpendicular diameter ratio measurement.
Therefore, a hypothesis-based threshold allows comparing the performance of both
mapping modalities with slightly superiority of the activation maps created with the
introduced automatic LAT detector in the studied patient sample. Representative ex-
amples of the resulting automatic activation maps and the differences in EAS shapes
between RVOT and LVOT populations are illustrated in Fig. 2.15.

Moreover, the obtained performance on SOO identification is inferior to the per-
fect identification reported by Herczku et al. [99], which was achieved using only the
10 ms isochronal area longitudinal/perpendicular diameter ratio. On the other hand,
using the diameter ratio in a study with larger patient sample, Acosta et al. [103]
reported similar results to that obtained by using the hypothesis-based threshold (77
% sensitivity and 100 % specificity). In their work, SOO identification achieved 91
% sensitivity and 100 % specificity with the inclusion of a decision tree which in-
corporates the distance from the 10 ms EAS isochronal area to the pulmonary valve
plane [103]. Additionally, automatic AM allows faster and observer-independent mea-
surements, and has been shown to be superior to manual mapping for idiopathic VA
SOO identification in the studied patient sample.
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Figure 2.15: Examples of RV 10 ms isochronal activation maps shown in posterior-anterior view from RVOT SOO VA patients (panels (a) and
(c)) and for LVOT SOO VA patients (panels (b) and (d)). Each panel shows the manual and automatic activation maps at the left and right,
respectively. White dots indicate the location of mapping points, white spheres indicate anatomical location, yellow spheres indicate HPS potentials
and red spheres indicate RF applications. AP: anterior-posterior, OT: outflow tract, TA: tricuspid annulus.
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2.5.3 Comparison with Other Methods

El Haddad et al. proposed an algorithmic detection of the onset and end of b-EGM
signals based in a 4-state algorithm [81,82]. This approach identifies the activation
onset and end by counting the samples where a rectified band-pass filtered b-EGM
signal is above or below a set of thresholds adapted to the studied database by trial-
error process and was evaluated by visual inspection in a small set of EAM points
from randomized patients.

Due to the lack of standard databases with reference annotations by expert physi-
cians, the comparison of both methodologies is rather difficult. Moreover, the intro-
duced envelope-wavelet detector and delineator shows a simplest and direct relation
between threshold factor 7, and annotation outcomes, making it more simple to be
adjusted to the desire point of operation, whereas for the same process in [81,82] it
may imply tuning up to 4 different parameters which close interplay between them
and detection outcomes become less predictable.

Additionally, in the present state of the art, there are not yet public reports
about LAT identification performance from the newly released CONFIDENSE module
(Biosense Webster, Inc., Diamond Bar, CA, USA) for CARTO system. Therefore,
can neither be included in order to evaluate the LAT detection performance of the
introduced wavelet-envelope detector and delineator.

2.5.4 Limitations

In the introduced wavelet-envelope detector and delineator algorithm, threshold factors
and searching intervals were selected based on empiric electrophysiological background
and technical experience with surface ECG detection and delineation. Therefore, this
entails a limitation since no sensitivity analysis has been performed in order to assess
the effects of variation of these threshold factors.

Regarding the clinical application of the introduced wavelet-envelope detector and
delineator algorithm, the evaluation database represents a very limited amount of pa-
tients with unbalanced classes (6 RVOT vs. 12 LVOT). This yields in stair-shaped
receiver operation curves, as illustrated in Fig. 2.13, which may explain the slight
differences of optimal threshold values obtained in the studied patient sample when
compared with the bibliography [99,103]. Moreover, half of LVOT SOO cases had
ablation performed in both RVOT and LVOT, which may also contribute to the dif-
ferences in optimal threshold values. This fact illustrates the difficulties of the SOO
identification because of the complex anatomical relationships between OT's that yields
in RF applications at the same level in both structures for termination of the clin-
ical VA. Another possible source of error may come from the size of the mapping
catheter tip used for mapping and ablation in this patient sample (3.5 mm), which
may sense far-field from the other side of the septal separation between OTs. The
usage of catheters with smaller electrodes may also improve both signal quality and
local electrical activity measurements.
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2.6 Conclusion

This chapter presents an envelope-wavelet detector and delineator to identify the
b-EGM activation onset for automatic AM during focal VTs. It has been tested
in two different databases assessing its precision and usefulness in clinical conditions.
If integrated with EAM systems, could help physicians and companion technicians to
reduce signal acquisition time and intervention since it is able to automatically identify
the b-EGM activation onset in less than one second. Moreover, it could eventually be
more beneficial when applied on EAM data acquired with multi-electrode catheters.
These catheters acquire multiple EGM signals at one single beat, thus allow to gen-
erate high-density activation maps in a short amount of time. Therefore, the benefits
of those multi-electrode catheters cause that the creation of accurate activation maps
based on LAT onsets becomes unaffordable without automatic or semi-automatic sig-
nal processing techniques.
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3.1 Introduction

3.1.1 Atrial Fibrillation

The first mention to AF was done by Thomas Lewis in the beginning of the 20th cen-
tury [104]. AF is a supraventricular arrhythmia which is characterized by an irregular
activation of the atrium (400-700 beats/minute) and irregular ventricular response.
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Figure 3.1: Example of ECG recording during AF (from top to bottom, leads: V1, IT and V5) showing
f waves (especially noticeable in lead II) and irregular ventricular response. Reproduced and modified
from [106].

Electrocardiographically, AF shows absence of distinct repeating P waves substituted
by continuous electrical activity called “f waves” and irregular occurrence of QRS
complexes [4,38,105,106], as illustrated in Fig. 3.1.

AF is the most common form of sustained arrhythmia in clinical practice [2,38,59,
106], affecting between 1 to 2 % of general population, with an increasing incidence
due to population ageing [2,59]. It is responsible of one third of the hospitalizations
in cardiac arrhythmias units [106] and therefore, AF is becoming an epidemiological
threat affecting patient’s quality of life [107-109].

The mechanism underlying the initiation and perpetuation of AF are still under
investigation. Moe et al. [39] first proposed the wavelet hypothesis underlying the
initiation and perpetuation of AF, describing the presence of multiple propagating
wavelets sustaining the fibrillation process, which was experimentally proved later by
Allessie et al. [40,41]. Other proposed mechanisms include driving foci, mainly located
at the pulmonary veins [42], reentries [43,44], longitudinal conduction dissociation [46]
and transmural conduction of fibrillation waves between epi- and endocardial atrial
layers [45]. However, the complete phenomena are not yet fully understood [43],
limiting the optimal treatment of patients.

3.1.2 Activation Mapping of Atrial Fibrillation

AM is the most commonly used method for visualization and study of cardiac arrhyth-
mias [110]. During haemodynamically stable and regular tachycardia, activation maps
can be created after sequential recording of EGMs and detected LATs can be referred
against a fiducial point in a simultaneously recorded surface or intracardiac signal, as
introduced in section 2.1.1 [6,49,79,80]. However, during irregular tachycardia like
AF, simultaneous mapping is needed due to the non-repetitive nature and complexity
of the arrhythmia [43].

Multi-electrode mapping catheters lack spatial resolution during more complex
atrial activity due to electrode sparsity and bad wall contact [111]. For high-density
mapping of more complex AF, a high-density MEA mapping sensor is needed [43].
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Detection of LATs from u-EGMs is related to the steepest negative slope (dV/dt)
as a result of an activation wave under-passing the recording electrode [6,53-56] (see
Fig. 2.2(a)). The recorded signals using MEA sensors can be displayed into a matrix
whose elements are related to the electrode locations on the mapping array, thus,
displaying the LATs detected from each of the electrodes allow to create activation
maps which show the propagation of cardiac activation [41,43].

3.1.3 Motivation

The construction of high-density activation maps based on individual u-EGM signal
LATSs ignores the information embedded in the morphology of the u-EGM signal, thus
reducing this information to a time-event signal. This chapter introduces a spatiotem-
poral approach which uses the information retained in the u-EGM signal shape in
order to estimate and construct robust and spatially consistent high-density activa-
tion maps. The proposed approach iteratively fits an activation pattern model to the
acquired cardiac activity and reconstructs the activation map as the combination of
contributions from different isotropic focal activation sources.

3.2 Spatiotemporal Activation Mapping Algorithm

3.2.1 Algorithm Overview

Before algorithm starts, a 100 ms signal excerpt that includes a complete activation
across the MEA sensor is selected and the mapping array is segmented into overlapped
groups of 5x5 electrodes (area 64 mm?), being this the size of the analysing mask. For
notation, s;[n] stands for the recorded u-EGM signal corresponding to the ith electrode
from the 5x5 group under analysis, ¢ = 1...25, and §;[n] denotes the modelled u-EGM
signal corresponding to the same ith electrode located in the cardiac tissue model.
The flow of the processing steps is described below:

Ll: For each 5x5 group of electrodes:
Estimate conduction velocity and initial focus location.
Generate activation pattern and §;[n].
Compare each s;[n] against each §;n].
L2: While the similarity is below a given threshold or the
maximum number of iterations is not reached
a) Compute new focus location for next iteration.
b) Generate new activation pattern and §;[n].
c) Compare each s;[n] against each §[n].
End of loop L2.
End of loop Ll. Go to step 1 unless all 5x5 groups have been
already analysed.
4. Activation map reconstruction.

w N -
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3.2.2 Activation Propagation Pattern and Tissue Model

Without loss of generality, the simplest activation pattern can be considered as a
single focal point generating an activation wavefront concentrically spreading with
uniform conduction velocity. In a 2-dimensional plane, the wavefront coordinates
We o [1, 0] = [wz[n, 0], wy[n, 0]]" created by a circular activation pattern with center at

the focus location f = [f,, fy]T at a time instant n can be described by the parametric

T e 2w

where 0 € [0,27) and v stand for the conduction velocity of the medium. Note that
Wt [, 0] is the expression of a circumference of radius v-n centred at f. Hence, (3.1)
defines a circular activation pattern from a single focus, becoming approximately a
planar wave when the focus is located far away from the observer scope.

The activation pattern was introduced into a uniform double layer (UDL) model
using the boundary element method [112]. The UDL models a square planar slice of
atrial tissue of 12x12 mm and 2 mm thick, in agreement to the average thickness of
the human atria [113]. For simplicity, epicardial and endocardial conduction velocities
were assumed to be equal [114]. Consequently, the modelled activation propagates in
parallel and at the same velocity in both epicardial and endocardial sides of the UDL
model.

3.2.3 Modelling Unipolar Electrogram Signals

A virtual multi-electrode array (v-MEA) sensor with 5x5, 2 mm spaced, circular
electrodes, mimicking the real MEA, was placed on the epicardial side of the UDL
enabling calculation of electrical activity during activation. Each ith virtual electrode
of the v-MEA has a spatial location e; = [z;,¥;]". The infinite medium potential
generated by a UDL at a time instant n and position e; is given by [112]:

. Va

3i[n] = i Qe, [n], (3.2)
where V, stands for a constant value called double layer strength of the UDL [112] and
Qe,[n] stands for the solid angle of the surface created by the activation wavefront
we [, 0] and subtended within the UDL at e;, as illustrated in Fig. 3.2. This solid
angle Qe,[n] can be computed numerically by dividing the wavefront surface into
triangular elements and summing the solid angles subtended by each surface element
using the plane triangle formula [115].

Equation (3.2) describes the electrophysiological behaviour of local u-EGMs re-
corded from the myocardium. The potential §;[n] increases when the activation wave-
front approaches the recording electrode, shows a fast downward slope when the wave
underpasses the electrode and goes back to baseline when the wave continues propa-
gation [6,53,54,56,112]. The amplitude of this fast downwards slope is proportional
to the double layer strength V4 [112]. Hence it can be estimated from the measured
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a)

Atrial thikness

Figure 3.2: Schematic in: a) perspective view and b) lateral view, of the solid angle Qe obtained at
electrode position e; from a circular activation pattern wg ,[n,6] subtended within a UDL shown as
a closed grey strip.

u-EGM signals as the mean value of all amplitude difference between the positive and
negative deflection (i.e., the R-wave and S-wave, respectively). This constant value
does not affect the rest of spatiotemporal features of §;[n], and therefore has been set
arbitrarily to V; = 1.

3.2.4 Estimation of Tissue Conduction Velocity

To use the propagation model (3.1), the conduction velocity of the cardiac tissue
v needs to be estimated from recorded u-EGMs. Estimation of conduction velocity
from invasive data is an already addressed problem (e.g. in [41,116-118]), although
difficult due to the spatiotemporal changes of cardiac tissue properties, especially
during irregular tachycardias [116].

Estimation of conduction velocity based on LATSs can be sensitive to detection
errors. Therefore, an alternative approach inspired in that presented by Fitzgerald et
al. [117] is used. The time delay ¢; between each u-EGM s;[n] and the central electrode
of the 5x5 group being analysed s,.[n] is obtained by maximizing the normalized cross-

covariance function:
§; = argmax {C; ,[m]}, (3.3)

_ Don(siln] = 5:)(sp[n+m] —5,)
V2 (siln] = 5)2 2, (s, [n] — 5,)%

where 3; and S, stand for the mean value of s;[n] and s,.[n], respectively; and m
represents the time lag between signals.

Cir[m] (3.4)

The next step involves the parametric estimation of the conduction velocity for the
5x5 electrode analysing mask while avoiding the possible effect of electrode bad con-
tact, noise or conduction blocks. A biquadratic model is fitted to the delays measured
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from each 3x3 sub-group of electrodes at k = 1...4 corners of the complete 5x5 group
following [116]:

Dk(x7 Y) = a1 + a2x + azy + agxy + asx?® + agy?, (3.5)

where ay...ag are the coefficients of the bi-quadratic model estimated in the least square
sense [116]. Ounly those fitted models with root mean square error (RMSE) < 1.5 ms
were considered valid [114]. Then, the velocity vector field can be obtained by partial
differentiation of D*(z,y) following [116]:

Dk
d — e
v (2,y) = [dég’“] = | PP (3.6)
dDF [ E—
(BE+(Bg

where D¥ = 0D¥(x,1)/0x and D’; = 0D*(x,y)/dy. The estimated velocity vectors ¥¥
were obtained by evaluating (3.6) at each electrode location [z;,3;]". Then, for each
kth 3x3 sub-group of electrodes, an estimated conduction velocity is obtained for all
i € kth corner as:

by, = median {|[¥F]}. (3.7)

Finally, the conduction velocity ¢ for the complete 5x5 group of electrodes is
estimated by averaging 0 from each of the K < 4 corners with valid model fitting:

1 K
0 = — Uk, - 3.8
D KI;IW (3.8)

3.2.5 Focus Initialisation

The focus location f in (3.1) is estimated by means of the iterative algorithm introduced
in section 3.2.1. The initialisation process of f (step 1) is explained in this section.

The relation between the amplitude of the R-wave and S-wave of the u-EGMs is
influenced by wavefront curvature and distance to the source of activation [6,114].
A QS morphology (i.e., absence of R-wave) indicates that the electrode is located at
the origin of the activation whereas RS morphology (i.e., equal R-wave and S-wave
amplitudes) indicates activation by a planar wave [6,53-56], as illustrated in Fig.
3.3. In order to take into account these characteristics, for each ith electrode signal
si[n], the R-S ratio has been quantified as the difference between R-wave and S-wave
amplitude normalized by the peak-to-peak amplitude of the u-EGM signal [114]:

Rl = 1S4
Ric = 1o =7s 3.9

RS |Rz| + |Sz| ( )
were R; and S; stand for the R-wave and S-wave amplitudes of s;[n]. This ratio ranges
from —1 to 1, where negative values show predominance of S-wave over R-wave and
vice versa [114].
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Figure 3.3: R-to-S ratio evolution with distance to the activation focus: the u-EGM measured at site
1 has pure S-wave morphology, thus is located at the source of the activation (indicated by a star);
site 2 has nearly QS morphology (Ris = —0.9) and since sites 3 and 4 are distal from the source of
activation, the measured u-EGM signal at those sites evolves to an RS morphology. The grey dashed
line indicates the zero level. Curved lines show the evolution of the activation wavefront in 5 ms
time-steps.

The initial focus fj is set to the location of the electrode 4,,;, that minimizes the
combined criterion:
lmin = arg min {6i + R;S} ; (3.10)
i

which favours an electrode location with early activation and negative R-S ratio.

3.2.6 Iterative Model Optimization Algorithm

An iterative algorithm modifies f optimizing the fitting of the u-EGM signals derived
from the propagation model (3.1) to the recorded data, while the conduction velocity
0 estimated in section 3.2.4 remains unmodified.

The focus location is initialized at f and updated in each iteration [ following
fl+1 =i+ A -y 'At, (311)

where A represents the update step, A; the signal time resolution and w; is the unit
update vector towards the direction that improves the synchronization between the
modelled and recorded u-EGMs. The update step is set up as A = ¢ therefore, in each
iteration, f changes according to the distance that the activation wavefront travels in
A; ms. A schematic block diagram of this model optimization is shown in Fig. 3.4.
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Figure 3.4: Schematic of the model optimization algorithm: signals are derived from the modelled
propagation pattern under test and compared against the acquired u-EGM signals. Then, the al-
gorithm decides a new focus location and the new pattern is tested. Direction vectors rg,d = 1...4
connect the center of each 2x2 corner group of electrodes G4 (indicated by dashed squares) to the
activation focus f;. Vector u; stands for the update vector for the next iteration. The signal am-
plitudes were scaled for visualization purposes as indicated in section 3.2.3. Note: Characters with
arrows appear boldface in text.

The synchronization between the recorded and the modelled u-EGMs is quantified
by the delay 7;, maximizing the cross-covariance function:

7, = argmax {C;[m]}, (3.12)

2a(siln] = 5:)(3i[n +m] = 5) 7
V2 (siln] = 502 %, (3] - 5)2

where 3; and §; stand for the mean value of s;[n] and 8;[n], respectively; and m
represents the time lag between signals.

Ci[m] = (3.13)

Then, each 2x2 sub-group of electrodes G4, d = 1...4, located at the corners of the
complete 5x5 group of electrodes under analysis (indicated within dashed squares in
Fig. 3.4) has a “median sub-group delay” defined as:

74 = median {7;}. (3.14)
i€eGy

On the other hand, the director vector from each sub-group G4 to the focus fj is

defined as: £
1 — 8d
Td= 3.15
6= e (3.19)

where gy stands for the center coordinates of G.
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Finally, the unit update vector u; for the next iteration is determined by:

4 -
Td
u = — T4, 3.16
1= XS (3.16)
w
U = —-, 3.17
L= Tl (3.17)

whose direction depends on the sign of 74.

This process is repeated until a cost function ) exceeds a threshold e, or the
maximum number of iterations is reached. The cost function () is defined as:

Q= m%an{Ci[O]} , (3.18)

where C;[0] stands for the normalized cross-covariance value between the ith recorded
and modelled u-EGM signals at zero delay, i.e., a measure of morphology similarity
and synchronization. Therefore, () can be interpreted as the average resemblance level
between recorded and the signals derived from the activation pattern in test.

When @ > ¢q, the algorithm is terminated. This threshold value was set empir-
ically to e = 0.85. In case the algorithm meets the maximum number of iterations
without reaching the threshold for @, the location f; with maximum @ is chosen.

