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ABSTRACT

Arrhythmia is a cardiac rhythm disorder that can be fatal. Its treatment includes ablation
of the cardiac tissue and/or defibrillation. Advances are being made for both treatment
options to localize the culprit region and apply therapy directly where it is needed. How-
ever, success rates have been inconsistent, with frequent arrhythmia recurrence. A likely
reason is the limited current resolution of mapping devices, that averages 4 mm. Higher
resolution may improve localization of arrhythmia drivers, termed rotors, and conse-
quently improve efficacy of treatment.

This study evaluates the effects of spatial resolution on arrhythmia dynamics, rotor
tracking, and rotor localization. Optical data from ex vivo human hearts was used, being
clinically relevant and with ultra-high spatial resolution. To simulate different resolutions,
original data was downsampled by multiple factors and upsampled back to full resolution.
Rotors were tracked for each sub-resolution and compared to the rotors in the original
data. Further comparisons were made according to arrhythmia type, sex, anatomical
region, and mapped surface. Accuracy profiles were created for both rotor detection
and localization, describing how accuracy changed with spatial resolution and spatial
accuracy.

Rotor detection accuracy for currently used mapping devices was found to be 57+4%.
Localization accuracy is 61+7%. Detection accuracy was above 80% only for a resolution
of 1.4 mm. Moreover, the detection and localization accuracies were affected by arrhyth-
mia type, and rotor incidence was found to be higher in the endocardium. Therefore,
current clinical rotor detection and localization accuracies can be expected to fall within
a confidence interval of 47-67% and 46-75%, respectively. This means that a higher spa-
tial resolution is needed in cardiac mapping devices than what is currently available. For
high accuracy, a resolution of at least 1.4 mm is required. The accuracy profiles provided

in this thesis may serve as a guideline for future mapping device development.

Keywords: Optical mapping, Cardiac electrophysiology, Spatial resolution, Arrhythmia

dynamics, Rotor, Phase singularity.
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REsumMmo

Arritmia é um distarbio do ritmo cardiaco que pode ser fatal. O seu tratamento passa
por ablagao do tecido cardiaco e/ou desfibrilhacao. Tem havido progressos em ambas as
opgoes para localizar a regido afetada e aplicar a terapia diretamente onde é requerida.
Contudo, a taxa de sucesso tem sido inconsistente, com frequente recorréncia das arrit-
mias. Uma razao provavel é a limitada resolugao atual dos dispositivos de mapeamento,
sendo, em média, de 4 mm. Uma maior resolugao podera melhorar a localizagao de cata-
lisadores de arritmias, designados por rotores, e, consequentemente, melhorar a eficacia
do tratamento.

Este estudo avalia os efeitos da resolu¢ao espacial na dinamica de arritmias e na lo-
caliza¢ao e detecao de rotores. Dados 6ticos de coracdes humanos ex vivo foram usados,
tendo alta resolucao espacial e sendo clinicamente relevantes. De modo a simular diferen-
tes resolugoes, os dados recolhidos foram downsampled por varios fatores e upsampled de
volta para a resolugao original. Os rotores foram monitorizados para cada sub-resolucao
e comparados com os rotores dos dados originais. Outras comparagdes foram feitas em
consideragao com tipo de arritmia, sexo, regido anatémica e superficie mapeada. Perfis
de exatidao foram criados para a detecao e localizagao de rotores, de forma a descrever as
alteragoes na exatidao face a resolucao especial e exatidao espacial.

A exatidao da detecao de rotores para os atuais dispositivos de mapeamento é de
57+4%. A exatidao da localizagao é de 61+7%. A precisao da detecao foi acima de 80%
apenas para uma resolucao de 1,4 mm. Adicionalmente, as exatidoes de detecao e localiza-
cao foram afetadas pelo tipo de arritmia e a incidéncia de rotores é maior no endocardio.
Portanto, as atuais exatidoes clinicas de detecdo e localizagcdo de rotores encontram-se
num intervalo de confianga de 47-67% e 46-75%, respetivamente. Ou seja, € necessaria
uma maior resolucao espacial nos dispositivos cardiacos de mapeamento do que existe
atualmente. Para uma alta precisao, é necessaria uma resolucao de pelo menos 1.4 mm. Os
perfis de exatidao disponibilizados nesta tese poderao servir como diretriz para o futuro

desenvolvimento de dispositivos médicos de mapeamento cardiaco.

Palavras-chave: Mapeamento 6tico, Eletrofisiologia cardiaca, Resolu¢ao espacial, Dina-

micas de arritmia, Rotor, Singularidade de fase.
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downsampling

electrode
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epicardium

F1-score

fibrillation

inter-electrode distance

GLOSSARY

Burning cardiac tissue to block pathological impulse propaga-
tion, as a mean of treatment.

Cardiac rhythm disorder.

Direction of rotation of a phase singularity.
Duration of a full cardiac cycle, that is, time between two

consecutive depolarizations.

Application of an electrical shock to the whole heart in order
to reset electrical activity. Used when the heart is in fibrilla-
tion. See fibrillation.

Measurement of the proportion of true rotors detected in detri-
ment of false and/or missed rotors. Given by the F1-score.
Decimation of data by eliminating the data corresponding to

certain pixels.

Metal plaque or needle that transfers electrical energy be-
tween the body and a device. It can be used for diagnostic,
by translating physiological currents into signals, or for treat-
ment, by applying electric current to the tissue.

Inner layer of the heart wall.

Outer layer of the heart wall.

Harmonic mean of precision and recall. Provides a sense of
the overall accuracy. See precision and recall.

Completely uncoordinated contraction of the heart muscles.
Length between electrodes in a device. Directly related to spa-

tial resolution, as the value of spatial resolution corresponds

to the inter-electrode distance. See spatial resolution.
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interpolation

localization accuracy

mapping catheter

myocardium

optical mapping

phase singularity

precision

recall

rotor

rotor duration

rotor incidence

Estimation and construction of intermediate data points based

on known data points.

Measurement of the proportion of true density peaks in ro-
tor density maps, in detriment of false and/or missed peaks.

Given by the F1-score. See F1-score.

Thin tube with electrode(s) at the tip that is inserted through
an artery and guided to a heart chamber. Used to map electri-
cal activity in the heart chambers. See electrode.

Muscular layer of the heart, between the epicardium and the

endocadium.

Technique to map the electrical activity of the heart. The tis-
sue is perfused with a voltage-sensitive dye and illuminated
with a specific wavelength light that excites the dye. A spe-
cialized camera records the fluorescent output in its field of
view. The output depends on the electrical state of the cardiac

cells.

Center of rotation of a spiral wave. In a phase map, it is a
point with no defined phase value, surrounded by tissue with
phases ranging from = to « [2]. Interchangeable with rotor.

Fraction of true positives by the sum of true positives and false
positives. For rotor detection, it corresponds to the fraction
of true rotors detected among all rotors detected in a sub-
resolution. For rotor localization, it corresponds to the frac-
tion of true density peaks detected among all density peaks

detected in a sub-resolution.