The algorithm embeds protection against oscillating solutions, avoiding getting
stuck in local maxima by means of: 1) Inertia movements that increase the value A
in (3.11) by 10 % during a maximum of 5 iterations while @ is not increasing and
use the update vector u; of the last iteration [ which increased ); and when inertia
movements do not increase ) after 5 iterations, it uses 2) random transition vectors
which move the focus location f; in random perpendicular directions to u;, replacing
those random perpendicular vectors the update term A -, in (3.11).

As an overview, for each 5x5 group of electrodes, the algorithm outcomes are: the
estimated conduction velocity 0, the final focus location f;, and the final cost function
@ value which evaluates the solution fitting. Additionally, “loci maps”, which display
the direction of local propagation, can be built by representing the focus location fj
for each 5x5 group of electrodes in the MEA.

3.2.7 Reconstruction of Activation Maps

After analysing all the 5x5 groups of electrodes available in the complete MEA sensor,
the activation sequence is obtained as explained in this section.

Each jth electrode, j = 1...124, of the MEA sensor lies in h = 1...h; different
5x5 groups of electrodes, and therefore has h; different LAT estimates n;(1)...n;(h;)
and h; different cost function values @Q;(1)...Q;(h;). Each n;(h) was identified as
the sample with maximum negative slope in the modelled signal §; ,[n] from the jth
electrode contained in the hth 5x5 group. Each u-EGM signal §;,[n] is obtained
accordingly to (3.2), after the substitution of ¢, and f; , in (3.1).
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A unique LAT estimate n; is obtained for each jth electrode as the weighted
averaging of the individual LAT estimates using @); as weights:

hj _ .
h = {ZhiQ](h)nJ(h)} 7 (3.19)
2nt1 @;(h)

where |-] stands for the nearest integer operator.

For robust LAT estimation, the number of solutions taking part of the map recon-
struction in (3.19) were limited using the threshold ¢&:

& =min{pq — 204,0.55}, (3.20)

where uq and og stand for the mean and SD of the @) values for all analysed 5x5
electrode groups, respectively. Therefore, when Q;(h) < &, the activation time n;(h)
is not considered in the computation of (3.19). The value 0.55 is set empirically as a
lower bound for @ in order to consider a reliable LAT solution.

3.3 Estimation of High-Density Activation Maps

3.3.1 Testing Database

The algorithm presented in this chapter was evaluated using clinical data obtained
from a patient admitted for open chest surgery at Erasmus Medical Center Rotterdam
(Rotterdam, The Netherlands) in whom an intraoperative electrophysiological study
was performed. The patient is a 61 years-old male with coronary artery disease (CAD)
and no history of AF, in whose echocardiographic examination revealed a normal left
ventricular ejection fraction and normal atrial dimensions. The patient was informed
and signed the consent form.

During the intervention, a custom-made high-density MEA mapping sensor (Ap-
plied Biomedical Systems B.V., Maastricht, The Netherlands) was positioned on the
epicardial wall of the left and right atrium following a sequence of epicardial locations,
as illustrated in Fig. 3.5(a). Datasets of high-density u-EGMs signals were acquired
during SR and (electrically induced) AF.

The dimensions of the MEA sensor are 3.0x1.4 cm, and is composed of 128 circular
gold plated electrodes (2 mm inter-electrode distance, 1 mm diameter) organized in
an 8x16 rectangular grid. Electrode channels corresponding to each corner of the
mapping array were not available for mapping and were reserved for storing surface
ECG, reference and calibration signals, resulting in 124 u-EGM signals available for
analysis (Fig. 3.5(b)). The acquired u-EGM signals were band-pass filtered (1-500
Hz) sampled and digitized at 1 kHz. The recording length during SR episodes was 5
s and 10 s during (electrically induced) AF episodes.

Automatic LAT detection was performed off-line after the procedure, using a
wavelet-based algorithm [119] and subsequently audited by an expert electrophysiolo-
gist. Therefore, the resulting LATs were considered as “gold standard” for performance
evaluation.
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Figure 3.5: Schematic of the mapping procedure in posterior view: a) anatomical location of the
MEA sensor in the atrium and b) MEA sensor used for mapping procedure. CS: coronary sinus, CT:
crista terminalis, IVC: inferior vena cava, LA: left appendage, LBB: left Bachmann bundle, LPV: left
pulmonary vein, RA: right appendage, RBB: right Bachmann bundle, RPV: right pulmonary vein,
SVC: superior vena cava.

3.3.2 Evaluation Protocol

Activation maps were classified according to the following 7 degrees of activation pat-
tern complexity, illustrated in the upper part of Fig. 3.6, the two first corresponding
to SR patterns and the rest for AF patterns:

1.

Normal sinus rhythm (NSR): Normal propagation of a single wavefront within
the mapping catheter during SR (see Fig. 3.6(a)).

. Abnormal sinus rhythm (ASR): Abnormal propagation of one or more wavefronts

within the mapping catheter during SR (see Fig. 3.6(b)).

Single atrial fibrillation wavefront (SAFW): Single AF wavefront propagating
within the mapping catheter whose origin is located outside the mapping array
(see Fig. 3.6(c)).

. Breakthrough (BT): Concentric AF propagation wavefront whose focus is located

within the mapping array [45] (see Fig. 3.6(d)).

. Atrial fibrillation wave fusion (AFWF): Two separated AF wavefronts collide

and fuse into a single wavefront (see Fig. 3.6(e)).

. Line of Block (LB): A line of block is present in the propagation pattern of the

mapping catheter creating longitudinal dissociation of AF wavefronts travelling
at different velocities and/or directions [46] (see Fig. 3.6(f)).

Complex AF (CAF): Chaotic AF activation with wave interruption and multiple
lines of block (see Fig. 3.6(g)).
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Figure 3.6: Representative examples of the proposed atrial activity complexity classes. Reference and estimated activation maps were shown in:
a) normal sinus rhythm (NSR) activity (error: —0.31 + 0.93 ms, area: 100 %), b) abnormal sinus rhythm (ASR) activity (error: —0.23 + 3.5 ms,
area: 100 %), c) single atrial fibrillation wavefront (SAFW) activity (error: —0.03 + 2.96 ms, area: 100 %), d) breakthrough (BT) activity (error:
—0.27 + 2.59 ms, area: 100 %), e) atrial fibrillation wave fusion (AFWF) activity (error: —0.12 + 1.73 ms, area: 100 %), f) dissociated atrial
activity due to a line of block (LB) (error: 0 + 13.52 ms, area: 95.97 %) and g) complex atrial fibrillation (CAF) activity (error: —5.3 £ 10.55 ms,

area: 80.17 %). LATs are colour-coded from red (earliest) to pink (latest) in 10 ms isochronal areas. In case of no LAT could be identified at one
electrode location, a cross is used.
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The evaluation is performed by comparing the estimated LATs with those audited
by an expert electrophysiologist, showing this error as mean + SD. Moreover, the
percentage of the area of the MEA sensor with valid estimated LAT's is measured for
each map. Spearman’s rank correlation ps has been computed for LAT assessment.
Additionally, Lin’s concordance correlation factor p. [95] and Bland-Altman analysis
were used to assess agreement between the measurements. A p-value < 0.05 was
required for considering statistical significance.

Additionally, sensitivity Se and positive predictive value PT of the detection have
been computed as:

TP

5= TP+ FN’ (3.21)
TP

P = Fp (3.22)

where T'P stands for the number of true detections, FFN stands for the number of
missed detections and F P stands for the number of false detections. A tolerance of +
5 ms respect to the expert reference LATs was used to consider a true detection.

3.3.3 Results

Analysis of Sinus Rhythm Recordings

Table 3.1 summarizes the results obtained from the analysis of SR recordings. Note
that in contrast to recordings at RAI to RAS3, recording at position RA/ shows
abnormal SR activity suggesting a stable functional reentrant circuit (illustrated in
Fig. 3.6(b)) which is present during the complete recording time.

The global error obtained with the presented method is —0.66 + 2.00 ms across
3100 LAT measurements, thus covering the 100 % of the sensor area. A high level of
agreement is confirmed by high Spearman’s correlation (ps = 0.98, p < 0.01) and high
Lin’s concordance correlation factor (p. = 0.98, p < 0.01) as shown in Fig. 3.7. The
Bland-Altman analysis illustrated in Fig. 3.7(b) shows no trend in LAT estimation
(Pearson’s p = —0.01, p = 0.73). Moreover, the detection performance is also high
with Se = 100 % and Pt = 97.84 %. Those observations confirm the high agreement
between measurements during SR as illustrated in Fig. 3.6(a)—(b).

Analysis of Atrial Fibrillation Recordings

Table 3.2 summarizes the results obtained from the analysis of AF recordings. Note
that LB and CAF complexity levels were only present at recording RA1. The global
error obtained by evaluating a total of 28226 different LATs is —0.83 + 6.02 ms covering
almost the complete MEA sensor area (97.99 & 7.66 %). The LAT estimation has high
agreement with manual annotations indicated by Spearman’s ps = 0.93 and Lin’s
concordance correlation factor ps = 0.90 (p < 0.01 both). Moreover, the detection
performance is also high with Se = 97.80 % and Pt = 88.36 %. Representative
examples of activation map reconstruction during AF are shown in Fig. 3.6(c)—(g).
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Table 3.1: Detection error (mean + SD), Spearman’s correlation ps, Lin’s concordance correlation
factor pe, sensitivity and positive predictive value of comparing estimated LATs with the manual
reference in SR recordings. N/A stands for Not Applicable

Maps LATs Area Error NSR ASR Se Pt

#  #H ) (ms) #) &) (%) (%)
RAI 6 744 100 —0.82+141 6 N/A 0.99" 0.99° 100 98.66

Loc.

RA2 6 744 100 -0.78 £0.92 6 N/A ~1" 099" 100 100
RA3 6 744 100 —-044 +0.76 6 N/A ~1" ~1° 100 100
RAY4 7 868 100 —0.62 +3.36 N/A 7 0.97° 0.97° 100 93.43

Total 25 3100 100 —0.66 4+ 2.00 18 7 098" 098" 100 97.84

* indicates a p-value < 0.01.
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Figure 3.7: Agreement evaluation between reference and estimated LATs during SR: a) scatterplot
for Lin’s concordance correlation factor p. analysis, where pink line indicates the unit slope and b)
Bland-Altman plot where red solid line indicates mean error and red dashed lines show mean + 25D
of the error.

The Bland-Altman analysis illustrates this agreement (see Fig. 3.8(f)), showing
that the proposed method has a slight trend towards over-estimation of early LATSs
and sub-estimation of late LATs (Pearson’s p = 0.21, p < 0.01). LAT agreement
analysis for each AF complexity level is shown in Fig. 3.8(a)—(e). A high level of
agreement is found for SAFW, BT and AFWF (Fig. 3.8(a)—(c)), whereas LB and
CAF show lower level of agreement (Fig. 3.8(d)—(e)).

The “Loci Maps”

Aside from the activation map reconstruction, an interesting result of the introduced
spatiotemporal approach is the estimation of the activation pattern origin f for a given
5x5 group of electrodes of the MEA sensor. Therefore, construction of “loci maps”
is possible by plotting all estimated focus location f across the MEA sensor. Figure
3.9 shows examples of these loci maps from different activation patterns. Note that
loci maps spatially follow the potential activation wavefront evolution, providing extra
information to complement the activation map.



3.3 EstiMaTION OF HIGH-DENSITY ACTIVATION MAPS

()

Table 3.2: Detection error (mean + SD), Spearman’s correlation ps, Lin’s concordance correlation
factor pe, sensitivity and positive predictive value of comparing estimated LATSs with the manual
reference by AF recording at different levels of complexity.

Maps LATs Error Area Se pt
Loc. Type Ps Pec
# @) (ms) (%) (%) (%)
SAFW 27 33141 —1.05 + 4.33 95.59 + 13.98 0.95° 0.92" 95.42 92.87
BT 3 350 —0.58 + 4.74 97.62 + 4.12 0.88" 0.80" 97.43 86.57
RA1 AFWF 3 359 —1.91 + 739 98.62 4+ 1.71 0.90" 0.83" 98.26 78.55
LB 7 789 —2.39 +£15.25 91.70 + 8.84 0.74" 0.67° 87.11 60.84
CAF 10 903 —7.60 + 20.26 83.36 + 23.09 0.46" 0.38" 62.23 35.21
Total 50 5542 —2.33 + 11.01 92.91 + 1543 0.79" 0.68" 91.16 77.59
SAFW 44 5419 —1.09 +3.41 99.50 + 1.81 0.96" 0.95" 99.47 93.17
RA2 BT 2 238 —3.01 + 3.61 100 0.95° 0.93" 100 81.51
AFWF 15 1823 —1.09 + 4.15 99.11 + 1.66 0.95 0.95° 99.04 90.78
Total 61 7480 —1.15 +3.63 99.42 + 1.74 0.96" 0.95" 99.38 92.22
SAFW 15 1883 —0.12 +2.94 98.55 + 2.00 0.97° 0.96° 98.48 95.64
RAS BT 43 5298 —0.11 + 3.47 99.46 + 0.96 0.95" 0.95" 99.41 92.26
AFWF 2 242 0.22 +3.24  97.58 £ 3.42 0.92" 0.90° 97.38 92.15
Total 60 7373 —0.10 +£3.33  99.17 + 1.43 0.96" 0.96" 99.10 93.10
SAFW 53 6478  —0.16 + 4.21 9942 + 1.41 0.96° 0.96° 99.35 87.90
RAJ BT 4 484 0.92 £ 6.70 99.57 + 0.48 0.84" 0.81" 99.51 83.20
AFWF 865 —0.67 +£3.95 99.88 + 0.31 0.96" 0.94" 99.87 90.06
Total 64 7831 —0.14 + 4.39  99.48 + 1.30 0.96" 0.95° 99.42 87.84
SAFW 139 16871 —0.62 +3.90 98.61 + 6.43 0.96" 0.96" 98.52 91.36
BT 52 6374 —0.17 £ 3.94 99.38 + 1.28 0.94" 0.94" 99.33 90.85
All AFWF 27 3289  —0.97 +£4.54 99.14 +£ 1.59 0.95" 0.93" 99.06 89.36
LB 7 789 —2.39 +£15.25 91.70 + 8.84 0.74" 0.67° 87.11 60.84
CAF 10 903 —7.60 + 20.26 83.36 + 23.09 0.46" 0.38" 62.23 35.21
Total 235 28226 —0.83 +6.02 97.99 + 7.66 0.93° 0.90° 97.80 88.36

" indicates a p-value < 0.01.
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Figure 3.8: Agreement evaluation between reference and estimated LATSs during AF at different
complexity levels including a) SAFW, b) BT, ¢) AFWF, d) LB e¢) CAF and f) all studied maps. In
each pair of panels, the one at the left shows the scatterplot for Lin’s concordance correlation factor
pec analysis (pink line indicates the unit slope) and the one at the right shows the Bland-Altman plot
(red solid line indicates mean error and red dashed lines show mean + 2SD of the error).
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Figure 3.9: Examples of loci map merged with the estimated activation map: a) NSR, b) ASR, ¢)
SAFW, d) BT, e¢) AFWF and f) LB. LATs are colour-coded from red (earliest) to pink (latest) in
10 ms isochrones. Electrodes are shown as empty circles and each focus solution f is shown in black
dots connected with the center electrode of its corresponding 5x5 group. Spatial reference is shown
with a cross.

These loci maps show different wavefront behaviour and properties, e.g., the num-
ber of wavefronts coming through the catheter and their directions (see Fig. 3.9(e)—(f)),
curved wavefronts due to potential reentrant circuits (see Fig. 3.9(b)) and tissue
anisotropy explained by small cluster of foci coming from the same place but moving
into different directions, presumably following the cardiac fibres orientation (see Fig.

3.9(a)).

3.4 Discussion

Automatic LAT detection during AF relies in the detector accuracy and often requires
manual checking. Moreover, classic LAT detection reduces the activation information
to just a binary signal which takes values whether an activation is found, rejecting
the remaining spatiotemporal information embedded in the morphology as well as the
relation between adjacent electrodes.
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This chapter introduces an integrated activation detection scheme, which takes
benefit of the relation between close u-EGMs, hence providing a spatiotemporal de-
tection of LATs for high-density activation maps in recordings using MEA sensors.
The rationale behind this technique is that it is possible to decompose a complete
(and complex) activation pattern into a combination of simpler activation patterns
fitted to small areas of the MEA sensor. The simplest activation pattern is concentric
and isotropic, and therefore only depends on the location of the activation origin and
the tissue conduction velocity.

The algorithm introduces the parameters of the activation pattern into a UDL
model of the tissue, deriving the corresponding u-EGM signals. Model pattern pa-
rameters were iteratively modified by comparing the resulting u-EGM signals against
the recorded ones in order to reach a maximum shape similarity and synchronization
between recorded and derived signals. Finally, the complete activation map is recon-
structed by combination of all solutions obtained by running this iterative process over
the complete MEA sensor.

3.4.1 Detection Performance

Mapping performance has been evaluated by comparing the estimated LATs with those
obtained manually by an expert electrophysiologist in recordings during SR and AF.
Additionally, activation maps were studied and classified based on a complexity scale,
hence providing a more complete view of the method’s behaviour and usefulness. The
used complexity classification is similar to those activation modes identified by Kuklik
and co-workers in an hypertensive sheep cardiac model [120].

The agreement between manual and estimated LATs during SR was proved to be
very high. The error was —0.66 + 2.00 ms with very high Spearman’s correlation
and Lin’s concordance correlation factor (ps = 0.98 and p. = 0.98, p < 0.01 both).
An exceptional situation was found among those recordings during SR. The cranial
location of the MEA sensor over the right atrium (RA4 recording) shows full abnormal
atrial activity during SR. This activity suggests the presence of a re-entrant circuit,
identified by the proposed method, as illustrated in Fig. 3.6(b). Moreover, the novel
proposed loci maps sketch potential trajectory of the activation wavefront evolution,
suggesting the presence of a curved wavefront due to a functional reentry present
during SR (see Fig. 3.9(b)).

The LAT estimation error was of —0.83 + 6.02 ms with high agreement with manual
annotations (ps = 0.93 and p. = 0.90, p < 0.01 both) during AF. This agreement
is even higher considering the SAFW, BT and AFWF maps solely, which correspond
to the 93 % of the studied maps. However, much lesser agreement was found in
higher complexity maps (LB and CAF). Nevertheless, those types of patterns were
poorly represented in the available data (only at recording location RAT), limiting
the conclusions that can be obtained from those classes.

Comparing the mean error in LAT estimation with the standard error of the mean,

for each atrial rhythm and atrial location, it is shown that the proposed method
presents a statistically significant bias. However, in 80 % of SR maps and 66 % of AF
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maps, this bias is below one sampling interval and in 100 % of SR maps and 89 % of
AF maps this bias is below two sampling intervals. Moreover, it must be noted that
having a systematic bias is not crucial in activation mapping, where stability between
the measurements at different sites is pursued. This is quantified by the error standard
deviation and the correlation with the reference annotations.

3.4.2 Spatiotemporal Mapping Approach

The introduced algorithm for spatiotemporal activation mapping was possible due to
the iterative process and the small computation times of the solid angle and UDL
approaches, in contrast to the high computation times of more classic and detailed
tissue simulation approaches [121]. However, the proposed method needs manual
assistance to select the time interval in which to analyse the activation map; therefore,
the presented method is a semi-automatic approach.

Smoother and more comprehensive activation maps were obtained using the pro-
posed algorithm compared with those obtained manually, as illustrated by Fig. 3.6.
This fact is in concordance with the smoothing nature of the weighted average pro-
cess for reconstructing the final activation maps. Additionally, the modelled activation
pattern used for LAT estimation also contributes to this smoothness. As an additional
outcome of the iterative process, the loci maps appear to be an interesting tool for
assessing the activation behaviour and track the wavefront evolution in the activation
map under analysis.

3.4.3 Limitations

The isotropic concentric activation model assumes the presence of a single wavefront
at the time of mapping within each 5x5 sensors analysis mask. This assumption
is not always accomplished and may be the reason behind the lower performance
observed in the more complex AF activity levels. Small lines of block or high frequency
(short wavelength) atrial activity may yield in poor estimation of the tissue conduction
velocity or small values of the cost function due to the impossibility of the activation
pattern to model the underlying activation behaviour. One possible solution is to select
a smaller group of electrodes. Reducing the analysis mask size may allow to better
estimate activations under those situations but also turns into a limitation because
the estimation of tissue conduction velocity could be less accurate and/or less robust
to data acquisition errors (i.e., non-contact of electrodes) and noise.

Another limitation is related to the studied database. Only one set of locations
coming from the same patient have been studied. It must be noted the singularity
of the data used as well as the fact that manual annotations and/or checking during
AF of 124 channels is a high time-consuming task, constraining the possible database
size. However, more than 30000 LATs combining SR and AF recordings were studied,
thus making a high amount of measurements for evaluating the proposed methodology.
Nevertheless, extension to more patients and more atrial locations is needed, especially
in those left atrial locations where more complex activity can be expected.
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3.5 Conclusion

This chapter presents an integrated spatiotemporal estimation approach that allows
to obtain smooth and comprehensive high-density activation maps and to track the
underlying wavefront evolution. Simplified local activation pattern and tissue models
are used in order to generate u-EGM signals resembling the measured activation map
using an iterative process. Results indicate high accuracy of the proposed method com-
pared against manually audited annotations during SR and AF. Therefore, although
validation was conducted using invasive data, it opens the possibility of studying high-
density activations maps with robust outcomes and the development of minimally
invasive high-density mapping.
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4.1 Introduction

4.1.1 Classification and Treatment of Atrial Fibrillation

Although AF is not a life threatening arrhythmia by itself, it is associated with increas-
ing risk of stroke, heart failure, dementia and mortality [38]. Clinically, AF is classified

81



82 CHAPTER 4. CAUsaL CHARACTERISATION OF ATRIAL ACTIVITY

b)
First diagnosed episode of arid f brillation ~ Avidfbrilgion .| Record Presentation
12-lead ECG EHRA score
Asxociated disease
Paroxysmal Initiel assessment
(usually <48 h) Asess )
— TER Ord anticoagulant
1 Aspirin
Rersistent T2
>7 days or requires C'
T caporreairesCl eanci [ Artpe Rete control
cont | Ymptoms + Rhythm control
Antiarrhythmic drugs
Ablation
y — — : ACHS/ARBs
Rormenent el SatinsPURAS
> (accepted) Others

Figure 4.1: Classification and treatment of AF: a) classification and progression of the disease;
b) treatment cascade. ACEIL angiotensin-converting enzyme inhibitor, ARB: angiotensin receptor
blocker; CV: cardioversion, PUFA: polyunsaturated fatty acid, TE: trombo embolism. Reproduced
from [59].

into five types depending on the presentation and duration of the episode [38,59,105]
(See Fig. 4.1(a)):

1. First diagnosed AF: Every patient who has first time diagnosed AF is con-
sidered into this type, independently of the duration of the arrhythmia or the
AF-associated symptoms.

2. Paroxysmal AF: The arrhythmia episode self-terminates within 48 hours. It
may continue up to 7 days and will be highly recurrent.

3. Persistent AF: Recurrent arrhythmia episode lasting more than 7 days without
self-terminating and requires cardioversion (either external or drug-induced).

4. Long-standing persistent AF: AF lasts for more than a year when it is decided
to adopt a rhythm control strategy.

5. Permanent AF: The presence of the arrhythmia is accepted by the patient and
physician and rhythm control strategy is not pursued.

The initial evaluation of a patient must be done in terms of the aforementioned
arrhythmia classification prior to management and treatment, with importance of the
determination of the arrhythmic event onset [38,59].

Management and treatment of patients with AF aim to reduce symptoms and to
prevent severe associated complications. These therapeutic goals need to be pursued in
parallel, specially in those first-diagnosed AF cases. Antithrombotic management, rate
control and adequate therapy of concomitant cardiac diseases are first therapeutic lines
for prevention of AF-related complications. However, additional cardioversion, anti-
arrhythmic drug therapy or catheter ablation may be required to alleviate symptoms
(See Fig. 4.1(b)) [59].
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Catheter ablation is a reasonable therapy for rhythm control (i.e., maintain SR)
for those patients whose anti-arrhythmic drug therapy is ineffective. Specially, it
is justified in those paroxysmal AF patients or in those symptomatic AF patients
whose quality of life can be improved and the risk of other complications can be
reduced [59,105].

Under a focal hypothesis of initiation and maintenance of AF coming from the
pulmonary veins (PVs) [42]. PVs are the principal targets of catheter ablation, being
this approach known as pulmonary vein isolation (PVI) [105]. The PVI approach
performs linear lesions around the PV ostium close to the EAS of the PV musculature
[105]. Additionally, complex fractionated atrial electrograms (CFAEs) ablation [122,
123] and linear lesions are common complements to the PVI ablation approach [105].
However, high recurrence rates in the first 6 to 12 months occur after AF catheter
ablation due to many reasons such as PV reconnection, atrial remodelling or non-
identified non-PV-related AF sources [105].

4.1.2 Quantitative Methods for Atrial Fibrillation Analysis

Aiming to increase the efficacy and outcomes of AF catheter ablation and to assist
physicians in the decision process or in better understanding of AF mechanisms, quan-
titative EGM-based methods have been proposed. Those methods extract, process and
quantify features of the EGM signal recorded using multi-electrode catheters (either
in unipolar or bipolar configuration) pertinent to clinical AF [124-126].

In this context, some methods concentrate in the search of AF drivers assessing
fibrillation rates, either in time domain (i.e., assessing LATSs; e.g., in Fig. 4.2(a))
[77,81,82,119,127-131] or in frequency domain (i.e., analysing the fibrillation dominant
frequency (DF); e.g., in Fig. 4.2(b)) [132-135]. Other methods quantify the regularity
and organization of AF for searching areas responsible of AF maintenance [130, 136
141] (e.g., in Fig. 4.2(b)—(c)). Quantitative methods have also been proposed for
identifying and quantifying areas with CFAEs in order to assist its identification during
AF ablation procedures [142-144] (e.g., in Fig. 4.2(d)). Phase maps are also proposed
as a mapping alternative for identification of spiral waves and rotors during AF [145—
147] (e.g., in Fig. 4.2(e)). Causal relations between different atrial sites have been
proposed to quantify signal interactions using parametric models represented either in
the frequency [148,149] or in the time domain [150-153] (e.g., in Fig. 4.2(f)).

4.1.3 Motivation

Some of the quantitative approaches proposed for AF activity analysis rely on acti-
vation detection and/or does not take into consideration the spatiotemporal relation
between close electrodes. The influence of close electrodes may provide insights of the
fibrillation process and therefore may help in the guidance of ablation procedures of
AF. This chapter introduces a multi-variate predictability framework, based on the
concept of Granger causality (GC), where causal interactions (in the sense of the GC)
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Figure 4.2: Examples of quantitative EGM-based methods for AF analysis: a) wavelet LAT detection
(reproduced from [119]), b) spectral DF and regularity analysis (reproduced from [132]) c) activa-
tion morphology regularity analysis (reproduced from [138]) d) detection of CFAEs (reproduced and
modified from [142]), e) phase map identifying a rotor and tip movement (reproduced and modified
from [146]) and f) parametric analysis of AF propagation (reproduced from [148]).
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between different atrial sites are analysed by considering the EGM signals as stochas-
tic processes interacting with the neighbouring atrial sites by means of an information
exchange driven by the atrial activity.

4.2 The Predictability Framework

4.2.1 Multi-Variate Auto-Regressive Modelling

Considering L-dimensional multi-variate stochastic processes S = {Si,...,Sr} that
describe the activity of different electrodes on the atria. Each set of L simultaneous
observations s(n) = [s1(n), ..., sz (n)]" is assumed to be represented by a multi-variate
auto-regressive (MVAR) model of order m:

s(n) = i A(k)s(n — k) + v(n), (4.1)
k=1

where each A(k) is a L x L whose elements are the auto-regressive coefficients a;;(k),

i,j =1..L,and v(n) = [v1(n), ..., vr, (n)]—r is a multi-variate white noise process defined
by its covariance matrix 3.
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Figure 4.3: Botteron and Smith pre-processing chain [136]: a) original b-EGM signal, b) band-pass
filtering (step 1), c) signal rectification (step 2) and d) low-pass filtering (step 3).

For a given observation s(n), the MVAR coefficients matrices A (k) were estimated
using the least-squares method [154] and the model order m was chosen in the range
1-15 as the value minimizing the Bayesian information criterion (BIC) [155]. In case
the BIC did not reach a minimum, the model order m was chosen as the first one
whose successive difference in BIC is smaller than the 5 % of the largest successive
difference.

4.2.2 Signal Pre-processing

The b-EGM signals were pre-processed following the Botteron and Smith pre-processing
chain [136]; consisting of three steps:

1. Band-pass filtering between 40 and 250 Hz, using a second order Butterworth
infinite impulse response (IIR) filter.

2. Signal rectification.

3. Low-pass filtering with 25 Hz cut-off frequency, using a second order Butterworth
IIR filter.

This pre-processing chain aims to enhance the rhythmic properties of atrial EGM
signals, simplifying their shape variations while reducing noise, as illustrated in Fig.
4.3. Additionally, the pre-processed signals were downsampled to 100 Hz in order
to provide sufficient information for the MVAR modelling while avoiding high model
orders due to data redundancy.
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4.2.3 The Granger Causality and Predictability

The GC is a measurement of predictability and precedence [156]. In a bivariate context
where L = 2 processes are considered, i.e. S = {X,Y}, the source process X is said
to be cause of the target process Y (in the sense of the GC) if the past of X contains
information that helps to predict the future of Y over and above the information
already contained in the past of ¥ [157].

Let 2/ = z(n) denote the present value of a realization of the process X, let
x = [z(n—m),..,x(n— 1)]T denote the vector containing the m past values of X,
and extend this notation to every considered process. Additionally, let o (A) be the
variance of the process A and o (A4|B) be the residual variance of the regression of the
process A over the multi-variate process B. The residual variance was obtained from
the parameters of the MVAR representation (4.1) using the method described in [158],
which is based on the auto-covariance sequence of the MVAR process inferred from
the estimated model parameters.

Then, the GC from the source process X to the target process Y can be written
as [156,159-161]:

Gxy=1In <U((;S|y}i|_y;)_)) (4.2)

=1In (o’(y/|y7)) —In (o(y'\yf,xf)) s

The above concept can be extended to the multi-variate case [156,160], considering
L = 3, where the observed process is S = {X,Y, Z}, being Y the target process and
{X, Z} the remaining source processes. In this extended framework, the predictability
P, of the target process Y is defined as [161,162]:

Py, =1In (U (y’)) —In (a (y/|y7,x7,z7)) , (4.3)
measuring how much the present of the target process Y can be predicted from the

knowledge of its own past and of the past of the other considered processes.

The predictability (4.3) can be decomposed into two terms, as follows [161]:
P, =85, + GXZ—>Y7 (4'4)

where the first term represents the self-predictability of the process Y, quantifying how
much of the uncertainty about the present of Y can be predicted just from its own
past:

Sy =In(c(¥)) —In(c(yly)), (4.5)

and the second term represents the joint Granger causality, quantifying the remaining
amount of uncertainty about the present of Y that could not be predicted by its own
past but is predicted by the past of X and Z:

Gxzoy =In(c (¥ly7)) —In(o ¥y ,x ,27)). (4.6)
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Moreover, Gz can be further decomposed following the same decomposition
process than for equations (4.4)—(4.6) [158], by either regressing first using the process
X or Z, equivalently:

GXZ—>Y = Gx—>Y + GZ—>Y\X = Gz—>Y + Gx—>Y|Za (4'7)

where Gx_,y and G,_,, stand for the Granger causality from X to Y and Z to Y,
respectively, obtained according to (4.2). The terms G,_,y,x and Gx_,y ; stand for
the conditional Granger causality from Z to Y conditioned to the past of X, and from
X to Y conditioned to the past of Z, respectively:

Gzovix =In ((T (y'|y*,x*)) —In (0 (y’|y*,x*,z*)) , (4.8)
Gosyiz=In(oc(yly .z7))—In(o ¥y .x,27)).

quantifying the influence of X or Z in Y, after removing the influence of the past of
Y and the past of the other process, i.e. Z or X, respectively.

On the other hand, an alternative decomposition to (4.4) is [162]:
Py =Cxzoy + GY\XZ7 (410)

where the first term stands for the joint cross predictability of Y from both processes
X and Z, quantifying the amount of uncertainty about the present of Y that can be
predicted solely from the past of X and Z taken together:

Cxzy =1n (0 (y/)) —In (0’ (y’|x_,z_)) , (4.11)

and the second term quantifies the concept of Granger autonomy of Y, measuring the
improvement in the prediction of the target process Y yielded by the inclusion of its
own past over and above the predictability already achieved from the past of X and
Z [163]:

Gyxz=In(o(y|x",27))—In(o (y[y ,x",27)). (4.12)

In the same manner as the decomposition presented in (4.7), Cxz— can be de-
composed as:
sz—»y =Cxoy + CZ—>Y|X = Cz—»v + CX—>Y\Z7 (4-13)

where Cx_,y and C5_,y stand for the cross predictability of Y from X or Z, respectively,
and terms Cy_,vx and Cx_,v; stand for the conditional cross predictability of Y from
Z and X conditioned to X and Z, respectively.

4.2.4 Measurement Framework

In order to apply the definitions formulated in section 4.2.3, let assume that the
neighbour electrodes convey the largest amount of the information relevant to the
activity sensed by the target electrode under analysis. Accordingly, a joint three-
electrode analysis scheme is proposed based on defining the following three processes:
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Figure 4.4: Schematic of application of the proposed three-electrode analysis scheme: a) over a
circular catheter and b) over a linear catheter. Arrows indicate the movement of the electrode triplet
for analysis.

1. Process Y: Target electrode EGM signal under study.
2. Process X: Leftward neighbour electrode EGM signal.
3. Process Z: Rightward neighbour electrode EGM signal.

This three-electrode analysis scheme is shifted across the catheter electrode dis-
tribution under analysis until its complete coverage is achieved, as illustrated in Fig.
4.4.

All the measures introduced in section 4.2.3 are related with the predictability
of the signal under study (process Y) mediated by the influence of the past of the
neighbour electrodes (processes X and Z) and/or its own past. The aim is to use
these interactions to assess cardiac activity; therefore, the following interpretations for
some of the derived measures are provided:

e The predictability P, can be interpreted as a general measure of the regularity
of the target EGM signal Y that takes into account the possible influences from
the neighbour EGM signals X and Z.

o The self-predictability S, and the Granger autonomy G x5 can be interpreted
as measures of the local regularity of the target EGM signal Y, which arises from
the knowledge of its own dynamics, discounting or not the possible effect of the
neighbour EGM signals X and Z.

e The conditional Granger causalities G,_,x and G'x_,,, assess the information
transfer from the adjacent EGM signals X or Z to the target electrode EGM
signal Y, after removing the effect of the other adjacent site.

Moreover, the neighbour connectivity ratio N, can be defined as the relative
amount of information carried by the target signal that can be predicted solely from
the past of the neighbour processes. This concept is quantified combining autonomy

and predictability as follows:
G
Ny =1-— %, (4.14)

Y
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so that (4.14) spans from 0 to 1, where lower values show high contribution of the
autonomy in predictability, and vice versa. Note that the neighbour connectivity ratio
can be formulated equivalently as Ny = Cx,_,, /Py, which reveals that N, reflects
how much site Y is connected with sites X and Z, with low values indicating isolation
of the target electrode since its activity is predicted mainly by its own dynamics (i.e.,
autonomy) but not from the dynamics of the adjacent electrodes.

After computing the complete set of GC measures across the catheter electrode
distribution, the propagation direction can be defined as:

GY—>X|W - Gx—>Y|z

where the process W stands for the adjacent electrode to X in the opposite (leftwards)
direction, if it is available (see Fig. 4.4). The propagation direction Dy.,, quantifies
the dominant direction of the information transfer, i.e., the relative strength of the
information transferred in one direction with respect to the information transferred
in the opposite direction. This measure spans from —1 to 1, where negative values
indicate a dominant information transfer from X to Y and vice versa. Thus, Dy,
can be used to track the propagation of the electrical activity throughout the catheter
electrode distribution.

4.3 Predictability Analysis of Atrial Fibrillation

4.3.1 Testing Databases

Computer Simulations

The Courtemanche-Ramirez-Nattel ionic model [164] was used as base for generation
of the simulation data. This ionic model runs over a simplified human atrial geometry
represented as a monolayer sphere with 6 cm diameter, discretised into a triangular
mesh of approximately 125000 nodes and a spatial resolution of about 300 pm.

The current source approximation [165] was used to obtain b-EGMs at virtual
spherical electrodes of 0.25 mm diameter located at 0.5 mm distance of the simulated
anatomy. These electrodes were distributed over the simulated anatomy mimicking a
basket catheter with eighteen regularly spaced splines (7/9 rad angular distance), each
one composed by eight regularly spaced bipoles with 2 mm inter-electrode distance,
as illustrated in Fig. 4.5(a). Synthetic b-EGM signal length is 10 s with a sampling
frequency of 1 kHz.

Different activity pattern scenarios were simulated in this setting in order to cover
the most common propagation patterns:

1. Single activation source: Activation comes from a single source located at the
sphere pole, firing at a period of 350 ms with random jitters of 6 ms (see Fig.

4.5(b)).
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Figure 4.5: Simulation set-up: a) bipolar electrode distribution over the simulated anatomy mimicking
a basket catheter. Green and blue dots indicate the measurement electrodes of each bipole, and red
dots stand for the geometrical center of the bipole. Arrow point the spline #1 with counterclockwise
spline numbering. Panels (b)—(h) show snapshots of the different simulated patterns (coloured using
the membrane voltage; black dots indicate the location of the bipoles centres): b) single activation
source, c) double activation source, d) anatomical reentry, e) stable functional reentry, f) unstable
functional reentry, g) AF and h) AF with focal source.

. Double activation source: Activation comes from two sources located at the two

poles of the sphere. The two sources fire with a different initial phase and present
different firing periods. The source at the top fires for the first time at 135 ms,
and it subsequently activates with a period of 350 ms with random jitters of 6
ms, while the source at the bottom initially fires at 0 ms, with a period of 360
ms with random jitters of 6 ms (see Fig. 4.5(c)).