Fraction of true positives by the sum of true positives and
false negatives. For rotor detection, it corresponds to the frac-
tion of true rotors detected in a sub-resolution among all true
rotors. For rotor localization, it corresponds to the fraction of
true density peaks detected in a sub-resolution among all true
density peaks.

Spiral wave in cardiac phase maps that identifies a reentrant
circuit. Interchangeable with phase singularity.

Average lifespan of the rotors detected.

Number of rotors detected per unit area in eight seconds.
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spatial accuracy

spatial resolution

stable rotor

tachycardia

upsampling

Maximum permissible displacement from the original loca-
tion. A higher spatial accuracy corresponds to a smaller dis-
placement radius.

For optical maps, refers to the size the pixels. For an electrode
array, it refers to the distance between electrodes. In this study,
the pixel resolution of the optical maps was kept the same, but
the resolution of the data itself was diminished because the
data was decimated, resulting in bigger spacing between pix-
els with true data. A higher spatial resolution corresponds to
smaller pixels or a smaller inter-electrode-distance. Directly
related to inter-electrode distance.

Rotor that lasts the minimum cycle length or longer. See rotor.
Abnormally fast heart rhythm.
Increment of data points by interpolating the values between

known data points and extrapolating outside known data. See

interpolation.
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CHAPTER

INTRODUCTION

Cardiovascular disease is the leading natural cause of death in developed countries [3].
Sudden cardiac death accounts for 50% of the mortality due to cardiac issues, being
responsible for an estimated 4-5 million deaths per year globally [4], [5]. The majority of
sudden cardiac death cases are caused by rhythm disorders, also known as arrhythmias.
The arrhythmias that lead to death usually originate in the ventricles, such as ventricular
tachycardia (VT) and ventricular fibrillation (VF). When in the atria, this disorder is not
much more benevolent, being a major risk factor for ischemic stroke [6].

Current treatment options vary depending on the etiology and location of the ar-
rhythmia. For atrial tachycardia and fibrillation, the preferred therapy is radiofrequency
ablation, which involves damaging the heart tissue to block pathological impulse con-
duction. The alternative to ablation is anti-arrhythmic drugs, which have been shown
to have limited efficacy and can be associated with adverse side effects [7], [8]. Focal
ablation targets electrical conduction irregularities called rotors, that are present when
the propagation wavefront circulates around itself in a spiral instead of following a linear
path. These rotors are thought to maintain and drive arrhythmic episodes. Rotor ablation
has presented divergent success rates, and a possible reason agreed upon is unequal spa-
tial resolution used by different studies. Indeed, the resolution and electrode density of
current cardiac mapping devices may be insufficient, and precise and accurate detection
of ablation targets is necessary for the successful termination of the arrhythmic episode.
Consense on the appropriate resolution to adequately map rotors is still to be reached.

In the case of VT or VF, the treatment of choice is defibrillation. Defibrillation consists
in discharging an electrical shock to the chest that effectively resets the electrical activity
of the heart, successfully terminating the majority of VFs [9]. The need for such violent
measures is due to the quick progression of these episodes, so much so that a 10-minute

delay in delivery of defibrillation results in a nearly zero survival rate [10]. To avoid such
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circumstances, the use of an implantable cardioverter defibrillator (ICD) is indicated for
patients who have survived a cardiac arrest caused by VF or VT without revertible cause
and patients who are likely to suffer from severe VT/VF in the future [11]. The ICD can
detect VT and VF and applies a defibrillation shock when detected. However, electric
therapy has its own hindrances. Due to the technological limitations of the current
ICD devices, such as high defibrillation threshold and low VT/VF sensing resolution,
the shocks delivered are extremely painful [12]. There are two ways to decrease the
amount of energy of the shocks and, consequently, the pain induced: (1) narrow the
scope of the shock to the area that needs it, and (2) apply a sequence of lower energy
shocks instead of a single high energy one. While there has been progress with the
second option [13], it remains very hard to lower the shock’s energy without jeopardizing
the defibrillation success if the arrhythmia’s site is unknown. Locating a ventricular
arrhythmia and determining the ideal site for therapy is very challenging and currently
there is no method available for it. This leads to an unmet need for high-definition VT/VF
sensing to minimize inappropriate shocks and improve therapy. In order to achieve that,
it is important to know the spatial resolution required to correctly identify and localize
arrhythmia drivers.

For the treatment of both atrial and ventricular tachycardia, a need is present for the
establishment of the maximum inter-electrode spacing for arrhythmic mapping devices.
Studies have been done to try and assess the minimum spatial resolution necessary to
successfully map rotors, but the majority of them has supported themselves in simulated
data or animal models, none of which is ideal to properly determine the true resolution
needs of human cardiac electrophysiology.

This thesis proposes the use of high spatiotemporal resolution data obtained by opti-
cally mapping the electrical activity of ex vivo donor human hearts to deduce the spatial
resolution requirements for accurate detection and localization of rotors. The usage of

optically mapped human data sets this work apart from previous studies.

1.1 Thesis goals

This thesis aims to analyze and quantify the loss of information due to spatial resolu-
tion when mapping cardiac arrhythmias. The hypothesis is that the minimum spatial
resolution for electrode mapping devices could be inferred through the downsampling of
optical data, which has a spatiotemporal resolution much higher than what can currently
be obtained with electrodes. In order to achieve the overarching aim, the following goals

were identified and pursued:
* Analyze the impact of spatial resolution on perceived arrhythmia dynamics;
* Analyze the impact of spatial resolution on rotor detection;

* Analyze the impact of spatial resolution on rotor localization;
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¢ Define the minimum inter-electrode distance for robust rotor detection and local-

ization.

1.2 Thesis overview

The thesis is structured as follows. Chapter 2 goes over the theoretical concepts relevant
for the understanding of the thesis and the studies that have been done on the spatial
resolution requirements for mapping the heart. In Chapter 3, the study methodology
is presented, encompassing all the steps necessary to obtain and condition the optical
data, the process to assess correlation between sub-resolution results and the original
data, the metrics that were retrieved, and how they were analyzed. In Chapter 4, the
results obtained are presented and interpreted. Lastly, in Chapter 5 the main conclusions
from the results are drawn, the study’s limitations are identified, and solutions to the

limitations and possible future directions are presented.
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This chapter summarizes important concepts for the understanding of the thesis and
reviews the research done on the subject. First, the anatomy and the normal electro-
physiology of the heart are explained in Section 2.1. With that knowledge, it is possible
to go deeper and explore a common cardiac pathology, the arrhythmia, along with its
causes and possible treatments, in Section 2.2. To study this pathology, and for some
therapies, it is necessary to map the electrical activity of the heart in order to understand
its mechanisms. The current mapping methods and emerging technologies are explored
in Section 2.3. Finally, an adequate spatial resolution of the mapping devices is crucial to
ensure accurate cardiac mapping. Since the objective of this thesis is to assess the neces-
sary resolution for mapping arrhythmias, the studies done in that respect are reviewed

in Section 2.4.