. Anatomical reentry: Reentry anchored to an anatomical obstacle with revolution

period of ~360 ms located at the top of the sphere combined with a functional
reentry pattern (spiral) located at the bottom of the sphere (see Fig. 4.5(d)).

. Stable functional reentry: Two stable functional reentries (spirals) with revolu-

tion period of ~200 ms located at each pole of the sphere (see Fig. 4.5(¢)).

. Unstable functional reentry: Unstable meandering spirals with irregular be-

haviour (see Fig. 4.5(f)).

. AF: Complex fibrillation pattern with spiral breakups and multiple wavelets (see

Fig. 4.5(g)).

. AF with focal source: Combination of a complex fibrillation pattern with a

localized source firing at 275 ms, located at a pole of the sphere, which entrains
the surrounding tissue (see Fig. 4.5(h)).
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Tonic and diffusion model parameters were modulated to reproduce the different
simulation scenarios. Specifically, remodelled versions of the Courtemanche model
were used in scenarios 4-5 [166] and 6-7 [165]. Conduction was assumed to be uniform
and isotropic, with the diffusion coefficient D ranging between 0.2 and 0.5 cm?/s.
ODE-PDE system integration was performed by a fully-adaptive multi-resolution al-
gorithm [167]. Reaction and diffusion were integrated with time step At = 0.1 ms,
using the Rush-Larsen non-standard finite difference forward Euler method and ex-
plicit node-centred finite difference stencils [168].

Clinical Mapping Data

Mapping data were obtained from a database of selected patients with paroxysmal AF
displaying different spatiotemporal patterns of atrial organization [169]. Recordings
were acquired using a Constellation “basket” catheter (Boston Scientific Inc., Natick,
MA, USA) placed in the RA. The basket catheter consisted of eight splines, each
carrying eight equally spaced electrodes with 4 mm inter-electrode distance. Therefore,
thirty-two b-EGMs, formed by coupling adjacent pairs of electrodes, were acquired at
1 kHz sampling frequency and filtered between 30-500 Hz (CardioLab System Prucka
Engineering Inc., Houston, TX, USA).

Recordings had different signal lengths depending on the electrophysiological study.
Therefore, for analysis purposes, a 10 s length signal excerpt was selected as the one
maximizing the global root mean square (RMS) value of the b-EGM amplitude after
band-pass filtering between 40-250 Hz. This criterion aims to select a time window with
(overall) good electrode contact with the atrium and to objectivize further analysis.

4.3.2 Application of the Predictability Framework on Basket
Catheter Data

The measurement framework introduced in section 4.2.4 was applied on the avail-
able basket catheter data considering two different configurations: along the catheter
splines (spline-wise analysis), or along the electrodes located at each row of the catheter
in circular distribution (row-wise analysis). As the introduced measures are dependent
on the considered neighbour electrodes, the analysis generally yields different measures
when performed on each of the two configurations.

Then, activity maps illustrating the electrical activity measured by the basket
catheter were constructed by combining the neighbour connectivity ratio NV, and the
propagation direction Dy, . In these maps, each electrode of the basket catheter was
represented as a node coloured according to the value of Ny, and pairs of adjacent
electrodes were connected according to the values of Dy.,,. While Dy, could be
computed and displayed for both spline- and row-wise analyses, the visualization of
N, computed through spline- and row-wise analysis in a single graph is not straightfor-
ward. Therefore, for simplicity, N, values are displayed in the activity maps following
the analysis direction (row-wise or spline-wise) where the map has a greater average
predictability (denoted as P: and P: for spline- and row-wise analysis, respectively).
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Table 4.1: Regularity measurements of each simulated scenario (median [1%% quartile,3" quartile])
obtained at spline-wise and row-wise analyses.

Spline-wise analysis

Scenario

Py (a.u.)

Gy|XZ (a.u.)

Ny (a.u.)

Sy (a.u.)

Single source

Double source

Anatomical reentry

Stable functional reentry
Unstable functional reentry
AF

AF with focal source

6.33 [6.01,6.48]"
3.73 [2.97,5.69]"
3.34 [2.58,4.48]"
3.97 [3.39,4.70]"
2.13 [2.01,2.24]%
2.19 [2.14,2.24]
2.21 [2.13,2.27]

0.73 [0.68,0.80]
1.54 [0.93,1.97]"
1.60 [1.17,1.85]"
1.13 [0.93,1.31]"
1.79 [1.70,1.86]8
2.05 [1.97,2.11]1
1.98 [1.88,2.04]

0.89 [0.87,0.89]"
0.59 [0.33,0.85]"

0.50 [0.29,0.72]*
0.72 [0.63,0.79]*
0.16 [0.12,0.20]8
0.06 [0.03,0.08]"
0.09 [0.06,0.15]

2.04 [2.01,2.08]"
2.07 [2.03,2.10]"
2.24 [2.17,2.32]"
2.33 [2.17,2.43]"
1.88 [1.82,1.92]%
2.12 [2.08,2.16]1
2.10 [2.03,2.14]

Scenario

Py (a.u.)

Row-wise analysis

GYlXZ (a.u.)

Ny (a.u.)

Sy (a.u.)

Single source

Double source

Anatomical reentry

Stable functional reentry
Unstable functional reentry
AF

AF with focal source

4.32 [3.65,4.82]"
3.36 [2.75,4.31]"
3.32 [2.70,4.53]"
4.33 [3.60,5.02]"
2.17 [2.09,2.29]8
2.26 [2.19,2.34]
2.27 [2.16,2.54]

0.33 [0.12,0.63]
0.37 [0.19,0.68]"
1.19 [0.96,1.59]"
0.99 [0.77,1.22]
1.55 [1.16,1.69]8
2.00 [1.91,2.06]"
1.86 [1.70,2.00]

0.92 [0.85,0.97]"
0.89 [0.82,0.95]"
0.64 [0.43,0.79]"
0.76 [0.67,0.84]"
0.30 [0.21,0.54]%
0.10 [0.07,0.19]*
0.17 [0.10,0.32]

2.01 [1.97,2.06]"
2.04 [2.00,2.09]"
2.19 [2.08,2.28]"
2.22 [2.09,2.33]"
1.86 [1.80,1.91]8
2.12 [2.08,2.17]*
2.09 [2.02,2.15]

" statistically significant difference (p < 0.05) against the three unstable scenarios (5, 6 and 7).
§ statistically significant difference (p < 0.05) against scenarios 6 and 7.
<

T statistically significant difference (p 0.05) against scenario 7.

4.3.3 Statistical Analysis

The studied GC-based measures are shown as median and interquartile range. The
statistical significance of the differences between GC-based measures obtained from
pairs of simulated scenarios is assessed, when indicated, using the Wilcoxon-Mann-
Whitney test. Moreover, the statistical significance of any GC-based measure is tested
against the null hypothesis of zero GC using the test described in [156]. In all the
statistical tests, a p-value < 0.05 was set as threshold for rejecting the null hypothesis.

4.3.4 Results

Predictability Analysis of Simulation Data

Table 4.1 and Fig. 4.6 show the distributions of the measures of predictability Py,
Granger autonomy Gy x5, neighbour connectivity ratio N, and self-predictability S\,
computed for the seven simulated scenarios.

The predictability presents the highest values for the single source scenario, and
its values decrease as the simulated patterns become more complex (see Fig. 4.6(a)).
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Figure 4.6: Predictability measures obtained by spline-wise (blue boxes) and row-wise (red boxes)
analysis of each simulated scenario: a) predictability Py, b) Granger autonomy Gy |xz, ¢) neighbour
connectivity ratio Ny and d) self-predictability Sy-.



94 CHAPTER 4. CAUsaL CHARACTERISATION OF ATRIAL ACTIVITY

On the other hand, the Granger autonomy shows an opposite behaviour (see Fig.
4.6(b)). This suggests that more regular atrial rhythms exhibit high predictability
mostly related to the influence of adjacent sites on the target EGM signal. However,
such influence vanishes in more complex atrial activity where a significant amount of
predictability is due to local activity.

The neighbour connectivity ratio, being related to the ratio of the previous two,
measures their relation in normalized units, reflecting the regularity of the patterns
resulting from non-isolated atrial activity (Fig. 4.6(c)).

The self-predictability does not seem to characterize well the complexity of the
simulated patterns, as it shows similar ranges for the different simulation scenarios
with no clear trend with the complexity of the simulated activity (see Fig 4.6(d)).

As shown in Table. 4.1, all the studied measures are able to distinguish between
organized and disorganized simulated activity (p < 0.05) in both spline-wise and row-
wise configuration analysis.

Causality Analysis of Simulation Data

Figure 4.7 exemplifies the capability of the introduced framework to track the propa-
gation of atrial activity through the propagation direction Dy, .

Figure 4.7(a)—(b) illustrate the activity sensed by one of the linear splines of the
simulated basket catheter in presence of a single activation source pattern and a double
activation source pattern, respectively. In Fig. 4.7(a) activation comes from the top
of the spline and propagates downwards, whereas in Fig. 4.7(b) activation comes from
both the top and bottom part of the spline and fuses between electrodes 4 and 5 as
illustrated in the collision EGM indicated with an asterisk.

Figure 4.7(c)—(d) illustrates the activity sensed by electrode row #1 in presence of
an anatomical reentry and a stable functional reentry, respectively. In Fig. 4.7(c), the
propagation follows a sequence that indicates a wavefront circulating in the direction
of the circular electrode configuration. Figure 4.7(d) shows that electrode 18 is the
earliest activated (marked with an asterisk), which suggests the presence of a source of
activation at that site. Moreover, the activation linearly propagates across the studied
circular configuration, ending at electrode 9.

Activity Mapping of Simulation Data

Figure 4.8 illustrates the activity maps of the full simulated basket catheter.

The activity map for the single source scenario is shown in Fig. 4.8(a). This map
was obtained by spline-wise computation of Ny (as P = 6.22 and P: = 4.28). It
shows that the wave travels from top to bottom in a very regular fashion indicated
by consistently high Dy, and N, values. The activity map for the double source
scenario is shown in Fig. 4.8(b). This map was obtained by spline-wise computation of
N, (as P; = 4.25 and P = 3.68). Both the sign of the propagation direction Dy,
and the high values of N, indicate that the activation comes from each extreme of the
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a)

Conditional GC (a.u.)

Conditional GC (a.u.)

Conditional GC (a.u.)

Conditional GC (a.u.)

Figure 4.7: Examples of causality analysis maps obtained using the introduced framework during
simulation of: a) single source (electrode spline #1), b) double source (electrode spline #1), c)
anatomical reentry (electrode row #1) and d) stable functional reentry (electrode row #1). Each
panel shows: at the left, a snapshot of the simulated pattern (red dots: electrodes selected for
catheter analysis); at the center, a schematic of the catheter used for the causality analysis with
electrode connections (numbered circles: corresponding catheter electrodes; lateral coloured arrows:
conditional GC, dashed if p-value < 0.05; central tick arrows: propagation direction Dx .« y); at the
right, the corresponding EGM signals with propagation indicated by black arrows. The meaning of

the asterisks in (b) and (d) is explained in text.
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Figure 4.8: Activity maps of the simulated basket catheter for simulations of: a) single source, b)
double source, ¢) anatomical reentry, d) stable functional reentry, e) unstable functional reentry and
f) AF with focal source. Each panel shows: at the top, a snapshot of the simulated scenario (red
dots indicate the electrode spline #1 with counterclockwise spline numbering) and at the bottom, the
corresponding schematic of the simulated basket catheter whose electrodes are represented by nodes
coloured corresponding to the values of Ny (non-coloured nodes: Ny could not be obtained) and
connected following the values of the propagation direction Dx .y (dashed connections: no dominant
direction, i.e., |Dxy| < 0.05 ). Ny is computed through spline-wise analysis in panels (a)—(c) and
through row-wise analysis in panels (d)—(f). Note that due to geometry constraints, connections
between rows 1-2 and rows 7-8 could not be obtained.
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catheter. Moreover, N, values decrease towards the collision area at the center part
of the catheter.

Figure 4.8(c) shows the activity map of the anatomical reentry scenario. This map
was obtained by spline-wise computation of N, (as P, = 3.63 and P. = 3.60). The
different values of Ny and Dy, observed between the top and bottom parts of the
catheter suggest the presence of a stable and regular pattern located at the top, with
revolution direction going from spline 18 to 1 and the presence of a more unstable
pattern at the bottom.

Figure 4.8(d) shows the activity map of the functional reentry simulation scenario.
This map was obtained by row-wise computation of Ny (as P; = 3.98 and P!, = 4.29).
The low N, values suggest two sources of instability, the first located around the top
part of splines 1-18 and the second around the bottom part of splines 2-3. These two
sources of instability are surrounded by a stable propagation observed throughout the
rest of the catheter.

The activity map of the unstable functional reentry simulation scenario is shown
in Fig. 4.8(e). This map was obtained by row-wise computation of N, (as P: =
2.14 and P = 2.21). The homogeneously low values of N, suggest a high complexity
of the activation throughout the catheter, related to low predictability and/or high
autonomy of the atrial activity. However, a reentrant path is suggested around splines
7-13.

The activity map of the AF with focal source scenario is shown in Fig. 4.8(f). This
map was obtained by row-wise computation of N, (as P2 = 2.24 and P. = 2.39). A
predominant up-to-bottom propagation is identified with low N, values for almost all
electrode locations except for those upper rows where a source of regularity is present.
Moreover, high values of N, are shown for splines 13-17, suggesting the location of a
regularity source slightly towards this direction.

Causality Analysis of Mapping Data

EGMs obtained using a basket catheter were studied from two patients with parox-
ysmal AF, showing different spatiotemporal organization patterns. In particular, two
complete rows of the basket catheter from each patient are shown and analysed.

In Fig. 4.9(a) the framework tracks the complete activity, suggesting an early
propagation from the posterior RA wall (electrode CD1 indicated by an asterisk) at
the cranial row that shifts towards the RA septum (electrodes EF3-6 indicated by an
asterisk) at the medial row. In Fig. 4.9(b), the framework identifies some electrode
connections (CD5 to GHI for the cranial row and AB7 to GH2 in the caudal row) even
in the presence of a complex propagation pattern with multiple wavefront blocks.

The values of N, obtained for the two circular electrode configurations of Fig.
4.9(a) (presented as mean + SD over all electrodes) indicate a degree of regularity
higher than that observed for the circular configurations of Fig. 4.9(b). These higher
values are in agreement with the clear propagation observed in Fig. 4.9(a) looking at
the causality analysis maps.
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Figure 4.9: Application of the proposed framework to RA basket mapping data in two patients with spatiotemporal AF patterns exhibiting
different levels of complexity. Each panel shows: at the top, a schematic representation of the open RA with the position of the recording
electrodes (unavailable electrodes due to miss-contact are indicated with X; electrode connected with a dashed line indicate the analysed circular
configuration); at the bottom left, the corresponding b-EGM signals of the analysed circular configurations (numbered 1 and 2); at the bottom
right, the corresponding causality map (named circles: corresponding catheter electrodes; lateral coloured arrows: conditional Granger causality,
dashed if p-value < 0.05; central tick arrows: propagation direction Dx< vy, dashed if no dominant direction is present, i.e., |Dxoy| < 0.05)
including at the centre the average + SD value of Ny. The meaning of the asterisks in (a) is explained in text.



4.4 DiSCUSSION 99

4.4 Discussion

In this chapter, a framework based on the concept of GC is introduced in order to
quantify the predictability of intracardiac signals and to assess both the regularity of
the activity of individual cardiac sites and the interactions among spatially separated
sites. The GC is a measure of prediction and precedence, which is assessed within
the context of a linear analysis framework. Accordingly, MVAR models of the pre-
processed b-EGMs were used for computing the GC-related measures based on the
residuals variance of different process regressions [156,159).

In this context, GC analysis is formalized for atrial signals in a unified framework
by providing a set of prediction measures, which are used and interpreted within the
physiology of AF. Note that not all GC-based measurements presented in section 4.2.3
are relevant for this objective (e.g. the conditioned decompositions of the joint cross-
predictability), but they have been defined to achieve completeness in the presentation
of the predictability framework.

With the aim of providing a detailed view of the potential usefulness of the method-
ology, the evaluation of the proposed framework was conducted using both simulations
of different AF mechanisms and clinical mapping data. The simulation study employed
seven different simulation scenarios, covering a wide range of conditions of atrial pat-
terns from regular to irregular activity. Moreover, the derived EGM signals were
obtained mimicking a basket catheter configuration, which provides a realistic situ-
ation found in an electrophysiology lab. This basket catheter configuration allowed
also to test the framework employing different electrode distributions (i.e., circular and
linear) and to prove the generality of the proposed three-electrode analysis scheme.

4.4.1 Quantification of the Regularity of Simulated Atrial Ac-
tivity

The predictability and its conditioned decompositions, the self-predictability and the
Granger autonomy, allow to measure different aspects of the regularity of the signal
and the underlying activity. Predictability and Granger autonomy show an opposite
behaviour with respect to the complexity of the simulated activity. On the other
hand, the self-predictability does not show a clear trend that differentiates regular
from irregular rhythms, in contrast with Granger autonomy, as shown in Table 4.1
and Fig. 4.6. This raises the importance of spatiotemporal analysis because the self-
predictability was mainly affected by the surrounding signals in organized or regular
rhythms and this effect was removed by definition in the computation of the Granger
autonomy measure.

The neighbour connectivity ratio combines predictability and Granger autonomy,
providing a normalized descriptive measure of the atrial rhythms that accounts for
both the global regularity and the degree of connectivity. The low values of the neigh-
bour connectivity ratio found for the unstable simulated scenarios (unstable functional
reentry, AF and AF with focal source), compared to the organized scenarios (p-value
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< 0.05 for all comparisons) reflect the ability of this index to quantify isolation. Hence,
the more irregular the propagation is, the less predictable the signal is from the adja-
cent electrodes, and lower values are attained for the neighbour connectivity ratio.

All these measures are dependent on the direction of the propagation with respect
to the orientation of the three-electrode analysis scheme used for rhythm analysis and
characterization (see Fig. 4.6). Important differences appear in scenarios where the
propagation direction follows the direction of one of the two electrode distributions
(i.e., spline-wise or row-wise). In particular, in scenarios with one/two sources at the
“‘poles” present high/low values during row-wise analysis. In these cases, the acti-
vation wavefront passes simultaneously through all electrodes, allowing the adjacent
electrodes to explain the activity of the target electrode. On the other hand, spline-wise
analysis of anatomical reentry and functional reentry show lower regularity, compared
to row-wise analysis, due to the differential behaviours of each hemisphere.

4.4.2 Activity Tracking Capability

The analysis of the conditional Granger causality by means of the propagation direc-
tion Dy, illustrates the sequence of activation sensed by the catheter. The sign and
the values of Dy, quantify the predominant direction and the relative strength of
information transfer between two electrodes and track the propagation through the
catheter, as is illustrated in the examples from simulations shown in Figs. 4.7 and 4.8.
Moreover, Fig. 4.9 shows examples of the application of the proposed methodology,
when atrial activity was mapped using the propagation direction in paroxysmal AF
patients showing different organization patterns. The good tracking capability ob-
served in these illustrative cases, suggests the usefulness of the proposed measure of
propagation direction.

Methodologically, the propagation direction is defined using the conditional Granger
causality Gx_, vz and Gy_, x|w in order to discount the interaction between electrodes
X and Y from its other neighbours (W and Z, respectively). In the case of L = 3,
Dy.,y could have been equivalently defined in terms of the Granger causalities be-
tween X and Y (i.e. Gx_, and Gy_ ). However, the latter definition would be
limited within an extended framework with L > 3, where additional conditioning
terms would be needed to avoid over-estimation of the existing interactions between
close neighbour electrodes with the target electrode.

Moreover, combining the propagation direction Dx.,, and the neighbour connec-
tivity ratio Ny, it is possible to obtain comprehensive activity maps that include,
within the same picture, information about the direction of propagation and the areas
of stability of such propagation, as illustrated in Fig. 4.8. These activity maps allow
to observe the underlying cardiac activity in detail. For instance, Fig. 4.8(a) shows
a stable map (high N, values) reflecting the presence of a single source of activation,
while Fig. 4.8(b) shows decreasing values of N, while approaching the central area of
the sphere, where the wavefronts from the two sources collide. This last result reflects
the instability of the collision, and explains the wide range of regularity observed in
Fig. 4.6.
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Figure 4.8(c) shows different behaviour between hemispheres, with an organized
propagation at the top of the sphere due to the anatomical reentry and less organized
propagation at the bottom due to the collision of the “tail” and the ‘“head” of the
reentrant wavefront. Figure 4.8(d) shows medium-to-high regularity in the whole
catheter except for those locations where the tips of the functional reentries (spirals)
are localized. Figure 4.8(e) shows a preferential reentry path from top-to-bottom
around splines 6-9 and from bottom-to-top around splines 9-13, whereas unstable
patterns occur in the rest of the simulated sphere. Finally, Fig. 4.8(f) shows that the
top of the sphere, where the focal source of activation entrains the tissue during AF,
is the most regular part of the simulation scenario.

While the activity maps have been chosen to be obtained following the analysis
direction that maximizes the average predictability value, both spline- and row-wise
analysis are needed for their construction using the proposed three-electrode analysis
scheme. Therefore, although this maximization criterion can be considered as a guide-
line for default visualization in case the framework was applied to clinical practice, it
is flexible enough to allow displaying the results of both analyses.

4.4.3 Comparison with Other Methods

The framework introduced in this chapter extends several methodologies already pro-
posed in this context. For instance, frequency domain causality analysis of AF was
performed in [148,149] via partial directed coherence (PDC). Compared to PDC, the
introduced framework provides causality indices that are easier to interpret, as the
method does not require identifying a frequency band to analyse interactions. More-
over, the introduced approach explores a wide range of dynamical properties of the
atrial signals besides causality, such as overall predictability, self-predictability, the
proposed neighbourhood connectivity ratio and the propagation direction considering
not only pairs of electrodes, but also their adjacent electrodes.

On the other hand, the approaches in [150-153] also proposed time-domain GC-
based measures, but are limited in that they define bi-variate measures, which are
sensitive to spurious connectivity induced by a common driver or cascade effects of
other neighbour signals. The introduced framework implements a multivariate for-
mulation of GC measures that allows a more precise identification of propagation
patterns. It may be extended to take any number of neighbouring atrial sites into
account, just by considering Z as a multi-variate process that includes all the L — 2
remaining neighbour electrodes under analysis.

In addition to the multi-variate formulation, the proposed framework extends mea-
sures of spatial organization such as cross-correlation or cross-spectral measures (pro-
posed, e.g., in [132,136,137]) also by providing the information about the direction
of the interactions, which is closely related to the atrial wavefront propagation. Also,
compared with activation sequence-based approaches (e.g. in [77,81,82,119,128,129,
131,136, 138]), where the main advantage of the proposed framework is that the ac-
tivation detection step is not necessary and, therefore, the analysis outcomes are not
limited by the activation detection accuracy during complex activity.
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4.4.4 Limitations

The proposed framework characterizes atrial activity by implementing a linear MVAR
modelling analysis of the dynamics and interactions between nearby cardiac sites.
While the presence of nonlinear dynamics may limit the descriptive capability of the
framework, the linear assumption appears to be sufficient to track most of the activity
in both simulations and clinical mapping data. Nevertheless, it may be interesting to
consider extensions of our approach to nonlinear models, although not many examples
can be found in the analysis of AF intracardiac signals [170].

The proposed three-electrode analysis scheme assumes one-electrode neighbour-
hood and one-dimensional interaction. This topology is applicable to any multi-
electrode catheter, but this assumption may not always be accomplished due to elec-
trode sparsity. Other limitations of the proposed scheme are related to the number
of available electrodes, especially for extremal electrodes in linear catheter configura-
tions, and the need of achieving complete contact for all electrodes in order to perform
a continuous analysis of the cardiac activity. This was especially noticed in real data
analysis, which was limited by the lack of contact for some electrodes (see Fig. 4.9).
Nevertheless, the proposed three-electrode analysis scheme aims to be general and ap-
plicable on any multi-electrode catheter without being tailored to a particular catheter
type or electrode distribution. Moreover, linear and circular catheters are still the most
commonly used in clinical practice. Some of the limitations described above may be
alleviated by choosing other neighbourhood electrode topologies, as allowed by the
flexibility of the framework.

4.4.5 Clinical Relevance

The proposed activity maps provide a global visualization of a multi-electrode catheter
that may be potentially useful for identifying fibrillation sources and guiding catheter
ablation interventions. For that purpose, further evaluation is needed in additional
clinical scenarios of AF.

4.5 Conclusion

This chapter presents a linear predictability framework for analysing cardiac activity
and interactions during AF based on GC definitions. The method provides regularity
measures able to distinguish the complexity between different atrial rhythms. More-
over, it can be applied to track and map the underlying cardiac activity in any simul-
taneous multi-electrode catheter, not requiring activation detection or post-processing
algorithms. The proposed global mapping of regularity and connectivity of the activity
acquired from multi-electrode catheters, simultaneously showing signal propagation
and stability, can be useful for interpreting such activity and supporting clinicians
during ablation interventions.
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5.1 Summary and Discussion

This thesis proposes intracardiac electrogram (EGM) signal processing approaches to
help in the decision process of physicians and companion technicians during ablation
interventions and electrophysiological testing of cardiac arrhythmias.

5.1.1 Electroanatomical Activation Mapping of Focal Ventri-
cular Arrhythmias

Electroanatomical mapping (EAM) systems are useful tools for mapping cardiac ar-
rhythmias since they help to visualize their complexity, overcoming classical fluo-
roscopy catheter ablation procedures. However, these systems do not include nowadays
appropriate software for robust detection of local activation times (LATSs) for activa-
tion mapping (AM), therefore requiring the system operator to manually check each
mapping point during the procedure. Chapter 2 introduces a wavelet-envelope-based
bipolar electrogram (b-EGM) detector and delineator for automatic ventricular AM
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using an EAM system, aiming to provide fast, observer-independent and reproducible
LAT detection.

The proposed algorithm uses the surface electrocardiogram (ECG) as a searching
window for identifying the onset of the b-EGM signal by means of the wavelet de-
composition of the b-EGM signal envelope. The algorithm also exploits the spatial
information of close mapping points with morphologically similar b-EGM signal in
order to improve map quality.

Validation has been conducted by means of two different studies. First, a detection
performance evaluation using a controlled database of patients with focal ventricular
tachycardias (VTs). In this database, off-procedure manual annotations from two
different experts have been used for validation of the automatic annotations as well
as the manual annotations performed during the intervention (on-procedure annota-
tions), which were used to guide ablation decision. In this context, automatic AM
shows slightly lower performance than manual on-procedure LAT identification com-
pared with the off-procedure annotation reference. However, automatic LAT annota-
tion correlation and error with respect to the reference annotations were appropriate
for identifying the area of interest (AOI) for ablation purposes. This fact and the low
computational times of the algorithm can potentially overcome manual LAT identifica-
tion. This is of especial importance when using high-density multi-electrode catheters
where manual identification of LATSs over tenths of simultaneously acquired EGM
signals becomes unaffordable without automatic or semi-automatic signal processing
approaches.

The second study illustrates a clinical evaluation of the automatic activation map-
ping algorithm. The evaluation consists of quantifying the automatic activation map
quality in dealing with two objectives: 1) to correctly identify the early activation site
(EAS) isochronal area which becomes in the AOI for ablation purposes and 2) to de-
termine the site of origin (SOO) of the clinical arrhythmia through the measurement
of map descriptors based on the size and shape of the 10 ms EAS isochronal area.
For this purpose, the used database consists of patients with idiopathic outflow tract
ventricular arrhythmias (OTVAs) and septal activation in the right ventricle electro-
anatomical map which yields in a SOO uncertainty due to complex 3-D anatomical
relationships between the right and the left ventricle outflow tracts. For compari-
son, manual activation maps created during the intervention were used as reference.
The results show that automatic activation maps have similar accuracy in identify-
ing the EAS isochronal area for ablation and a slightly superior SOO identification
performance than the manual activation maps, in the studied patient sample.

These two studies provide insights about the performance of the proposed wavelet-
envelope-based detector and delineator algorithm. Their results indicate that the
algorithm may be useful to reduce map acquisition times (especially when using multi-
electrode catheters) as well as to reduce the duration of ablation interventions, mini-
mize uncertainties due to system operator variability and increase ablation outcomes
if included within current EAM system software.
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5.1.2 Spatiotemporal High-Density Activation Mapping dur-
ing Atrial Fibrillation

Atrial fibrillation (AF) is a complex arrhythmia in which sequential mapping using
EAM systems have limited utility during ablation procedures and therefore, continuous
multi-electrode mapping is desirable. However, multi-electrode catheters lack spatial
resolution due to electrode sparsity. Thus, high-density multi-electrode array (MEA)
sensors are more suitable to provide insights on the mechanisms underlying the fib-
rillation process. Automatic classic LAT detection in unipolar electrogram (u-EGM)
signals simplifies the detection process to just a sequence of time occurrences, reject-
ing the remaining spatiotemporal information contained in the signal shape and its
relation with the surrounding electrodes. Chapter 3 introduces a integrated solution
for spatiotemporal high-density AM of the atrium that exploits the relations between
close electrodes.

The proposed approach assumes that the complete activation under the MEA
can be obtained by combining contributions of simple (isotropic) propagation pattern
models whose parameters are iteratively adapted to small areas of the total acquired
cardiac activity.

Evaluation was conducted on experimental data obtained from the right atrium
(RA) of a single patient during sinus rhythm (SR) and AF. Audited automatic LAT
annotations were performed by an expert electrophysiologist and used as “gold stan-
dard”. In this setting, activation patterns were analysed using a complexity scale
showing low LAT error and high agreement of LAT detections compared with the
reference, up to the two more complex levels of the scale (where line of blocks (LBs)
and complex atrial fibrillation (CAF) are present). Additionally, the isotropic prop-
agation model used for detection allows to represent the estimated focus location for
each section of the activation map (i.e., loci maps). These loci maps provide additional
information about the direction, number of concomitant wavefronts circulating behind
the MEA sensor and the substrate properties.

The proposed spatiotemporal approach provides accurate, smooth and compre-
hensive high-density activation maps which also include extra information about the
existing wavefront underpassing the MEA sensor. Therefore, this spatiotemporal al-
gorithm can help in the development of systems based on minimally invasive MEA
catheters that will increase mapping density during AF ablation interventions or elec-
trophysiological studies

5.1.3 Analysis of Causal Interactions during Atrial Fibrillation

Multi-electrode catheters are used to guide ablation interventions during AF. There-
fore, multiple EGM-based quantitative methods have been proposed to aid in the
interpretation of the increasing amount of signals acquired during the mapping pro-
cedure. However, most of these approaches depend on the outcomes of an activation
detection algorithm or/and do not take into consideration the spatiotemporal relation
between electrodes. Chapter 4 introduces a linear predictability framework based on
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the concept of the Granger causality (GC) for the analysis of the interactions between
EGM signals during AF.

The introduced framework considers each EGM signal acquired with a multi-
electrode catheter as an stochastic process whose information transfer is driven by
the fibrillation activity. Hence, the framework analyses a complete multi-electrode
catheter using a three-electrode analysis scheme where the interactions between EGM
signals (in the sense of the GC) were quantified using a multi-variate auto-regressive
(MVAR) representation of the preprocessed b-EGM signal.

Evaluation and validation of the framework has been conducted by means of a
extensive AF simulation database, with 7 different propagation scenarios covering the
most common situations found in an electrophysiology lab. Additionally, the frame-
work capabilities were illustrated in examples of patients with paroxysmal AF and
different spatiotemporal fibrillation patterns. The framework provides predictability
measures that are able to distinguish the regularity of each simulated pattern and track
the propagation within the catheter scope using the information transfer between elec-
trode sites. Both concepts can be used together to construct activity maps providing
global view of the fibrillation process. Moreover, in real data, the framework is able
to track propagation and provide useful information about the fibrillation process.

The introduced predictability framework provides a tool for assessing cardiac activ-
ity and interactions during AF using multi-electrode catheters. It provides measures
about the regularity and propagation throughout the catheter that is able to distin-
guish the complexity of the fibrillation activity, flexible enough to be applicable to any
multi-electrode catheter electrode configuration and without the need of activation
detection or post/processing steps. Moreover, it allows to obtain a global view of the
fibrillation activity under the catheter sight, which can be potentially useful in the
guidance of AF catheter ablation interventions.

5.2 Main Limitations

The complexity of the diseased cardiac substrate that promotes a certain arrhythmia
and the subject variability in heart anatomy may yield to different manoeuvres for
electrophysiological testing or catheter ablation procedures. In addition, many differ-
ent mapping and ablation catheters are used during these procedures depending on
the mechanisms and type of the arrhythmia. Therefore, the lack of standard databases
with systematic EGM signal acquisition difficult validation efforts and represents one
of the main limitations of the introduced approaches in this thesis.

This thesis is focussed on providing EGM-based quantitative solutions for the treat-
ment of different cardiac arrhythmias. On the one hand, the used databases for valida-
tion are limited in the number of patients, either due to data singularity, homogeneous
patient sample availability or lack of consensus on the measurements. Therefore, fur-
ther evaluation in different datasets is needed in order to remove the possible bias of
the evaluation process of the introduced approaches in this thesis.
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Finally, the increasing popularity of EAM systems boosts the usage of radiographic
anatomy data and their integration with the electrical information of the cardiac sub-
strate, as mentioned in section 1.5.4. Therefore, radiographic anatomy can provide
complementary information which was not exploited during the research presented in
this thesis.

5.3 Conclusion

This thesis explores signal intracardiac processing techniques in order to solve common
technical and clinical issues in the field of cardiac electrophysiology and arrhythmias.
Each particular problem presented in this thesis has been oriented within a spatiotem-
poral approach, hence providing solutions that take into consideration both the specific
problem and the complexity of cardiac arrhythmias.

5.4 Clinical Implications

The quantitative EGM-based methods introduced in this thesis are oriented to solve
a practical technical problem in the field of cardiac electrophysiology, providing global
tools for mapping or characterising a specific arrhythmia. Therefore, they may po-
tentially have a direct impact in daily practice of electrophysiologists and companion
technicians.

Especially, the method for automatic AM using EAM systems introduced in chap-
ter 2, represents the more practical-oriented method, as it is designed to solve a com-
mon problem in daily clinical routine during cardiac mapping using EAM systems. The
introduction of the proposed method into EAM system software would yield into a re-
duction of map acquisition time, especially of high-density maps using multi-electrode
catheters, thanks to the low computational times. Also it may contribute to reduce
observer variability and workload during ablation interventions which may yield into
safer and faster ablation procedures.

The spatiotemporal method for high-density AM during AF, introduced in chap-
ter 3, represents a novel approach to resolve cardiac activation, developed and tested
using MEA sensors in an invasive clinical scenario. The recent developments in om-
nipolar mapping [171,172| can take profit of the introduced algorithm and thus be
already available for the clinical practice and provide insights in the activation com-
plexity of diverse arrhythmias.

Finally, the analysis of causal interactions between different electrodes placed in
the atrium (or in any other part of the heart) introduced in chapter 4, aims to analyse
and map cardiac activity using the most common electrode arrangements found in
multi-electrode catheters. Within the proposed GC-based predictability framework,
the introduced activity maps allow to have comprehensive information of the activa-
tion sequence and substrate stability, which may help in the guidance of the ablation
approach.
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5.5 Future Work

Some of the possible straightforward future research lines derived from the develop-
ments presented in this thesis are:

1. To extend the automatic delineation of b-EGM signals using EAM systems in
order to the identify other waves and features of the signal.

2. To investigate new measurements focussed within the delineated b-EGM signal
characteristics in order to emphasize properties of the proarrhythmic cardiac
substrate.

3. To complement the quantitative EGM-based methods applicable to EAM sys-
tems with the radiographic anatomy information, developing specific signal pro-
cessing methods focussing on certain special structures in order to increase the
sensitivity of the automatic mapping strategy in these critical areas, yielding
more proactive mapping strategies.

4. To design a new framework for the application of high-density spatiotemporal
detection to the newly developed omnipolar mapping catheters during minimally
invasive procedures using EAM systems. Therefore testing the feasibility of the
method to provide high-density activation maps into a clinical set-up

5. To extend the causal analysis framework to high-density mapping catheters and
omnipolar mapping catheters, in order to complement EAM system mapping
strategies providing extra information of the propagation and stability of cardiac
activity for arrhythmia assessment.



Bibliography

1

2]

3]

4]

[5]

(6]

7]

8]

19]
[10]

[11]

R. Lozano, M. Naghavi, K. Foreman, S. Lim, K. Shibuya et al., “Global and
Regional Mortality from 235 Causes of Death for 20 Age Groups in 1990 and
2010: A Systematic Analysis for the Global Burden of Disease Study 2010,”
Lancet, vol. 380, no. 9859, pp. 2095-2128, 2012.

D. Mozaffarian, E. J. Benjamin, A. S. Go, D. K. Arnett, M. J. Blaha et al., “Heart
Disease and Stroke Statistics - 2016 Update: A Report From the American Heart
Association,” Circulation, pp. el-e323, 2016.

N. Townsend, L. Wilson, P. Bhatnagar, K. Wickramasinghe, M. Rayner et al.,
“Cardiovascular Disease in Europe: Epidemiological Update 2016,” European
Heart Journal, pp. 1-14, 2016.

A. C. Guyton and J. E. Hall, Textbook of Medical Physiology. W.B. Saunders,
11 ed., 2006.

L. Gaztanaga, F. E. Marchlinski, and B. P. Betensky, “Mechanisms of Cardiac
Arrhythmias,” Revista Espanola de Cardiologia (English Edition), vol. 65, no. 2,
pp. 174-185, 2012.

Z. F. Issa, J. M. Miller, and D. P. Zipes, Clinical Arrhythmology and Electro-
physiology: A Companion to Braunwald’s Heart Disease. Saunders, 2 ed., 2012.

L. Sérnmo and P. Laguna, Bioelectrical Signal Processing in Cardiac and Neu-
rological Applications. Elsevier Science, 2005.

S. A. Jones, ECG Notes: Interpretation and Management Guide. F. A. Davis
Company, 2 ed., 2010.

A. Bayes de Luna, Clinical Electrocardiography: A Textbook. Wiley, 1998.

G. S. Wagner, Marriott’s Practical FElectrocardiography. Lippincott Williams &
Wilkins, 2001.

C. Antzelevitch and B. Alexander, “Overview of Basic Mechanism of Cardiac
Arrhythmia,” Cardiac Electrophysiology Clinics, vol. 3, no. 1, pp. 23-45, 2011.