2.1 Cardiac anatomy and electrophysiology

The heart is a muscular organ responsible for pumping blood through the body. As shown
in Figure 2.1, it is composed of four chambers: right atrium (RA), left atrium (LA), right
ventricle (RV) and left ventricle (LV). The right and left sides of the heart function as
two separate pumps. On the right side, the blood enters through the superior vena cava
into the RA, flows to the RV and is ejected through the right ventricular outflow tract
(RVOT) into the pulmonary artery, towards the lungs. On the left side, the blood enters
the LA through the pulmonary veins, and the LV propels it through the whole body. The
heart itself is irrigated by the coronary arteries, that branch from the ascending aorta [14].
The heart walls are mainly composed of muscular tissue, called myocardium, that stands
in between the inner and outer layers of the wall, the endocardium and epicardium,

respectively.
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Figure 2.1: Heart anatomy. Left. Frontal cut of the heart, showing the heart chambers,
veins, and arteries responsible for the blood circulation through the heart. Adapted from
[15]. Right. Frontal view of the heart, showing the coronary arteries. Adapted from [16].

The ability of the heart to work as a pump is due to the contractibility of its muscles.
Cardiac muscle fibers are interconnected so that when one cell is excited it quickly prop-
agates through the rest of the cardiac cells. The atria and the ventricles are separated by
fibrous tissue, enabling them to contract at different times [17].

The coordinated contraction of the cardiac muscle cells, termed myocytes, is regu-
lated by an impulse-conducting system, illustrated in Figure 2.2, which is composed of
specialized cells that can generate and transmit action potentials without input from
the nervous system. The electrical impulse is normally initiated by the sinoatrial (SA)
node and propagated through the atria. The impulse arrives at the atrioventricular (AV)
node and follows through a passage to the ventricles, denominated by bundle of His.
The pathway bifurcates, originating the right bundle branch and the left bundle branch.
These branches divide further into the Purkinje fibers, which spread the impulse through
the ventricular walls [18]. This results in synchronized contraction of the ventricular
myocytes [17].

The cardiac cycle is maintained through the conduction of electric impulses, termed
cardiac action potentials, through the myocardium. The action potential (AP) is created
by a sequence of ions fluxes through the myocytes’ cell membrane. The membrane is a
phospholipid bilayer highly impermeable to ions, so the ionic movements are controlled
by specialized proteins (ion channels, passive cotransporters, and active transporters).
The voltage of the membrane defines the type and the number of channels open, so the
gating of the channels is said to be voltage-sensitive [18], [20].

The AP of a typical myocyte is represented in Figure 2.3. In phase 4 the cell is at rest.
In this state, the potassium (K*) concentration is much higher inside the myocyte and

the sodium (Na*) and calcium (Ca**) concentrations are much higher outside. At rest,
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Figure 2.2: Impulse-conducting system and its components. Adapted from [19].

the cell’s membrane is impermeable to ions other than potassium and its transmembrane
potential is approximately -90 millivolts (mV) (negative voltage means the inside of the
cell is more negative than the outside). In the case of pacemaker cells, such as the SA
node, the maximum negative voltage is approximately -60 mV [20]. The AP occurs when

the cell’s membrane voltage is altered.
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Figure 2.3: Representation of the action potential of a typical myocyte. The resting state
of the membrane’s potential is at -90 mV (phase 4). Any stimulus that raises the mem-
brane potential above a threshold of -70 mV induces the opening of sodium channels,
leading to a quick sodium influx and consequent depolarization (phase 0). A transient
outward potassium current returns the membrane potential to approximately 0 mV, caus-
ing partial repolarization (phase 1). A prolonged balance between outward K* current
and inward Ca** current results in a nearly zero net current, thus creating a plateau
(phase 2). Repolarization begins when the calcium channels start to close (phase 3). The
continued exit of K* ions returns the transmembrane voltage to -90 mV. Then, through
active transport, the resting concentrations are reestablished. Adapted from [20].

Pacemaker cells have automaticity, thus do not need external stimuli to depolarize.

Figure 2.4 illustrates the AP of a pacemaker cell, in which case phase 4 is a slope as a
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result of an ionic influx, called the pacemaker current (I¢), that leads to an autonomous
depolarization of the cell [20].
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Figure 2.4: Representation of the action potential of a pacemaker cell. During phase 4,
a steady influx of positively charged ions, called pacemaker current (I¢), decreases the
membrane potential until it reaches the threshold voltage, which triggers a quicker and
complete depolarization (phase 0). Adapted from [20].

Specialized cells from the impulse conducting system also have automaticity and,
therefore, have Iy. However, since their firing rate is slower than the SA node’s intrinsic
rhythm, the SA node triggers depolarization through the rest of the automatic cells before
they have time to spontaneously depolarize. Nevertheless, most elements of the system
have the potential to act as pacemakers if the SA node is not working properly.

An important concept to retain is the refractory period. Due to the necessity of the
ventricles to have enough time to relax and refill between contractions, there is a pro-
longed period after an electrical stimulation during which the cardiac cell is unresponsive

to restimulation.

2.2 Cardiac arrhythmias

An arrhythmia is defined as an irregular heartbeat. There are two types of arrhythmia:
bradycardias when the heart rhythm is abnormally slow, and tachycardias when it is
abnormally fast. A tachyarrhythmia, the type that this thesis is focused on, is considered
to be present if the heart rate is greater than 100 beats per minute for three beats or

more [21].

2.2.1 Causes and mechanisms

While there are more arrhythmic mechanisms, the most prevalent in tachycardia are

reentry, abnormal automaticity, and triggered activity.
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Reentry

The most common and most studied cause of tachycardia is reentry. As illustrated in Fig-
ure 2.5, it occurs when an electric impulse circulates around a reentry path, repeatedly
depolarizing a certain area of cardiac tissue. For reentry to happen two conditions are
necessary: the presence of a unidirectional conduction block, that is, an area of cardiac
tissue that is refractory from a previous stimulation when a new electrical impulse en-
counters it; and slow retrograde conduction, that is, abnormally slow impulse conduction
through the tissue that previously had a unidirectional block [22].

Reentry can be anatomical or functional. In an anatomical reentry, the reentrant
circuit occurs in well-defined anatomical structures and the propagating wave follows
a fixed path around an obstacle, with an excitable gap separating the front of the wave
and the refractory tail, as shown in Figure 2.6A [23]. However, reentry does not require
an anatomic obstacle, as it can be a functional obstacle instead. Functional reentry can
be described by two methods, the leading circle or rotors. Figure 2.6B is a schematic
representation of the leading circle hypothesis, in which there is no fully excitable gap
between the wavefront and its tail, and the tissue at the center of the leading circle
is refractory due to centripetal excitation waveforms [24]. Another form of functional
reentry is rotors, represented in Figure 2.6C, where the tissue at the center is not refractory
and the wavefront and tail meet at the core of the rotation, termed phase singularity
(PS). A rotor can be stationary, with a stable PS, or it can be meandering, in which case
its trajectory may take complex shapes [24], [25]. The generation of a spiral wave is

represented in Figure 2.6E, with the PS marked by an asterisk.

Abnormal Automaticity

The injury of cardiac tissue may cause normal cardiac muscle cells to gain automaticity,
leading to ectopic heart beats. If the impulse formation rate of these cells surpasses that
of the SA node, they will transiently function as a pacemaker and originate a tachycar-
dia [22].

Triggered Activity

Triggered activity refers to afterdepolarization, that is, the depolarization of the cell
membrane triggered by a preceding action potential. If the afterdepolarization reaches
a threshold voltage, an abnormal action potential is induced. This AP may be self-

perpetuating, causing a series of depolarization and, consequently, a tachycardia [22].

2.2.2 Arrhythmia classification

Arrhythmias appear in different regions of the heart and have different levels of complex-
ity, and are categorized accordingly. Tachycardias can be designated as supraventricular,

if its origin is in the atria or the AV node, or as ventricular, if the arrhythmia is related
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Figure 2.5: Mechanism of impulse reentry. A. Normal forward propagation of an electrical
impulse, bifurcating in point x. B. Unidirectional block. The impulse encounters tissue
that is still refractory from a previous stimulation. In this case, the impulse can only
propagate through the o branch and, since it is not stopped by the presence of another
impulse, it continues to propagate through the available paths. If the branch is no longer
refractory when the impulse reaches its distal end, the AP will enter 3 and conduct
retrogradely. C. If the impulse circulates with a normal velocity, it reaches the superior
portion of o when it is in its refractory period and the reentry is stopped. D. If the
retrograde conduction is abnormally slow and reaches a when it is ready to depolarize, it
creates a conduction loop. Adapted from [22].
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Figure 2.6: Rotors and spiral waves’ dynamics. A. Representation of an anatomical reen-
try circuit. The impulse propagates around the unexcitable region and the front of the
impulse wave meets the excitable gap at its tail. B. Leading circle, an impulse propagation
wave without an excitable gap and a refractory center due to centripetal excitation wave-
forms. C. Rotor, an impulse propagating spiral wave without any separation between
the wavefront and its tail. The colors in the figure represent the state of excitation of the
myocytes, ranging from rest to depolarization. At the phase singularity, marked by an
asterisk, the excitation’s state is not defined. D. 3D representation of a spiral wave, desig-
nated "scroll wave". E. Propagation of a spiral wave around a phase singularity, marked
by an asterisk. Adapted from [24].

to the His-Purkinje system or the ventricles. They can be further divided by their mech-
anism and electrocardiogram (ECG) presentation, an ECG being a measurement of the
electric activity of the heart through the body’s surface. Figure 2.7 provides a reference
for what a normal ECG should look like, and illustrates the components of a heartbeat
measured by an ECG: P wave, QRS complex, and T wave. The P wave is caused by the
depolarization of the atria; the QRS complex, formed by three distinct waves, results from
the depolarization of the ventricles; and, finally, the T wave is induced by the ventricles
while they recover from depolarization, being associated with the repolarization of the
cell. The RR interval corresponds to a full cardiac cycle [26].

R
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Figure 2.7: Representation of a normal electrocardiogram (sinus rhythm). Adapted from
[27].
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Supraventricular tachycardias
Supraventricular tachycardias are divided into atrial tachycardias (AT), sinus tachycardia,
and paroxysmal supraventricular tachycardia.

Common ATs are atrial premature beats, atrial flutter, and atrial fibrillation (AF). An
atrial premature beat is caused by an ectopic focus in the atria. Atrial flutter is character-
ized by rapid, regular atrial activity, as shown in Figure 2.8, while AF is a chaotic rhythm
that makes the P wave in an ECG indiscernible, illustrated in Figure 2.9. Sinus tachy-
cardia refers to increased automaticity of the SA node. Its ECG morphology is normal,
but the heart rate is high, as in Figure 2.10. Paroxysmal supraventricular tachycardia,
shown in Figure 2.11, is usually generated by a reentrant circuit, connecting the atria
with the ventricles. The reentry pathway can be either in the AV node region or through
an accessory pathway. If the AV node is the cause, it is denominated an atrioventricular
nodal reentrant tachycardia. If the impulse reenters the atria through a pathway that does
not belong to the normal conducting system, it is called an atrioventricular reciprocating
tachycardia [21], [28]-[31].
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Figure 2.8: Representative electrocardiogram signal of atrial flutter, characterized by a
"sawtooth"pattern [30]. Adapted from [27].
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Figure 2.9: Representative electrocardiogram signal of atrial fibrillation. Characterized
by irregular R-R intervals and irregular atrial waves [30]. Adapted from [27].

AEGGGASGRGGRERAS
Figure 2.10: Representative electrocardiogram signal of sinus tachycardia. Characterized
by regular increase in heart rate [31]. Adapted from [27].
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Figure 2.11: Representative electrocardiogram signal of supraventricular tachycardia.
Characterized by increased heart rate and hidden P wave [30]. Adapted from [27].

Ventricular tachycardia
Ventricular tachycardias can present as ventricular premature beats, ventricular tachycar-
dia (VT) or ventricular fibrillation (VF).

A ventricular premature beat, just like its atrial counterpart, appears when an ectopic
focus triggers an action potential. A ventricular premature beat in itself is not dangerous,
however, it may indicate an underlying disorder and be worrisome [21].

VT is considered to be present if there is a series of three or more consecutive ven-
tricular premature beats. There are two types of VT: sustained VT, if it persists for
more than 30 seconds, which causes extreme symptoms or requires immediate therapy,
or non-sustained VT, if it is self-terminating. Another dichotomy is monomorphic VT
and polymorphic VT. Monomorphic VT (MVT), as seen in Figure 2.12, is a sustained VT
with widened QRS complexes that are seemingly constant in shape and rate. It usually
derives from an anatomic reentrant circuit. On the other hand, a polymorphic VT’s signal
has no stable shape or rhythm. Typically, the mechanisms behind it are multiple ectopic

foci or a complex rotor-based reentry. Sustained polymorphic VT normally results in VF.
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Figure 2.12: Representative electrocardiogram signal of a monomorphic ventricular tachy-

cardia. Characterized by an identifiable and morphologically stable QRS complex [30].
Adapted from [27].

VF is the result of rapid and erratic electrical impulses that disables coordinated
contractions, terminating cardiac output and leading to death if not quickly treated. Its
ECG signal, in Figure 2.13, is easily identifiable by being a chaotic line without any
discrete QRS complex [21].

2.2.3 Treatment

There are three different approaches to treat arrhythmia: pharmacologic therapy, catheter

ablation, and electrical therapy.

12



2.2. CARDIAC ARRHYTHMIAS

Figure 2.13: Representative electrocardiogram signal of ventricular fibrillation. Charac-
terized by a chaotic line without discernible QRS complexes [21]. Adapted from [27].

Antiarrhythmic Drugs

Antiarrhythmic drugs work by changing ion channels” activity. While being a common
treatment for tachycardia, these drugs can be very dangerous as they easily become proar-
rhythmic instead. By altering the AP morphology, new arrhythmias can be triggered [8].
Therefore, pharmacologic therapy is not ideal and antiarrhythmic drug development has

begun to focus more on reducing arrhythmia symptoms rather than treating it [32].