109



110

BIBLIOGRAPHY

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

M. E. Mangoni and J. Nargeot, “Genesis and Regulation of The Heart Auto-
maticity,” Physiological Reviews, vol. 88, no. 3, pp. 919-982, 2008.

E. G. Lakatta, Y. Yaniv, and V. A. Maltsev, “Cardiac Impulse is Initiated by
a Coupled System of Membrane Ion Channels and Ca2+ Cycling Proteins,” in
Cardiac Electrophysiology: From Cell to Bedside (D. P. Zipes and J. Jalife, eds.),
ch. 25, pp. 243-252, Saunders Elsevier, 6 ed., 2014.

D. P. Zipes, “Mechanisms of Clinical Arrhythmias,” Journal of Cardiovascular
Electrophysiology, vol. 14, no. 8, pp. 902-912, 2003.

H. E. ter Keurs and P. A. Boyden, “Calcium and Arrhythmogenesis,” Physiolog-
ical Reviews, vol. 87, no. 2, pp. 457-506, 2007.

A. G. Kléber and Y. Rudy, “Basic mechanisms of cardiac impulse propagation
and associated arrhythmias.,” Physiological Reviews, vol. 84, no. 2, pp. 431-488,
2004.

A. G. Mayer, Rhythmical Pulsation in Scyphomeduse. Washington, D.C.:
Carnegie Institution of Washington, 1906.

G. R. Mines, “On Circulating Exitations in Heart Muscles and their Possible
Relations to Tachycardia and Fibrillation,” Transactions of the Royal Society of
Canada, vol. IV, pp. 43-52, 1914.

W. E. Garrey, “The Nature of Fibrillary Contraction of the Heart - Its Relation to
Tissue Mass and Form,” American Journal of Physiology - Heart and Circulatory
Physiology, vol. 33, pp. 397-414, 1914.

M. A. Allessie, F. I. M. Bonke, and F. J. Schopman, “Circus Movement in
Rabbit Atrial Muscle as a Mechanism of Tachycardia. III. The "Leading Circle"
Concept: A New Model of Circus Movement in Cardiac Tissue Without the
Involvement of an Anatomical Obstacle,” Circulation Research, vol. 41, no. 1,
pp. 9-18, 1977.

N. El-Sherif, R. Mehra, W. B. Gough, and R. H. Zeiler, “Reentrant Ventricular
Arrhythmias in the Late Myocardial Infarction Period. Interruption of Reentrant
Circuits by Cryothermal Techniques,” Circulation, vol. 68, no. 3, pp. 644656,
1983.

J. Jalife, O. Berenfeld, and M. Mansour, “Mother Rotors and Fibrillatory Con-
duction: A Mechanism of Atrial Fibrillation,” Cardiovascular Research, vol. 54,
pp. 204-216, may 2002.

P. F. Cranefield, A. L. Wit, and B. F. Hoffman, “Genesis of Cardiac Arrhyth-
mias,” Circulation, vol. 47, no. 1, pp. 190-204, 1973.

N. El-Sherif, R. A. Smith, and K. Evans, “Canine Ventricular Arrhythmias in the
Late Myocardial Infarction Period. 8. Epicardial Mapping of Reentrant Circuits,”
Circulation Research, vol. 49, pp. 255-265, jul 1981.



BIBLIOGRAPHY 111

[25]

[26]

[27]

28]

[29]

[30]

31]

[32]

[33]

[34]

[35]

M. Valderrabano, Y. H. Kim, M. Yashima, T. J. Wu, H. S. Karagueuzian et
al., “Obstacle-Induced Transition from Ventricular Fibrillation to Tachycardia
in Isolated Swine Right Ventricles: Insights Into the Transition Dynamics and
Implications for the Critical Mass,” Journal of the American College of Cardi-
ology, vol. 36, pp. 2000-2008, nov 2000.

P. S. Chen, P. D.Wolf, E. G. Dixon, N. D. Danieley, D. W. Frazier et al., “Mech-
anism of Ventricular Vulnerability to Single Premature Stimuli in Open-Chest
Dogs,” Circulation Research, vol. 62, pp. 1191-209, jun 1988.

N. Wiener and A. Rosenblueth, “The Mathematical Formulation of the Prob-
lem of Conduction of Impulses in a Network of Connected Excitable Elements,
Specifically in Cardiac Muscle,” Archivos del Instituto de Cardiologia de México,
vol. 16, no. 3, pp. 205265, 1946.

S. M. Dillon, M. A. Allessie, P. C. Ursell, and A. L. Wit, “Influences of
Anisotropic Tissue Structure on Reentrant Circuits in the Epicardial Border
Zone of Subacute Canine Infarcts,” Circulation Research, vol. 63, no. 1, pp. 182—
206, 1988.

M. Valderrabano, “Influence of Anisotropic Conduction Properties in the Prop-
agation of the Cardiac Action Potential,” Progress in Biophysics and Molecular
Biology, vol. 94, no. 1-2, pp. 144-168, 2007.

J. M. Mangrum and J. P. DiMarco, “The Evaluation and Management of Brady-
cardia,” New England Journal of Medicine, vol. 342, no. 10, pp. 703-709, 2000.

A. E. Epstein, J. P. DiMarco, K. A. Ellenbogen, N. A. M. Estes, R. A. Freedman
et al., “ACC/AHA/HRS 2008 Guidelines for Device-Based Therapy of Cardiac
Rhythm Abnormalities,” Journal of the American College of Cardiology, vol. 51,
no. 21, pp. el-e62, 2008.

C. M. Tracy, A. E. Epstein, D. Darbar, J. P. DiMarco, S. B. Dunbar et al., “2012
ACCF/AHA/HRS Focused Update Incorporated Into the ACCF/AHA/HRS
2008 Guidelines for Device-Based Therapy of Cardiac Rhythm Abnormalities,”
Journal of the American College of Cardiology, vol. 61, no. 3, pp. e6—e75, 2013.

D. J. Fox, A. Tischenko, A. D. Krahn, A. C. Skanes, L. J. Gula et al., “Supraven-
tricular Tachycardia: Diagnosis and Management,” Mayo Clinic Proceedings,
vol. 83, no. 12, pp. 1400-1411, 2008.

N. Saoudi, F. Garcia-Cosio, A. Waldo, S. A. Chen, Y. Iesaka et al., “A Clas-
sification of Atrial Flutter and Regular Atrial Tachycardia According to Elec-
trophysiological Mechanisms and Anatomical Bases,” Furopean Heart Journal,
vol. 22, no. 14, pp. 1162-1182, 2001.

F. Garcia-Cosio, A. Pastor Fuentes, and A. Nufiez Angulo, “Clinical Approach
to Atrial Tachycardia and Atrial Flutter From an Understanding of the Mecha-
nisms. Electrophysiology Based on Anatomy,” Revista Espanola de Cardiologia
(English Edition), vol. 65, no. 4, pp. 363-375, 2012.



112

BIBLIOGRAPHY

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

P. M. Kistler, K. C. Roberts-Thomson, H. M. Haqqani, S. P. Fynn, S. Singarayar
et al., “P-wave Morphology in Focal Atrial Tachycardia: Development of an
Algorithm to Predict the Anatomic Site of Origin,” Journal of the American
College of Cardiology, vol. 48, no. 5, pp. 1010-1017, 2006.

F. Garcia-Cosio, F. Arribas, M. Lopez-Gil, and J. Palacios, “Atrial Flutter Map-
ping and Ablation. I. Studying Atrial Flutter Mechanisms by Mapping and
Entrainment,” Pacing and Clinical Electrophysiology : PACE, vol. 19, no. 5,
pp- 841-853, 1996.

C. T. January, L. S. Wann, J. S. Alpert, C. H. Calkins, J. C. Cleveland et
al., “2014 AHA/ACC/HRS Guideline for the Management of Patients With
Atrial Fibrillation: Executive Summary: A Report of the American College
of Cardiology/American Heart Association Task Force on Practice Guidelines
and the Heart Rhythm Society,” Journal of the American College of Cardiology,
vol. 64, no. 21, pp. 22462280, 2014.

G. K. Moe and J. A. Abildskov, “Atrial Fibrillation as a Self-Sustaining Arrhyth-
mia Independent of Focal Discharge,” American Heart Journal, vol. 58, no. 1,
pp. 59-70, 1959.

M. A. Allessie, W. J. E. P. Lammers, F. I. M. Bonke, and J. Hollen, “Experi-
mental Evaluation of Moe’s Multiple Wavelet Hypothesis of Atrial Fibrillation,”
in Cardiac Electrophysiology and Arrhythmias (D. P. Zipes and J. Jalife, eds.),
pp. 265-276, Grune & Stratton, 1985.

K. T. Konings, C. J. Kirchhof, J. L. R. M. Smeets, H. J.Wellens, O. C. Penn et al.,
“High-Density Mapping of Electrically Induced Atrial Fibrillation in Humans,”
Circulation, vol. 89, no. 4, pp. 1665-1680, 1994.

M. Haissaguerre, P. Jais, D. C. Shah, A. Takahashi, M. Hocini et al., “Spon-
taneous Initiation of Atrial Fibrillation by Ectopic Beats Originating in the
Pulmonary Veins,” The New England Journal of Medicine, vol. 339, no. 10,
pp. 659666, 1998.

J. Eckstein, M. Kiihne, S. Osswald, and U. Schotten, “Mapping of Atrial Fibrilla-
tion - Basic Research and Clinical Applications,” Swiss medical weekly, vol. 139,
no. 35-36, pp. 496-504, 20009.

G. Lee, S. Kumar, A. Teh, A. Madry, S. Spence et al., “Epicardial Wave Mapping
in Human Long-Lasting Persistent Atrial Fibrillation: Transient Rotational Cir-
cuits, Complex Wavefronts, and Disorganized Activity,” Furopean Heart Journal,
vol. 35, no. 2, pp. 86-97, 2014.

N. M. S. de Groot, R. P. M. Houben, J. L. R. M. Smeets, E. Boersma, U. Schotten
et al., “Electropathological Substrate of Longstanding Persistent Atrial Fibril-
lation in Patients with Structural Heart Disease: Epicardial Breakthrough,”
Circulation, vol. 122, no. 17, pp. 1674-1682, 2010.



BIBLIOGRAPHY 113

[46]

[47]

48]

[49]

[50]

[51]

52|

[53]

[54]

[55]

[56]

M. A. Allessie, N. M. S. de Groot, R. P. M. Houben, U. Schotten, E. Boersma
et al., “Electropathological Substrate of Long-Standing Persistent Atrial Fib-
rillation in Patients with Structural Heart Disease: Longitudinal Dissociation,”
Circulation: Arrhythmia and Electrophysiology, vol. 3, no. 6, pp. 606—615, 2010.

H. Tada, K. Tadokoro, S. Ito, S. Naito, T. Hashimoto et al., “Idiopathic Ventri-
cular Arrhythmias Originating From the Tricuspid Annulus: Prevalence, Elec-
trocardiographic Characteristics, and Results of Radiofrequency Catheter Abla-
tion,” Heart Rhythm, vol. 4, no. 1, pp. 7-16, 2007.

B. B. Lerman, “Mechanism of Outflow Tract Tachycardia,” Heart Rhythm, vol. 4,
no. 7, pp. 973-976, 2007.

E. M. Aliot, W. G. Stevenson, J. M. Almendral-Garrote, F. Bogun, C. H. Calkins
et al., “EHRA /HRS Expert Consensus on Catheter Ablation of Ventricular Ar-
rhythmias,” Heart Rhythm, vol. 6, no. 6, pp. 886-933, 2009.

F. Gaita, C. Giustetto, P. Di Donna, E. Richiardi, L. Libero et al., “Long-
Term Follow-Up of Right Ventricular Monomorphic Extrasystoles,” Journal of
the American College of Cardiology, vol. 38, no. 2, pp. 364-370, 2001.

J. V. Wylie, T. W. Smith, and M. E. Josephson, “Substrate Mapping for Abla-
tion of Ventricular Tachycardia in Coronary Artery Disease,” in Cardiac Map-
ping (M. Shenasa, G. Hindricks, M. Borggrefe, and G. Breithardt, eds.), ch. 23,
pp- 301-309, John Wiley & Sons, Inc., 3 ed., 2009.

J. Farré, R. H. Anderson, J. A. Cabrera, D. Sanchez-quintana, and J. Benezet-
Mazuecos, “Cardiac Anatomy for Catheter Mapping and Ablation of Arrhyth-
mias,” in Catheter Ablation of Cardiac Arrhythmias (S. K. S. Huang and M. A.
Wood, eds.), ch. 6, pp. 74-102, Elsevier Saunders, 2 ed., 2011.

R. Arora and A. H. Kadish, “Fundamentals of Intracardiac Mapping,” in
Catheter Ablation of Cardiac Arrhythmias (S. K. S. Huang and M. A. Wood,
eds.), ch. 7, pp. 107-134, Elsevier Saunders, 2 ed., 2011.

U. B. Tedrow and W. G. Stevenson, “Recording and Interpreting Unipolar Elec-
trograms to Guide Catheter Ablation,” Heart Rhythm, vol. 8, no. 5, pp. 791-796,
2011.

T. Paul, J. P. Moak, C. Morris, and A. Garson, “Epicardial Mapping: How
to Measure Local Activation?,” Pacing and Clinical Electrophysiology : PACE,
vol. 13, no. 3, pp. 285-292, 1990.

M. S. Spach, W. T. Miller, E. Miller-Jones, R. B. Warren, and R. C. Barr,
“Extracellular Potentials Related to Intracellular Action Potentials During Im-
pulse Conduction in Anisotropic Canine Cardiac Muscle,” Circulation Research,
vol. 45, no. 2, pp. 188-204, 1979.



114

BIBLIOGRAPHY

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

L. Eckardt and G. Breithardt, “Construction and Interpretation of Endocar-
dial Maps: From Basic Electrophysiology to 3D Mapping,” in Cardiac Mapping
(M. Shenasa, G. Hindricks, M. Borggrefe, and G. Breithardt, eds.), ch. 2, pp. 13—
26, John Wiley & Sons, Inc., 3 ed., 2009.

R. Deo and R. D. Berger, “The Clinical Utility of Entrainment Pacing,” Journal
of Cardiovascular Electrophysiology, vol. 20, no. 4, pp. 466-470, 2009.

A. J. Camm, P. Kirchhof, G. Y. H. Lip, U. Schotten, I. Savelieva et al., “Guide-
lines for the Management of Atrial Fibrillation: The Task Force for the Man-
agement of Atrial Fibrillation of the European Society of Cardiology (ESC),”
FEuropean Heart Journal, vol. 31, no. 19, pp. 2369-2429, 2010.

K. Soejima, “Advanced Catheter Tree-Dimensional Mapping Systems,” in
Catheter Ablation of Cardiac Arrhythmias (S. K. S. Huang and M. A. Wood,
eds.), ch. 8, pp. 127-136, Elsevier Saunders, 2 ed., 2011.

L. Gepstein, G. Hayam, and S. A. Ben-Haim, “A Novel Method for Nonfluoro-
scopic Catheter-Based Electroanatomical Mapping of the Heart. In Vitro and In
Vivo Accuracy Results,” Circulation, vol. 95, no. 6, pp. 1611-1622, 1997.

S. A. Ben-Haim, D. Osadchy, I. Scnuster, L. Gepstein, G. Hayam et al., “Non-
fluoroscopic, In Vivo Navigation and Mapping Technology,” Nature Medicine,
vol. 2, no. 12, pp. 1393-1395, 1996.

S. Shpun, L. Gepstein, G. Hayam, and S. A. Ben-Haim, “Guidance of Radiofre-
quency Endocardial Ablation With Real-time Three-dimensional Magnetic Nav-
igation System,” Circulation, vol. 96, no. 6, pp. 2016-2021, 1997.

F. H. Wittkampf, E. F. Wever, R. Derksen, A. A. Wilde, H. Ramanna et al.,
“Localiisa: New Technique for Real-Time 3-Dimensional Localization of Regular
Intracardiac Electrodes,” Clirculation, vol. 99, no. 10, pp. 13127, 1999.

R. Schilling, N. S. Peters, and D. W. Davies, “Simultaneous Endocardial Map-
ping in the Human Left Ventricle using a Noncontact Catheter: Comparison of
Contact and Reconstructed Electrograms during Sinus Rhythm,” Circulation,
vol. 98, no. 9, pp. 887-898, 1998.

L. Mantziari, C. Butcher, A. Kontogeorgis, S. Panikker, K. Roy et al., “Utility
of a Novel Rapid High-Resolution Mapping System in the Catheter Ablation of
Arrhythmias An Initial Human Experience of Mapping the Atria and the Left
Ventricle,” JACC: Clinical Electrophysiology, vol. 1, no. 5, pp. 411-420, 2015.

L. M. Ptaszek, F. Chalhoub, F. Perna, R. Beinart, C. D. Barrett et al., “Rapid
Acquisition of High-Resolution Electroanatomical Maps using a Novel Multielec-
trode Mapping System,” Journal of Interventional Cardiac Electrophysiology,
vol. 36, no. 3, pp. 233-242, 2013.



BIBLIOGRAPHY 115

[68] Y. Rudy, C. Ramanathan, and S. Ghosh, “Noninvasive Electrocardiographic
Imaging: Methodology and Excitation of the Normal Human Heart,” in Cardiac
Electrophysiology: From Cell to Bedside (D. P. Zipes and J. Jalife, eds.), ch. 44,
pp- 467-472, Saunders Elsevier, 5 ed., 2009.

[69] D. E. Haines, “Biophysics of Radiofrequency Lesion Formation,” in Catheter
Ablation of Cardiac Arrhythmias (S. K. S. Huang and M. A. Wood, eds.), ch. 1,
pp- 2-19, Elsevier Saunders, 2 ed., 2011.

[70] E. Buch and K. Shivkumar, “Guiding Lesion Formation during Radiofre-
quency Energy Catheter Ablation,” in Catheter Ablation of Cardiac Arrhythmias
(S. K. S. Huang and M. A. Wood, eds.), ch. 2, pp. 20-31, Elsevier Saunders,
2 ed., 2011.

[71] T. Taneja, K.-H. Lin, and S. K. S. Huang, “Irrigated and Cooled-Tip Ra-
diofrequency Catheter Ablation,” in Catheter Ablation of Cardiac Arrhythmias
(S. K. S. Huang and M. A. Wood, eds.), ch. 3, pp. 32-42, Elsevier Saunders,
2 ed., 2011.

[72] A. Alcaine, D. Soto-Iglesias, D. Andreu, J. Fernandez-Armenta, A. Berruezo et
al., “Wavelet-Based Electrogram Onset Identification for Ventricular Electroana-
tomical Mapping,” in Proc. Computing in Cardiology, vol. 40, (Zaragoza, Spain),
pp. 615-618, 2013.

[73] A. Alcaine, D. Soto-Iglesias, M. Calvo, E. Guiu, D. Andreu et al., “A Wavelet-
Based Electrogram Onset Delineator for Automatic Ventricular Activation Map-
ping,” IEEE Transactions on Biomedical Engineering, vol. 61, no. 12, pp. 2830-
2839, 2014.