Catheter Ablation

In the case of spatially stable arrhythmia drivers or known anatomical sources, abla-
tive therapy is usually the recommended treatment. Cardiac ablation is performed
using a transvenous catheter that applies radiofrequency current directly on the my-
ocardium, heating and damaging the tissue and consequently removing its conductive
properties [22], [33]. Therefore, ablation is useful to isolate arrhythmogenic regions and
block reentrant pathways. The pathological source is identified and located with elec-
trophysiologic mapping techniques, explored in Section 2.3, that vary according to the
arrhythmia’s complexity.

The main employment of this method is in the treatment of atrial tachycardia and
fibrillation, specifically for pulmonary vein isolation. The pulmonary vein muscular
sleeves (extensions of myocardium over the pulmonary veins) are known to be where most
focal triggers appear [34] and, therefore, that region is electrically separated from the rest
of the myocardium through a point-by-point linear ablation encircling the vein [33], [35].
If the ectopic foci or micro-reentry circuits are located in other regions, focal ablation is
preferred [33]. This localized treatment is also applied in cases of recurrent VF or VT
caused by focal triggers, playing a long-term protective role [36]-[39].

A new and still experimental technique for focal ablation of rotational arrhythmia
drivers is called focal impulse and rotor modulation (FIRM) mapping [40], [41]. It utilizes
the phase information of intracardiac electrograms to track the progression of the mapped
region through the action potential and consequently localize phase singularities [42].
Even though the success rates for ablation guided by FIRM mapping are contradictory at
this time, the technique shows great promise for tailored therapy [43]-[46].

Despite its advantages, if tissue ablation is not performed in the correct area the
treatment will not be successful, and high volumes of ablated tissue may generate further
arrhythmic substrate by creating slow conduction regions [47]. Therefore, the pursuit of

13
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high resolution and high precision mapping techniques is necessary.

Electric Cadioversion and Defibrillation
When an arrhythmia is life-threatening and fast response is needed, such as in the case of
VE, electric treatment is the only option. When a high-energy electrical current is applied
to the heart, it depolarizes the majority of the myocardium, resetting its electrical configu-
ration. This interrupts reentrant circuits and enables the SA node to regain the pacemaker
function. However, if the cause of arrhythmia is abnormal automaticity, the condition
may persist. While both electrical cardioversion and defibrillation require shocking the
heart, they differ on the targeted type of tachycardia. Cardioversion is performed to
terminate supraventricular tachycardias or monomorphic VT. In this case, the device syn-
chronizes with the ECG signal in order to discharge when a QRS complex (corresponding
to ventricular depolarization) occurs, preventing discharge during a T wave which may
induce reentry. During VF, however, there are no distinct QRS complexes, so the shock is
not synchronized. An unsynchronized electrical discharge is termed defibrillation [22].
Cardioversion and defibrillation can the applied externally, using two-electrode pad-
dles or adhesive electrodes, or internally, through an implantable cardioverter defibril-
lator (ICD). Although the energy required for internal electrical therapy is significantly
less than for external therapy, the procedure is still painful for the patient [22]. Therefore,
research is being conducted to try to minimize the energy necessary to terminate arrhyth-
mia, by either applying multiple lower-energy pulses or restricting the shock delivered
to the area of interest [13], [48].

2.3 Electrophysiological mapping of the heart

Cardiac mapping aims at characterizing and visualizing the propagation of the electric
impulses across the myocardium. In the case of arrhythmia, electrophysiological map-
ping becomes particularly useful to detect potential arrhythmia drivers and to study the

mechanisms that generate and maintain these unstable rhythms.

2.3.1 Catheter-based

The clinically employed method for cardiac mapping without surgery is through catheters.
A mapping catheter is a thin, flexible tube that is inserted through the femoral or radial
artery and steered to the heart chambers [49]. Catheters have electrodes that enable
the discrete measurement of the electrical activity at each contact point. Thus, multiple
electrodes can acquire physiological signals from different sites in the endocardium and
paint a picture of the overall electrical activity and propagation dynamics. In a clinical
setting, mapping is mostly used to guide ablation therapy.

There are multiple mapping techniques using catheters, with varying levels of com-

plexity. The conventional method is the simplest and is adequate for the ablation and
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isolation of known arrhythmogenic landmarks [50]. It employs the roving probe tech-
nique, in which a probe with one or more electrodes is moved across the heart chamber
to record the electrical activity at different sites [51], [52]. Multiple probes can be used,
either stationary or moving, recording one probe at a time [53], [54]. Due to the time
required to move the probe in order to create a single map, it cannot map impulse propa-
gation for each heartbeat and will only detect long-lasting and stable arrhythmias [55].

Advancements on the multiplexer technology, which allows a mapping device to
quickly send multiple input signals through a single output, opened the door to new
catheter configurations [55]. Figure 2.14 provides visual examples of some of the current
catheter designs, that go from simple linear catheters to basket and star-shaped config-
urations. Of all of these, the most ambitious design in terms of coverage is the basket.
These catheters have 5-8 flexible splines with multiple electrodes that are collapsible to
navigate through the vessels and that expand inside the heart chamber to achieve the
highest amount of contact points with the endocardium. By simultaneously recording
from the entire chamber, this design allows mapping of impulse propagation beat to beat,
making it possible to track more unstable arrhythmias, such as atrial and ventricular
fibrillation [56], [57].

Linear catheter Lasso catheter Star catheter
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Grid catheter Basket catheters
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Figure 2.14: Examples of current catheter styles: linear, lasso, star, grid and basket
catheters. Adapted from [58]-[61].

Basket catheters are considered to have high resolution, due to their small inter-
electrode distances (IEDs) and their high electrode density compared to other catheter
designs. Along the splines, IED can be as narrow as 2 mm in the most recent models, as
displayed in Table 2.1, which presents some catheters manufactured by different medical
device companies and their spatial resolution. However, between splines, the IED reaches
much higher values. In Table 2.1, the basket’s diameter corresponds to its equator’s di-
ameter when fully deployed. Knowing the diameter, it is possible to infer the maximum
IED between splines by calculating the circumference of the equator and dividing it by
the number of splines. For the Constellation catheter (Boston Scientific, Marlborough,
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Table 2.1: Comparative table of currently used clinical mapping catheters. The
mean of the inter-electrode distances is approximately 4 mm.

Catheter Style NE D (mm) IED (mm)
Constellation™! Basket 64 31to75 2to7
IntellaMap Orion™!  Basket 64 22 2.5
Advisor™ HD Grid®>  Grid 16 N/A 3
Inquiry™ Afocus II™? Double Loop 20 N/A 4
Lasso® Nav?® Single Loop 10 or 20 N/A 8 or 2-6-2
Pentaray® Nav> Star 20 N/A  4-4-4or 2-6-2
Decanav®3 Linear 10 N/A 2-8-2

NE, number of electrodes; D, diameter; IED, inter-electrode distance.
! Boston Scientific, Marlborough, Massachusetts, USA [62] [63].

2 Abbott, Plymouth, Minnesota, USA [59].

3 Biosense-Webster, Irvine, California, USA [64].

Massachusetts, USA), with a diameter of 31 mm, the approximate IED at the equator is
12.2 mm. For bigger models, this value will go up to 29.5 mm. The IntellaMap Orion
(Boston Scientific, Marlborough, Massachusetts, USA) is a smaller-sized basket, and the
maximum IED at its equator is approximately 8.6 mm.

Besides the structural spacing between electrodes, mapping catheters” empirical spa-
tial resolution drops even lower due to poor tissue contact [41]. The heart chambers
are a dynamic environment, and the catheters’ relative rigidity may fail to adapt and
conform to the beating heart wall. This leads to spacing between some electrodes and
the endocardium, which has been shown to negatively impact signal quality [41], [65].
Furthermore, significant spline bunching has been observed when deploying basket
catheters [41], [66], heavily diminishing coverage of the atria. The emergence of flex-
ible and stretchable electronics has led to the development of soft, implantable devices

that have shown promise in addressing these issues.

2.3.2 Conformal bioelectronics

A new class of stretchable electronics is changing the paradigm of wearable and im-
plantable devices, including for cardiac monitoring and therapy [67]. Soft bioelectronics
have the potential to conform to the tissue of interest, reducing motion artifacts and
maximizing coverage without affecting the natural motion of the tissue. In addition, they
require no manual operation after being implanted [68]. The devices being developed
have consistently achieved higher electrode densities and higher spatial resolutions than
those possible for mapping catheters, with IEDs that range from 3.5 mm [69] to sub-100
pm [70], and usually map the epicardium instead of the endocardium.

The designs for cardiac electrophysiological mapping vary from two-dimensional
sheets to meshes. In 2010, Viventi et al. designed a conformal electrode array with 800

pm IED that was successful in adhering to the epicardium even when it was beating
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rapidly [68]. It showed the promise of this technology for this finality but many im-
provements had to be made. One of them was the small area covered (14.4 mm by 12.8
mm), which was tackled by meshes. Cardiac meshes typically take advantage of frac-
tal designs to enhance their elasticity [71], [72] and cover the majority of the heart [69],
[72]. Stretchable bioelectronics are also being integrated with catheters, mapping the
endocardium [48], [73].

Besides electrophysiological mapping, soft bioelectronics are making strides in ther-
apy, such as pacing [74], defibrillation [71] and ablation [48], [73], [75]. Conformal
bioelectronics are still far from clinical implementation, but promise a future with higher-
resolution cardiac mapping and localized therapy. Subsequently, it becomes ever more
relevant to define the spatial resolution needed for accurate rotor identification and local-

ization.

2.3.3 Optical mapping

Cardiac optical mapping is used to study electrical activation, repolarization, and calcium
handling in myocardial preparations with a spatial resolution and sample density much
greater than possible for electrode techniques. In optical mapping experiments, the
cardiac tissue is prepared and perfused with a potentiometric dye, which has a fluorescent
output responsive to the transmembrane voltage of the cell. A light source with a specific
wavelength excites the dye in the tissue, which in turn emits fluorescence with an intensity
that is dependent on the transmembrane potential. Motion artifacts render optical signals
useless, so electromechanical uncouplers are used, which inhibit the mechanical action
of the heart but maintain its electrical excitation [76].

Figure 2.15 illustrates a typical optical mapping setup, in which the detector is a high-
speed camera that captures the fluorescent intensity in the form of a matrix at each time
point [77], [78]. This mapping method can only be used in experimental settings since

the tissue needs to be dyed and electromechanical uncouplers are used.

2.4 Spatial resolution requirements for mapping arrhythmias

Spatial resolution requirements have been thoroughly studied for AF, especially with the
objective of tissue ablation in mind. Since a single ablation lesion usually covers a region
with 5 to 8 mm in diameter, the goal of these studies was for the rotors to be detected
within that area [79], [80].

The majority of the studies used simulations of cardiac electrical activity to test the
effect of spatial resolution on arrhythmia drivers’ detection. Martinez-Mateu et al. used a
virtual model of the atria to determine the accuracy of a basket catheter to detect rotors for
guiding cardiac ablation [65]. They simulated three baskets with different IEDs. One had
a realistic configuration of 64 electrodes distributed through 8 splines, with a diameter
of 31 mm and an IED of 4.8 mm along its splines. The other two baskets had different

17



CHAPTER 2. LITERATURE REVIEW

Ty Tay T Ta Ts Ta

Filter l ‘ ‘ ‘ ‘
>

Detecto Time

Figure 2.15: Cardiac optical mapping setup and data acquisition. The heart preparation
is homogeneously illuminated by photons with an appropriate excitation wavelength.
The photons excite the dye, which sequentially returns to its ground state, emitting
fluorescent photons. The filter separates the illumination and emission photons, so the
system only measures the relevant signal. The filtered fluorescent photos are captured by
a high-speed camera, working as a detector that acquires data in the form of a series of
matrices of fluorescent intensity [77], [78]. Adapted from [77].

electrode densities, one having four splines with six electrodes in each, and the other 16
splines with 16 electrodes per spline. Electrograms were computed at the coordinates of
the baskets’ electrodes, linearly interpolated on 57,600 points, and converted to phase
in order to map rotors. They concluded that decreasing the electrode density reduced
correct rotor detection, while increasing electrode density significantly reduced false rotor
detection due to interpolation. In addition, for an 8x8 basket, the probability of ablating
a true rotor was lower than the probability of ablating a false rotor. Ablation accuracy
was expected to improve substantially for 16x16 baskets, with an IED of 2.4 mm along
the splines and a maximum IED of 5.85 mm between splines.

Alessandrini et al. also used simulation in their study [81]. They created two virtual
grid catheters, with 9x9 and 5x5 electrodes that translated to IEDs of 3 mm and 6 mm,
respectively. High-resolution simulated electrical data of the atria served as the ground
truth and the grids’ electrodes’ coordinates were used as sampling points. Rotors were
tracked for the ground truth data and for both grid conformations, and the positions of
the rotors’ tip at each time point were used to create trajectory density maps. These maps
provide important insight on where the rotors linger, and the position of the trajectory
density maps’ peak was used as the target for simulated ablation therapy. Therefore, it
made sense for the distance between density maps’ peak sites to be the term of comparison
between the ground truth data and the decimated maps obtained with the grids. They
observed that for the catheter with an IED of 3 mm it was possible to locate the rotors
with an error within an ablation lesion dimension, as long as the distance of the electrodes
to the heart wall was below 10 mm. For the catheter with 6 mm of inter-electrode spacing,
the localization error was deemed unacceptable. In the end, Alessandrini et al. warn that,
considering their results, currently available basket catheters should not have sufficient
resolution, if fully deployed, to correctly locate arrhythmia drivers.
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Yet another simulation study was undertaken by Aronis et al. [82]. They tested not
only if rotor localization accuracy was impacted by IED, but also if the number of rotors
present was a factor. They used a cardiac tissue model with a spatial resolution of 1 mm
and simulated from one to seven simultaneous rotors. Six sub-resolution data sets were
generated, with IEDs of 2, 4, 8, 10, 15, and 30 mm. For each sub-resolution, the error
of rotor localization was calculated as the distance between the centers of mass of the
estimated PSs and the reference PSs. When more than one rotor was present, the error
was defined as the distance between the center of mass of each estimated PS and the
nearest reference PS. The IED on clinical setting was considered to be 10 mm. For that
value, they concluded that the accuracy of ablation targeting would be affected if more
than one rotor was present, which is the usual for AF cases. They found that an IED of 4
mm would be sufficient for the localization error (3.2 + 0.6 mm) to fall within the ablation
lesion area, even with multiple rotors present.