[74] A. Alcaine, D. Soto-Iglesias, M. Calvo, E. Guiu, D. Andreu et al., “Evaluation
of an Automatic Delineation Algorithm for Activation Mapping of Focal Ven-
tricular Tachycardias,” in Furopean Heart Journal, vol. 35 (Sup.1), (Barcelona,
Spain), p. 598 (P3357), 2014.

[75] A. Alcaine, D. Soto-Iglesias, D. Andreu, J. Acosta, A. Berruezo et al., “A
Morphology-Based Spatial Consistency Algorithm to Improve EGM Delineation
in Ventricular Electroanatomical Mapping,” in Proc. Computing in Cardiology,
vol. 41, (Cambridge, MA (USA)), pp. 125-128, 2014.

[76] A. Alcaine, N. M. S. de Groot, P. Laguna, J. P. Martinez, and R. P. M. Houben,
“Estimation of High-Density Activation Maps During Atrial Fibrillation,” in
Proc. Computing in Cardiology, vol. 42, (Nice, France), pp. 825-828, 2015.

[77] A. Alcaine, N. M. S. de Groot, P. Laguna, J. P. Martinez, and R. P. M. Houben,
“Spatiotemporal Model-Based Estimation of High-Density Atrial Fibrillation Ac-
tivation Maps,” Digital Signal Processing, vol. 54, pp. 64-74, 2016.



116

BIBLIOGRAPHY

(78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[36]

187]
[88]

A. Alcaine, M. Mas¢, A. Cristoforetti, F. Ravelli, G. Nollo et al., “A Multi-
Variate Predictability Framework to Assess Invasive Cardiac Activity and Inter-
actions during Atrial Fibrillation,” IEEE Transactions on Biomedical Engineer-
ing, DOL: 10.1109/TBME.2016.2592953, 2016.

V. Y. Reddy, “Mapping and Imaging,” in Cardiac Electrophysiology: From Cell
to Bedside (D. P. Zipes and J. Jalife, eds.), ch. 60, pp. 581-593, Saunders Elsevier,
6 ed., 2014.

C. Weiss, S. Willems, R. Rueppel, M. Hoffmann, and T. Meinertz, “Electroana-
tomical Mapping (CARTO) of Ectopic Atrial Tachycardia: Impact of Bipolar
and Unipolar Local Electrogram Annotation for Localization the Focal Origin,”
Journal of Interventional Cardiac FElectrophysiology, vol. 5, no. 1, pp. 101-107,
2001.

M. El Haddad, R. P. M. Houben, R. Stroobandt, F. Van Heuverswyn, R. Tav-
ernier et al., “Algorithmic Detection of the Beginning and End of Bipolar Electro-
grams: Implications for Novel Methods to Assess Local Activation Time During

Atrial Tachycardia,” Biomedical Signal Processing and Control, vol. 8, no. 6,
pp- 981-991, 2013.

M. El Haddad, R. P. M. Houben, R. Stroobandt, F. Van Heuverswyn, R. Tav-
ernier et al., “Novel Algorithmic Methods in Mapping of Atrial and Ventricu-
lar Tachycardia,” Circulation. Arrhythmia and Electrophysiology, vol. 7, no. 3,
pp. 463-472, 2014.

T. G. Oesterlein, M. W. Keller, S. Schuler, A. Luik, M. Kriiger et al., “De-
termination of Local Activation Time in Bipolar Endocardial Electrograms: A
Comparison of Clinical Criteria and a New Method Based on the Non-Linear
Energy Operator,” Journal of Electrocardiology, vol. 46, no. 4, p. el8, 2013.

J. M. Hsing, P. Zei, H. H. Hsia, P. J. Wang, and A. Al-Ahmad, “Challenges
and Limitations of Electroanatomical Mapping Technologies,” in Cardiac Map-
ping (M. Shenasa, G. Hindricks, M. Borggrefe, and G. Breithardt, eds.), ch. 10,
pp- 117-126, John Wiley & Sons, Inc., 3 ed., 2009.

J. L. Wells, R. B. Karp, N. T. Kouchoukos, W. A. MacLean, T. N. James et al.,
“Characterization of Atrial Fibrillation in Man: Studies Following Open Heart
Surgery,” Pacing and Clinical Electrophysiology : PACE, vol. 1, no. 4, pp. 426—
438, 1978.

K. T. Konings, J. L. R. M. Smeets, O. C. Penn, H. J. Wellens, and M. A.
Allessie, “Configuration of Unipolar Atrial Electrograms During Electrically In-
duced Atrial Fibrillation in Humans,” Circulation, vol. 95, no. 5, pp. 1231-1241,
1997.

J. G. Proakis, Digital Communications. Prentice-Hall, 4 ed., 2000.
S. Mallat, A Wavelet Tour of Signal Processing. Academic Press, 2 ed., 1999.



BIBLIOGRAPHY 117

[89]

[90]

[91]

192]

193]

94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

S. Mallat and S. Zhong, “Characterization of Signals From Multiscale Edges,”
IEEFE Transactions on Pattern Analysis and Machine Intelligence, vol. 14, no. 7,
pp. 710-732, 1992.

A. Cohen and J. Kovadevi¢, “Wavelets: The Mathematical Background,” in
Proceedings of the IEEE, vol. 84, pp. 514-522, 1996.

J. P. Martinez, R. Almeida, S. Olmos, A. P. Rocha, and P. Laguna, “A Wavelet-
Based ECG Delineator: Evaluation on Standard Databases,” IEEE Transactions
on Biomedical Engineering, vol. 51, no. 4, pp. 570-581, 2004.

M. Akay, Detection and Estimation Methods for Biomedical Signals. Academic
Press, 1996.

P. Laguna, R. Jané, and P. Caminal, “Automatic Detection of Wave Boundaries
in Multilead ECG Signals: Validation With the CSE Database,” Computers and
Biomedical Research, vol. 27, no. 1, pp. 45-60, 1994.

C. Li, C. Zheng, and C. Tai, “Detection of ECG Characteristic Points Using
Wavelet Transforms,” IEEE Transactions on Biomedical Engineering, vol. 42,
no. 1, pp. 21-28, 1995.

L. Lin, A. S. Hedayat, B. Sinha, and M. Yang, “Statistical Methods in Assessing
Agreement: Models, Issues, and Tools,” Journal of the American Statistical
Association, vol. 97, no. 457, pp. 257-270, 2002.

D. G. Altman and J. M. Bland, “Measurement in Medicine: the Analysis of
Method Comparison Studies,” The statistician, vol. 32, pp. 307-317, 1983.

C. Movsowitz, D. Schwartzman, D. J. Callans, M. Preminger, E. Zado et al., “Id-
iopathic Right Ventricular Outflow Tract Tachycardia: Narrowing the Anatomic
Location for Successful Ablation,” American Heart Journal, vol. 131, no. 5,
pp. 930-936, 1996.

B. B. Lerman, K. M. Stein, and S. M. Markowitz, “Mechanisms of Idiopathic Left
Ventricular Tachycardia,” Journal of Cardiovascular Electrophysiology, vol. 8,
no. 5, pp. 571-583, 1997.

C. Herczku, A. Berruezo, D. Andreu, J. Fernandez-Armenta, L. Mont, “Map-
ping Data Predictors of a Left Ventricular Outflow Tract Origin of Idiopathic
Ventricular Tachycardia With V3 Transition and Septal Earliest Activation,”
Circulation: Arrhythmia and Electrophysiology, vol. 5, no. 3, pp. 484-491, 2012.

B. B. Lerman, “Outflow Tract Ventricular Arrhythmias: An Update,” Trends in
Cardiovascular Medicine, vol. 25, no. 6, pp. 550-558, 2015.

S. J. Asirvatham, “Correlative Anatomy for the Invasive Electrophysiologist:
Outflow Tract and Supravalvar Arrhythmia,” Journal of Cardiovascular Elec-
trophysiology, vol. 20, no. 8, pp. 955-968, 2009.



118

BIBLIOGRAPHY

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

E. N. Prystowsky, B. J. Padanilam, S. Joshi, and R. I. Fogel, “Ventricular Ar-
rhythmias in the Absence of Structural Heart Disease,” Journal of the American
College of Cardiology, vol. 59, no. 20, pp. 1733-1744, 2012.

J. Acosta, D. Penela, C. Herczku, Y. Macias, D. Andreu et al., “Impact of
Earliest Activation Site Location in the Septal Right Ventricular Outflow Tract
for Identification of Left vs Right Outflow Tract Origin of Idiopathic Ventricular
Arrhythmias,” Heart Rhythm, vol. 12, no. 4, pp. 726734, 2015.

T. Lewis, “Auricular Fibrillation: A Common Clinical Condition,” British Med-
tcal Journal, vol. 2, p. 1528, 1909.

C. H. Calkins, K. H. Kuck, R. Cappato, J. Brugada, A. J. Camm et al., “2012
HRS/EHRA /ECAS Expert Consensus Statement on Catheter and Surgical Ab-
lation of Atrial Fibrillation: Recommendations for Patient Selection, Procedu-
ral Techniques, Patient Management and Follow-Up, Definitions, Endpoints,
and Research Trial Design,” Journal of Interventional Cardiac Electrophysiol-
ogy, vol. 33, no. 2, pp. 171-257, 2012.

F. Morady and D. P. Zipes, “Atrial Fibrillation: Clinical Features, Mechanisms,
and Management,” in Brainwald’s Heart Disease: A Textbook of Cardiovascular
Medicine (R. O. Bonow, D. L. Mann, D. P. Zipes, and P. Libby, eds.), ch. 40,
pp- 825-844, Elsevier Saunders, 9 ed., 2012.

V. E. Hagens, A. V. Ranchor, E. Van Sonderen, H. A. Bosker, O. Kamp et al.,
“Effect of Rate or Rhythm Control on Quality of Life in Persistent Atrial Fibril-
lation. Results From the Rate Control Versus Electrical Cardioversion (RACE)
Study,” Journal of the American College of Cardiology, vol. 43, no. 2, pp. 241—
247, 2004.

G. Thrall, D. Lane, D. Carroll, and G. Y. H. Lip, “Quality of Life in Pa-
tients With Atrial Fibrillation: A Systematic Review,” The American Journal
of Medicine, vol. 119, no. 5, pp. 448.e1-e19, 2006.

G. Boriani, “The Epidemiologic Threat of Atrial Fibrillation: Need for Sec-
ondary, Primary, and Primordial Prevention,” CHEST Journal, vol. 147, no. 1,
pp- 109-119, 2015.

A. Yaksh, C. Kik, P. Knops, J. W. Roos-Hesselink, A. J. J. C. Bogers et al.,
“Atrial Fibrillation: To Map or Not to Map?,” Netherlands Heart Journal,
vol. 22, no. 6, pp. 259-266, 2014.

M. A. Allessie and N. M. S. de Groot, “CrossTalk Opposing View: Rotors Have
Not Been Demonstrated to be the Drivers of Atrial Fibrillation,” The Journal
of Physiology, vol. 592, no. 15, pp. 3167-3170, 2014.

A. van Oosterom, “Solidifying the Solid Angle,” Journal of Electrocardiology,
vol. 35 Suppl, no. 4, Part B, pp. 181-192, 2002.



BIBLIOGRAPHY 119

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

D. Harrild and C. Henriquez, “A Computer Model of Normal Conduction in the
Human Atria.,” Circulation Research, vol. 87, no. 7, pp. E25-E36, 2000.

R. P. M. Houben, N. M. S. de Groot, J. L. R. M. Smeets, A. E. Becker, F. W. Lin-
demans et al., “S-wave Predominance of Epicardial Electrograms During Atrial
Fibrillation in Humans: Indirect Evidence for a Role of the Thin Subepicardial
Layer,” Heart Rhythm, vol. 1, no. 6, pp. 639-647, 2004.

A. van Qosterom and J. Strackee, “The Solid Angle of a Plane Triangle,” IFEFE
Transactions on Biomedical Engineering, vol. BME-30, no. 2, pp. 125-126, 1983.

P. V. Bayly, B. H. KenKnight, J. M. Rogers, R. E. Hillsley, R. E. Ideker et
al., “Estimation of Conduction Velocity Vector Fields From Epicardial Mapping
Data,” IEEE Transactions on Biomedical Engineering, vol. 45, no. 5, pp. 563—
571, 1998.

T. N. Fitzgerald, E. K. Rhee, D. H. Brooks, and J. K. Triedman, “Estimation
of Cardiac Conduction Velocities Using Small Data Sets,” Annals of Biomedical
Engineering, vol. 31, no. 3, pp. 250-261, 2003.

N. Mazeh, D. E. Haines, M. W. Kay, and B. J. Roth, “A Simplified Approach for
Simultaneous Measurements of Wavefront Velocity and Curvature in the Heart
Using Activation Times,” Cardiovascular Engineering and Technology, vol. 4,
no. 4, pp. 520-534, 2013.

R. P. M. Houben, N. M. S. de Groot, and M. A. Allessie, “Analysis of Fraction-
ated Atrial Fibrillation Electrograms by Wavelet Decomposition,” IEEE Trans-
actions on Biomedical Engineering, vol. 57, no. 6, pp. 1388-1398, 2010.

P. Kuklik, D. H. Lau, A. N. Ganesan, A. G. Brooks, and P. Sanders, “High-
Density Mapping of Atrial Fibrillation in a Chronic Substrate: Evidence for
Distinct Modes of Repetitive Wavefront Propagation,” International Journal of
Cardiology, vol. 199, pp. 407-414, 2015.

O. Déssel, M. W. Krueger, F. M. Weber, M. Wilhelms, and G. Seemann, “Com-
putational Modeling of the Human Atrial Anatomy and Electrophysiology,” Med-
ical € Biological Engineering € Computing, vol. 50, no. 8, pp. 773-799, 2012.

K. Nademanee, J. McKenzie, E. Kosar, M. Schwab, B. Sunsaneewitayakul et al.,
“A New Approach for Catheter Ablation of Atrial Fibrillation: Mapping of the
Electrophysiologic Substrate,” Journal of the American College of Cardiology,
vol. 43, no. 11, pp. 2044-2053, 2004.

K. Nademanee, E. Lockwood, N. Oketani, and B. Gidney, “Catheter Ablation of
Atrial Fibrillation Guided by Complex Fractionated Atrial Electrogram Mapping
of Atrial Fibrillation Substrate,” Journal of Cardiology, vol. 55, no. 1, pp. 1-12,
2010.



120

BIBLIOGRAPHY

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

F. Ravelli and M. Masg¢, “Computational Mapping in Atrial Fibrillation: How
the Integration of Signal-Derived Maps may Guide the Localization of Critical
Sources,” Europace, vol. 16, pp. 714-723, may 2014.

M. Baumert, P. Sanders, and A. Ganesan, “Quantitative-Electrogram-Based
Methods for Guiding Catheter Ablation in Atrial Fibrillation,” Proceedings of
the IEEE, vol. 104, no. 2, pp. 416-431, 2016.

J. G. Quintanilla, J. Pérez-Villacastin, N. Pérez-Castellano, S. V. Pandit, O.
Berenfeld et al., “Mechanistic approaches to detect, target, and ablate the drivers
of atrial fibrillation,” Circulation. Arrhythmia and Electrophysiology, vol. 9, no. 1,
p. 002481, 2016.

V. Barbaro, P. Bartolini, G. Calcagnini, F. Censi, and A. Michelucci, “Mea-
sure of Synchronisation of Right Atrial Depolarisation Wavefronts During Atrial
Fibrillation,” Medical & Biological Engineering & Computing, vol. 40, no. 1,
pp. 5662, 2002.

R. P. M. Houben, N. M. S. de Groot, F. W. Lindemans, and M. A. Allessie, “Au-
tomatic Mapping of Human Atrial Fibrillation by Template Matching,” Heart
Rhythm, vol. 3, no. 10, pp. 1221-1228, 2006.

A. Alcaine, F. Simén, A. Arenal, P. Laguna, and J. P. Martinez, “A Wavelet-
Based Activation Detector for Bipolar Electrogram Analysis During Atrial Fib-
rillation,” in Proc. Computing in Cardiology, vol. 39, (Krakow, Poland), pp. 717—
720, 2012.

S. Lee, K. Ryu, A. L. Waldo, C. M. Khrestian, D. M. Durand et al., “An Algo-
rithm to Measure Beat-to-Beat Cycle Lengths for Assessment of Atrial Electro-
gram Rate and Regularity During Atrial Fibrillation,” Journal of Cardiovascular
Electrophysiology, vol. 24, no. 2, pp. 199-206, 2013.

J. Ng, V. Sehgal, J. K. Ng, D. Gordon, and J. J. Goldberger, “Iterative Method
to Detect Atrial Activations and Measure Cycle Length From Electrograms Dur-
ing Atrial Fibrillation,” IEEE Transactions on Biomedical Engineering, vol. 61,
no. 2, pp. 273-278, 2014.

P. Sanders, O. Berenfeld, M. Hocini, P. Jais, R. Vaidyanathan et al., “Spectral
Analysis Identifies Sites of High-Frequency Activity Maintaining Atrial Fibrilla-
tion in Humans,” Circulation, vol. 112, no. 6, pp. 789-797, 2005.

Y.-J. Lin, C.-T. Tai, T. Kao, H.-W. Tso, S. Higa et al., “Frequency Analysis
in Different Types of Paroxysmal Atrial Fibrillation,” Journal of the American
College of Cardiology, vol. 47, no. 7, pp. 1401-1407, 2006.

J. Ng, A. H. Kadish, and J. J. Goldberger, “Effect of Electrogram Characteristics
on the Relationship of Dominant Frequency to Atrial Activation Rate in Atrial
Fibrillation,” Heart Rhythm, vol. 3, no. 11, pp. 1295-1305, 2006.



BIBLIOGRAPHY 121

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

J. Ng and J. J. Goldberger, “Understanding and Interpreting Dominant Fre-
quency Analysis of AF Electrograms,” Journal of Cardiovascular Electrophysi-
ology, vol. 18, no. 6, pp. 680-685, 2007.

G. W. Botteron and J. M. Smith, “A Technique for Measurement of the Extent
of Spatial Organization of Atrial Activation During Atrial Fibrillation in the
Intact Human Heart,” IEEE Transactions on Biomedical Engineering, vol. 42,
no. 6, pp. 579-586, 1995.

T. H. Everett, L. C. Kok, R. H. Vaughn, J. R. Moorman, and D. E. Haines, “Fre-
quency Domain Algorithm for Quantifying Atrial Fibrillation Organization to
Increase Defibrillation Efficacy,” IEEE Transactions on Biomedical Engineering,
vol. 48, no. 9, pp. 969-978, 2001.

L. Faes, G. Nollo, R. Antolini, F. Gaita, and F. Ravelli, “A Method for Quan-
tifying Atrial Fibrillation Organization Based on Wave-Morphology Similarity,”
IEEE Transactions on Biomedical Engineering, vol. 49, no. 12, pp. 1504-1513,
2002.

U. Richter, A. Bollmann, D. Husser, and M. Stridh, “Right Atrial Organization
and Wavefront Analysis in Atrial Fibrillation,” Medical & Biological Engineering
& Computing, vol. 47, no. 12, pp. 1237-1246, 2009.

O. Barquero-Pérez, J. L. Rojo-Alvarez, A. J. Caamaiio, R. Goya-Esteban, E. Ev-
erss et al., “Fundamental frequency and regularity of cardiac electrograms with
Fourier organization analysis,” IEEE Transactions on Biomedical Engineering,

vol. 57, no. 9, pp. 2168-2177, 2010.