Roney et al. looked at resolution requirements for accurate identification of rotors and
focal sources as a function of wavelength of the arrhythmia, that is, the distance between
wavefronts [83]. The necessary resolution (R) should obey the expression R = A/N, where
A is the arrhythmia’s wavelength and N is the number of data points between consecutive
wavefronts. To test the resolution requirements, the simulated data, with original IED
of 0.1 mm, was uniformly downsampled to have IEDs ranging from 1 to 25 mm and
interpolated back to the original resolution for comparison. When downsampling the
data, it was guaranteed that the chosen data points’ positions would be as close to the
rotor in the full resolution as possible. The result reached was that N had to be at least 3.1
for correctly identifying rotors and avoiding false detections. This led to their conclusion
that basket catheters have adequate resolution to detect rotors, but not enough to rule
out false ones. With a value defined for N, it was possible to infer the value of R for the
lowest atrial wavelength, in order to obtain the most restrictive resolution requirement.
Following this logic, they arrived at the final value of R = 14.2 mm and considered most
clinically available catheters to have IEDs inside that limit. Therefore, they should be
able to correctly detect rotors if positioned over them.

In a more realistic environment, King et al. performed optical mapping on rabbit
hearts and compared rotor detection results as spatial resolution decreases [84]. Their
study promotes a 2 mm IED as ideal for rotor detection.

When it comes to ventricular tachycardia and fibrillation, there is not much informa-
tion regarding the effect of spatial resolution on rotor detection and localization, since
ablation is not the preferred treatment. However, it is important to understand its im-
pact on VT and VF dynamics and underlying mechanisms. Furthermore, the tendency is
for ventricular arrhythmia therapies to become more and more localized, and accurate
application of therapy will be essential for their success [39], [85].

To summarize, the overall consensus is that current basket catheters do not provide
sufficient rotor detection accuracy, and poor spatial resolution is presented as a possible

reason for the equivocal reports of FIRM mapping efficacy [83]. Low spatial resolution
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leads to various errors in arrhythmia detection, such as missing rotors, the appearance of
false rotors, and mislocating rotors. These errors, in turn, cause the erroneous ablation
of healthy tissue and failure to apply therapy where it is needed [84]. In terms of what
the ideal IED should be for appropriate rotor localization, the reported values varied
considerably, likely due to the variations in the resolutions tested.

The majority of the studies on spatial resolution requirements for rotors” detection
used cardiac simulation data, which, while useful, does not produce results as reliable as
real data. Furthermore, none had access to human data besides clinical data for which it
is impossible to effectively test different resolutions. The alternative was animal studies,
and while some animal species come close to humans in terms of cardiac physiology,
results from animal studies do not always translate to human settings. For the present
work, both of those limitations are overcome, as the data analyzed was obtained from

optically mapped donor human hearts.
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CHAPTER

METHODOLOGY

This chapter goes into detail on the protocols and methods used to obtain, process, and
analyze the data. The fluorescence data, obtained by optically mapping donor human
hearts (Section 3.1), was first filtered (Section 3.3.1) and then translated to the phase
domain (Section 3.3.3). From the phase data, it was possible to identify (Section 3.3.7) and
track (Section 3.3.8) arrhythmia drivers. After having done so for multiple resolutions, the
phase singularities found for the original resolution data were compared with those found
for each sub-resolution studied (Section 3.4). The metrics used to evaluate the loss of
information as resolution decreases are described and justified (Section 3.6). Additionally,
electrical data was processed (Section 3.5.2), so that the results obtained from the optical
data could be validated against it (Section 3.5.3).

3.1 Experimental preparation

The experiments were undertaken by Dr. Kedar Aras for a different study, yet to be
published. For the purpose of acquiring relevant data, the experiments were conducted
on de-identified donor human hearts rejected for transplantation. The hearts were re-
covered at the time of explantation and treated with similar measures to hearts taken
for transplantation: they were cardioplegically arrested and maintained in ice-cold car-
dioplegia during transport to the laboratory. Cardioplegia is a solution that protects
the myocardium by decreasing its electromechanical activity, and therefore its oxygen
demand [86].

The goal of the study was to optically map the right ventricular outflow tract (RVOT),
which is a common site for the genesis of ventricular tachycardia [87]. To expose the
RVOT surface, most of the atria, the LV and the posterior RV were removed. The aorta

and the pulmonary artery were dissected open to expose and isolate the right and left

21



CHAPTER 3. METHODOLOGY

coronary arteries for cannulation. The remaining vessel branches were tied off or cau-
terized. To place the RVOT preparation in a vertical position, it was stretched across a
frame and secured to it. The frame was held in an upright position inside a bath to allow
optical access to both the endocardial and epicardial surfaces. The bath was temperature-
controlled at 37 °C and the heart preparation was perfused under constant pressure (60
mmHg) with oxygenated Tyrode’s solution. The tissue was immobilized by blebbistatin
(10-15 pM), an electromechanical uncoupler that inhibits muscle contraction, to suppress
motion artifacts in optical recordings without adverse electrophysiological effects [88],
[89], and stained with the voltage-sensitive dye Di-4-ANBDQBS [90]. Figure 3.1 shows a

representative donor human whole heart and a RVOT wedge preparation.
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Figure 3.1: Representative donor human heart and right ventricular outflow tract (RVOT)
tissue wedge preparation. The RVOT region is identified on the epicardial and the en-
docardial surface (marked with a white dotted rectangle). RAA, right atrial appendage;
PA, pulmonary artery; LAA, left atrial appendage; RV, right ventricle; LV, left ventricle.
Courtesy of Dr. Kedar Aras.

Arrhythmia was induced using a dynamic restitution protocol (51S1), in which the
tissue is paced at a steadily increasing rate [91]. When the S1S1 protocol wasn’t successful,
burst pacing at 50 Hz was used for arrhythmia induction. All induced arrhythmias were
sustained and lasted for at least 15 minutes.