F. Ravelli, M. Masé, A. Cristoforetti, M. Marini, and M. Disertori, “The Logical
Operator Map Identifies Novel Candidate Markers for Critical Sites in Patients
with Atrial Fibrillation,” Progress in Biophysics and Molecular Biology, vol. 115,
no. 2-3, pp- 186-197, 2014.

D. Scherr, D. Dalal, A. Cheema, A. Cheng, C. A. Henrikson et al., “ Automated
Detection and Characterization of Complex Fractionated Atrial Electrograms in
Human Left Atrium During Atrial Fibrillation,” Heart Rhythm, vol. 4, no. 8,
pp. 1013-1020, 2007.

A. Verma, P. Novak, L. Macle, B. Whaley, M. Beardsall et al., “A Prospective,
Multicenter Evaluation of Ablating Complex Fractionated Electrograms (CFEs)
During Atrial Fibrillation (AF) Identified by an Automated Mapping Algorithm:
Acute Effects on AF and Efficacy as an Adjuvant Strategy,” Heart Rhythm, vol. 5,
no. 2, pp. 198-205, 2008.

G. Monir and S. J. Pollak, “Consistency of the CFAE Phenomena Using Custom
Software for Automated Detection of Complex Fractionated Atrial Electrograms
(CFAEs) in the Left Atrium During Atrial Fibrillation,” Journal of Cardiovas-
cular Electrophysiology, vol. 19, no. 9, pp. 915-919, 2008.



122

BIBLIOGRAPHY

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

R. A. Gray, A. M. Pertsov, and J. Jalife, “Spatial and Temporal Organization
During Cardiac Fibrillation,” Nature, vol. 392, no. 6671, pp. 75-78, 1998.

S. M. Narayan, D. E. Krummen, M. W. Enyeart, and W. J. Rappel, “Compu-
tational Mapping Identifies Localized Mechanisms for Ablation of Atrial Fibril-
lation,” PLoS ONE, vol. 7, no. 9, p. e46034, 2012.

P. Kuklik, S. Zeemering, B. Maesen, J. Maessen, H. J. G. M. Crijns et al.,
“Reconstruction of Instantaneous Phase of Unipolar Atrial Contact Electrogram
Using a Concept of Sinusoidal Recomposition and Hilbert Transform,” IEFEE
Transactions on Biomedical Engineering, vol. 62, no. 1, pp. 296-302, 2015.

U. Richter, L. Faes, A. Cristoforetti, M. Masé, F. Ravelli et al., “A Novel Ap-
proach to Propagation Pattern Analysis in Intracardiac Atrial Fibrillation Sig-
nals,” Annals of Biomedical Engineering, vol. 39, no. 1, pp. 310-323, 2011.

U. Richter, L. Faes, F. Ravelli, and L. Sérnmo, “Propagation Pattern Analysis
During Atrial Fibrillation Based on Sparse Modeling,” IEEE Transactions on
Biomedical Engineering, vol. 59, no. 5, pp. 1319-1328, 2012.

M. Rodrigo, A. Liberos, M. S. Guillem, J. Millet, and A. M. Climent, “Causal-
ity Relation Map: A Novel Methodology for the Identification of Hierarchical
Fibrillatory Processes,” in Proc. Computing in Cardiology, vol. 38, (Hangzhou,
China), pp. 173-176, 2011.

M. Rodrigo, M. S. Guillem, A. Liberos, J. Millet, O. Berenfeld et al., “Iden-
tification of Fibrillatory Sources by Measuring Causal Relationships,” in Proc.
Computing in Cardiology, vol. 39, (Krakow, Poland), pp. 705-708, 2012.

M. Rodrigo, A. Liberos, A. M. Climent, and M. S. Guillem, “Identification of
Ablation Sites in Atrial Flutter by Causal Method,” in Proc. Computing in
Cardiology, vol. 40, (Zaragoza, Spain), pp. 707-710, 2013.

M. Rodrigo, A. M. Climent, A. Liberos, D. Calvo, F. Fernédndez-Avilés et al.,
“Identification of Dominant Excitation Patterns and Sources of Atrial Fibrilla-
tion by Causality Analysis,” Annals of Biomedical Engineering, vol. 44, no. 8,
pp- 2364-2376, 2016.

H. Liitkepohl, New Introduction to Multiple Time Series Analysis. Berlin, Hei-
delberg: Springer Berlin Heidelberg, 2005.

G. Schwarz, “Estimating the Dimension of a Model,” The Annals of Statistics,
vol. 6, no. 2, pp. 461-464, 1978.

L. Barnett and A. K. Seth, “The MVGC Multivariate Granger Causality Tool-
box: A New Approach to Granger-Causal Inference,” Journal of Neuroscience
Methods, vol. 223, pp. 50-68, 2014.

C. W. J. Granger, “Investigating Causal Relations by Econometric Models and
Cross-Spectral Methods,” Econometrica, vol. 37, no. 3, pp. 424-438, 1969.



BIBLIOGRAPHY 123

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

L. Faes, D. Kugiumtzis, G. Nollo, F. Jurysta, and D. Marinazzo, “Estimating
the Decomposition of Predictive Information in Multivariate Systems,” Physical
Review. E, vol. 91, no. 3, pp. 032904-1 — 03290416, 2015.

D. Chicharro, “On the Spectral Formulation of Granger Causality,” Biological
Cybernetics, vol. 105, no. 5-6, pp. 331-347, 2011.

A. Porta and L. Faes, “Wiener-Granger Causality in Network Physiology With
Applications to Cardiovascular Control and Neuroscience,” Proceedings of the
IEEE, vol. 104, no. 2, pp. 282-309, 2016.

L. Faes, D. Marinazzo, S. Stramaglia, F. Jurysta, A. Porta et al., “Predictabil-
ity Decomposition Detects the Impairment of Brain-Heart Dynamical Net-
works During Sleep Disorders and Their Recovery with Treatment,” Philosoph-
ical transactions. Series A, Mathematical, physical, and engineering sciences,
vol. 374, no. 2067, 2016.

L. Faes, A. Porta, and G. Nollo, “Information Decomposition in Bivariate Sys-
tems: Theory and Application to Cardiorespiratory Dynamics,” Entropy, vol. 17,
no. 1, pp. 277-303, 2015.

A. K. Seth, “Measuring Autonomy and Emergence via Granger Causality,” Ar-
tificial Life, vol. 16, no. 2, pp. 179-196, 2010.

M. Courtemanche, R. J. Ramirez, and S. Nattel, “Ionic Mechanisms Underly-
ing Human Atrial Action Potential Properties: Insights From a Mathematical
Model,” American Journal of Physiology - Heart and Circulatory Physiology,
vol. 275, pp. H301-H321, jul 1998.

V. Jacquemet, N. Virag, Z. Ihara, L. Dang, O. Blanc et al., “Study of Unipolar
Electrogram Morphology in a Computer Model of Atrial Fibrillation,” Journal
of Cardiovascular Electrophysiology, vol. 14, no. s10, pp. S172-S179, 2003.

M. Courtemanche, R. J. Ramirez, and S. Nattel, “Ionic Targets for Drug Therapy
and Atrial Fibrillation-Induced Electrical Remodeling: Insights From a Mathe-
matical Model,” Cardiovascular Research, vol. 42, no. 2, pp. 477-489, 1999.

A. Cristoforetti, M. Masé, and F. Ravelli, “A Fully Adaptive Multiresolution Al-
gorithm for Atrial Arrhythmia Simulation on Anatomically Realistic Unstruc-
tured Meshes,” IEEE Transactions on Biomedical Engineering, vol. 60, no. 9,
pp- 2585-2593, 2013.

V. Jacquemet and C. S. Henriquez, “Finite Volume Stiffness Matrix for Solving
Anisotropic Cardiac Propagation in 2-D and 3-D Unstructured Meshes,” IEFEFE
Transactions on Biomedical Engineering, vol. 52, no. 8, pp. 1490-1492, 2005.



124

BIBLIOGRAPHY

[169]

[170]

[171]

[172]

F. Ravelli, L. Faes, L. Sandrini, F. Gaita, R. Antolini et al., “Wave Similarity
Mapping Shows the Spatiotemporal Distribution of Fibrillatory Wave Complex-
ity in the Human Right Atrium During Paroxysmal and Chronic Atrial Fibril-
lation,” Journal of Cardiovascular Electrophysiology, vol. 16, no. 10, pp. 1071—
1076, 2005.

B. P. Hoekstra, C. G. Diks, M. A. Allessie, and J. DeGoede, “Non-Linear
Time Series Analysis: Methods and Applications to Atrial Fibrillation,” Annali
dell’Istituto superiore di sanita, vol. 37, no. 3, pp. 325-333, 2001.

S. Massé, K. Magtibay, N. Jackson, J. Asta, M. Kusha et al., “Resolving Myocar-
dial Activation With Novel Omnipolar Electrograms,” Circulation: Arrhythmia
and FElectrophysiology, vol. 9, p. e004107, jul 2016.

D. C. Deno, R. Balachandran, D. Morgan, F. Ahmad, S. Massé et
al., “Orientation Independent Catheter-Based Characterization of Myocar-
dial Activation,” IFEE Transactions on Biomedical FEngineering, DOI:
10.1109/TBME.2016.2589158, 2016.



List of Publications

Publications in Journal Articles

e A. Alcaine, D. Soto-Iglesias, M. Calvo, E. Guiu, D. Andreu, J. Fernandez-
Armenta, A. Berruezo, P. Laguna, O. Camara and J. P. Martinez, “A Wawvelet-
Based Electrogram Onset Delineator for Automatic Ventricular Activation Map-
ping,” IEEE Transactions on Biomedical Engineering, vol. 61(12), pp. 2830—2839,
2014.

e A. Alcaine, N. M. S. de Groot, P. Laguna, J. P. Martinez and R. P. M. Houben,
“Spatiotemporal Model-Based Estimation of High-Density Atrial Fibrillation Ac-
tivation Maps,” Digital Signal Processing, vol. 54, pp. 64—74, 2016.

e A. Alcaine, M. Mas¢, A. Cristoforetti, F. Ravelli, G. Nollo, P. Laguna, J. P.
Martinez and L. Faes . “A Multi- Variate Predictability Framework to Assess In-
vasive Cardiac Activity and Interactions during Atrial Fibrillation,” IEEE Trans-
actions on Biomedical Engineering, DOI: 10.1109/TBME.2016.2592953, 2016.

e A. Alcaine, D. Soto-Iglesias, J. Acosta, V. Korshunov, D. Penela, D. Andreu,
J. Fernandez-Armenta, P. Laguna, J. P. Martinez, O. Camara, and A. Berruezo.
“Automatic Activation Mapping and Origin Identification of Idiopathic Outflow
Tract Ventricular Arrhythmias,” Circulation: Arrhythmia and Electrophysiol-
ogy, 2016. (Submitted).

Publications in Conferences Proceedings and Abstracts

e A. Alcaine, F. Simon, A. Arenal, P. Laguna and J. P. Martinez,“A Wawvelet-
Based Activation Detector for Bipolar Electrogram Analysis During Atrial Fib-
rillation,” Proc. of the XXXIX International Conference on Computing in Car-
diology. Krakow, Poland, pp. 717—720, 2012.

e A. Alcaine, D. Soto-Iglesias, D. Andreu, J. Fernandez-Armenta, A. Berruezo,
P. Laguna, O. Camara and J. P. Martinez, “Wavelet-Based Electrogram On-
set Identification for Ventricular Electroanatomical Mapping,” Proc. of the XL

125



126 LisT oF PUBLICATIONS

International Conference on Computing in Cardiology. Zaragoza, Spain, pp.
615—618, 2013.

e A. Alcaine, A. Arenal, P. Laguna and J. P. Martinez, “Study of Electrogram Or-
ganization and Synchronization in Paroxysmal and Persistent/Permanent Atrial
Fibrillation,” Proc. of the 8th Conference of the European Study Group on Car-
diovascular Oscillations (ESGCO), Trento, Italy, pp. 93—94, 2014.

e A. Alcaine, D. Soto-Iglesias, M. Calvo, E. Guiu, D. Andreu, J. Fernandez-
Armenta, P. Laguna, O. Camara, J. P. Martinez and A. Berruezo, “Fvaluation of
an Automatic Delineation Algorithm for Activation Mapping of Focal Ventricular
Tachycardias,” European Heart Journal, vol. 35 (suppl. 1: Abstracts of the ESC
Congress 2014, Barcelona, Spain), 598, P3357, 2014.

e A. Alcaine, D. Soto-Iglesias, D. Andreu, J. Acosta, A. Berruezo, P. Laguna, O.
Camara and J. P. Martinez, “A Morphology-Based Spatial Consistency Algorithm
to Improve EGM Delineation in Ventricular Electroanatomical Mapping,” Proc.
of the XLI International Conference on Computing in Cardiology. Cambridge,
MA, USA, pp. 125—128, 2014.

e A. Alcaine, N. M. S. de Groot, P. Laguna, J. P. Martinez and R. P. M. Houben,
“A High-Density Activation Map Estimation During Atrial Fibrillation,” Proc.
of the XLII International Conference on Computing in Cardiology. Nize, France,
pp. 825—829, 2015.

Ongoing Research Derived From the Thesis

e A. Alcaine, D. Soto-Iglesias, J. Acosta, D. Penela, D. Andreu, J. Fernandez-
Armenta, P. Laguna, O. Camara, J. P. Martinez and A. Berruezo. “Automatic
Conducting Channel Delineation in Post-Myocardial Infarction Patients with
Scar-related Ventricular Tachycardia,” 2017. (In preparation)

Patent Applications Derived From the Thesis

e Alejandro Alcaine, Antonio Berruezo, Oscar Camara, Pablo Laguna, Juan
Pablo Martinez, David Soto-Iglesias, “A computer implemented method to iden-
tify the ventricular arrhythmogenic substrate in myocardial scar or fibrotic tissue
and computer programs thereof,” Application number: EP16002222, 2016.

Publications Not Related With the Thesis

e J. Lazaro, A. Alcaine, D. Romero, E. Gil, P. Laguna, E. Pueyo and R. Bailon,
“Electrocardiogram Derived Respiratory Rate from QRS Slopes and R-Wave An-



127

gle,” Annals of Biomedical Engineering, vol. 42 (10), pp. 2072—2083, 2014.

A. Alcaine, R. Bailon, D. Romero, E. Pueyo and P. Laguna “Very-Low-Frequency
Modulation of QRS Slopes in Patients with Angina Pectoris,” Proc. of the
XXXVIIT International Conference on Computing in Cardiology. Hangzhou,
China, pp. 757—760, 2011.

J. Lazaro, A. Alcaine, E. Gil, P. Laguna and R. Bailon, “FElectrocardiogram
Derived Respiration from QRS Slopes,” Proc. of the 35th Annual International
Conference of the IEEE EMBS. Osaka, Japan, pp. 3913—3916, 2013.

D. Hernando, A. Alcaine, P. Laguna, E. Pueyo and R. Bailon, “Very Low
Frequency Modulation in QRS Slopes and its Relation with Respiration and Heart
Rate Variability During Hemodialysis,” Proc. of the 35th Annual International
Conference of the IEEE EMBS. Osaka, Japan, pp. 5365—5368, 2013.

J. Lazaro, A. Alcaine, D. Romero, E. Gil, P. Laguna, L. Sérnmo and R. Bailon,
“Electrocardiogram Derived Respiration from QRS Slopes: Evaluation with Stress
Testing Recordings,” Proc. of the XL International Conference on Computing in
Cardiology. Zaragoza, Spain, pp. 655—658, 2013.

D. Hernando, A. Alcaine, E. Pueyo, P. Laguna, M. Orini, A. Arcentales, B.
Giraldo, A. Voss, A. Bayés-Genis and R. Bailon, “Influence of Respiration in
the Very Low Frequency Modulation of QRS slopes and Heart Rate Variabil-
ity in Cardiomyopathy Patients,” Proc. of the XL International Conference on
Computing in Cardiology. Zaragoza, Spain, pp. 117-120, 2013.






	Abstract
	Resumen y Conclusiones
	Acknowledgements
	List of Figures
	List of Tables
	List of Acronyms
	Introduction
	Motivation
	The Cardiovascular System
	Anatomy of the Heart
	Electrical Activity of the Heart

	Electrophysiological Mechanisms of Arrhythmias
	Cardiac Impulse Formation Disorders
	Cardiac Impulse Propagation Disorders: Reentry

	Types of Arrhythmias
	Bradycardias
	Tachycardias

	Electrophysiological Study of Arrhythmias
	Catheters
	Intracardiac Signals
	Approaches for Cardiac Mapping 
	Non-fluoroscopy Systems
	Ablation Energy Delivery

	Scope and Objectives of the Thesis
	Document Organization

	Electroanatomical Ventricular Activation Mapping
	Introduction
	Sequential Electroanatomical Activation Mapping
	Methods for Sequential Activation Mapping
	Motivation

	The Wavelet-Envelope Detector and Delineator
	Electrogram Signal Pre-processing: the Hilbert Transform
	The Wavelet Transform
	Delineating the Electrogram
	Including Spatial Information

	Delineation Accuracy
	Testing Database
	Evaluation Protocol
	Results

	Mapping Performance
	Idiopathic Outflow Tract Ventricular Arrhythmias
	Map Descriptors
	Patient Sample
	Evaluation Protocol
	Results

	Discussion
	Algorithm Performance
	Clinical Application
	Comparison with Other Methods
	Limitations

	Conclusion

	Spatiotemporal High-Density Atrial Activation Mapping
	Introduction
	Atrial Fibrillation
	Activation Mapping of Atrial Fibrillation
	Motivation

	Spatiotemporal Activation Mapping Algorithm
	Algorithm Overview
	Activation Propagation Pattern and Tissue Model
	Modelling Unipolar Electrogram Signals
	Estimation of Tissue Conduction Velocity
	Focus Initialisation
	Iterative Model Optimization Algorithm
	Reconstruction of Activation Maps

	Estimation of High-Density Activation Maps
	Testing Database
	Evaluation Protocol
	Results

	Discussion
	Detection Performance
	Spatiotemporal Mapping Approach
	Limitations

	Conclusion

	Causal Characterisation of Atrial Activity
	Introduction
	Classification and Treatment of Atrial Fibrillation
	Quantitative Methods for Atrial Fibrillation Analysis
	Motivation

	The Predictability Framework
	Multi-Variate Auto-Regressive Modelling
	Signal Pre-processing
	The Granger Causality and Predictability
	Measurement Framework

	Predictability Analysis of Atrial Fibrillation
	Testing Databases
	Application of the Predictability Framework on Basket Catheter Data
	Statistical Analysis
	Results

	Discussion
	Quantification of the Regularity of Simulated Atrial Activity
	Activity Tracking Capability
	Comparison with Other Methods
	Limitations
	Clinical Relevance

	Conclusion

	Final Discussion and Conclusion
	Summary and Discussion
	Electroanatomical Activation Mapping of Focal Ventricular Arrhythmias
	Spatiotemporal High-Density Activation Mapping during Atrial Fibrillation
	Analysis of Causal Interactions during Atrial Fibrillation

	Main Limitations
	Conclusion
	Clinical Implications
	Future Work

	Bibliography
	List of Publications