The heart wedge was optically mapped from the epicardium and the endocardium
using two MiCAMO5 (SciMedia, California, USA) CMOS cameras, in a setup similar to
the one shown in Figure 3.2. The cameras’ resolution was 100 by 100 pixels and the
tissue area mapped was approximately 7.0 by 7.0 cm, resulting in a spatial resolution of
700 pm for the optical data. The electrical action potentials were also captured, using a

stretchable electrode array, displayed in Figure 3.3.
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Figure 3.2: Dual-side optical mapping setup. Two MiCAMO5 (SciMedia, CA) CMOS
cameras stand equidistant on opposite sides of the heart preparation and two red light
lamps are pointed to each side of the preparation.

1mm Diameter

Figure 3.3: Stretchable and translucent array with 64 electrodes to record electrical signals
simultaneously with optical signals. (A) Device schematic. (B) Placement of the array on
the endocardium. Courtesy of Dr. Kedar Aras.

3.2 Data description

The data used for this thesis was obtained from 12 de-identified donor human hearts from
Washington Regional Transplant Community (WRTC) in Washington, DC. A complete
list of hearts with available clinical information is provided in Appendix A. Both sinus
rhythm (baseline) and arrhythmic episodes (VF and MVT) were recorded. Table 3.1
presents the number of recordings used per heart and specifies the type of arrhythmia
mapped in each heart.

Optical data: Signals obtained from optical mapping represent fluorescence intensity,
in arbitrary units. They are recorded in the form of a 100 by 100 matrix per mil-
lisecond, each recording lasting 8 seconds. This results in 10,000 signals, each with
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8000 data points. Spatial resolution is 700 pm in both directions.

Electrical data: The electrical recordings are voltage signals, obtained from 64 electrodes,
and with a sampling frequency of 1000 Hz. The electrode array had inter-electrode
distances of 4 mm horizontally and 3 mm vertically, and covered a total area of

12 cm?, as shown previously in Figure 3.3.

Table 3.1: Summary of experiments. For each experiment, both sides of the heart were
recorded simultaneously, so the number of recordings per heart is 2n.

DonorID D1 D2 D3 D4 D5 Dé6 D7 D8 D9 D10 D11 D12

n 3 2 2 2 2 2 2 2 2 2 2 2
Sex M F F F M M F M F F M M
ArrType MVT VF VF MVT MVT VF VF VF VF MVT MVT VF

n, number of experiments for each heart; M, male; F, female; ArrType, arrhythmia type; MVT,
monomorphic ventricular tachycardia; VF, ventricular fibrillation.

3.3 Optical data processing

The processing of optical data to extract arrhythmia dynamics was done using the Ca-
dence software, developed by Dr. Kedar Aras [92]. First, the data was filtered (Section
3.3.1). Then, the filtered data was translated to the phase domain (Section 3.3.3), where
it is possible to identify (Section 3.3.7) and track (Section 3.3.8) arrhythmia drivers. Extra
to the Cadence processing, the data was upsampled (Section 3.3.5) and downsampled
(Section 3.3.4) in order to create sub-resolution maps. After tracking PSs for multiple
resolutions, the phase singularities found for the original resolution data were compared
with those found for each sub-resolution studied (Section 3.4). The PSs taken into con-
sideration had to last longer than the minimum cycle length (CL), and the method to
compute the CL for each recording is presented in Section 3.3.2. All data processing was
performed in MATLAB version 2021a [93].

3.3.1 Data filtering

The fluorescence data was converted from a CMOS file to a Matlab matrix and pre-

processed through the following steps [94].

1. Spatial binning: The data was spatially smoothed to decrease noise by replacing each
pixel with the average of itself and its neighbors. To that end, the data matrix was
convoluted with a matrix of ones (Matlab function conv2), whose size depended
on the number of neighbors to be included in the averaging. For this work, a matrix
of 5 by 5 (24 neighbors) was chosen. Other matrix sizes were experimented with,

and 5 by 5 removed sufficient noise without over-smoothing.
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2. Powerline noise removal: The powerline noise at 60Hz was removed from the record-

ings using an infinite impulse response band-stop filter.

3. Temporal filtering: The signal of each pixel was temporally filtered using the Parks-
McClellan Remez Exchange algorithm, available as the Matlab function firpm,
which applies a finite impulse response signal processing filter to the data. The low
and high band-pass threshold frequencies chosen were 0 Hz and 100 Hz, respec-
tively. These values were deemed appropriate since the experiments were made on
isolated heart wedges, without the interference of other physiological functions [84].
The filter may cause a temporal shift, so a zero-phase filter was also used (Matlab
function filtfilt).

4. Drift correction: A fourth-degree polynomial function is fitted to the signal of each
pixel using polyfit. The polynomial is then subtracted from the signal to remove

any existing drift.

3.3.2 Cycle length calculation

After filtering the data, the dominant frequency (DF) and the CL are extracted. The
dominant frequency corresponds to the highest peak of the discrete Fourier Transform
of the signal, that is, the frequency that carries the most energy [95]. It is obtained for
each pixel and therefore provides information about the cardiac rhythm and its stability
across the myocardium.

The cycle length is the time period between activations. Since the relationship be-
tween frequency (f) and the period (T) of a sinusoidal signal is given by

1

T=- :
7 (3.1)

the inverse of DF already gives an idea of what the CL should be. However, a more
accurate estimate of CL was attained by finding the activation peaks of the signal for
each pixel and calculating the median of the difference between consecutive peaks. The
Matlab function findpeaks was employed for this end and the median value of DF was
used to determine target times to aid the peaks’ detection.

The CL was computed for each pixel. The lowest value of CL for each recording was

considered the minimum CL.

3.3.3 Phase mapping

The conversion of fluorescence data to phase angle involved preparing the data and
applying the Hilbert transform. The phase mapping process is illustrated in Figure 3.4.
The first step of this operation is to subtract the mean from the signal (Figure 3.4A),
since the phase calculation is sensitive to constant components [96]. Let f(¢) be a filtered

fluorescence signal. The zero-mean signal f(t) is obtained through

fO)=f()-f(t) (3.2)
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with f(t) as the mean value of f(t). Then, the signal is inverted, so that the phase cut
matches with the cardiac depolarization (Figure 3.4B). The Hilbert transform was per-
formed using the Matlab function hilbert from the Signal Processing Toolbox, which
returns an analytical signal, z(t), with the signal and its Hilbert transform as complex
conjugates (Figure 3.4C):

2(t) = f(t)+iH [f(2)]. (3.3)

In the phase-space, the real and the imaginary parts of z(t) are plotted against each
other (Figure 3.4D) and the phase angle, 6, can be computed for each instant [97]. This
relationship is described by

o(t) = arctan[w] = arctan[w]. (3.4)

real{z(t)} f(t)
The resulting phase data varies from -r to +n, corresponding to a complete cycle of

the cardiac action potential (Figure 3.4E).

Algorithm optimization

The conversion of fluorescence data to phase adds noise to the data. Noisy phase maps
are prone to phantom PSs and make it harder to track the real ones. Therefore, spatial
binning after phase mapping was added to the algorithm. The phase data was smoothed
using the same method as the fluorescence data spatial binning (Section 3.3.1). However,
to avoid noise in the transition line from -n to +7, the phase angle data (0) had to be
converted to its exponential form (e'®) before spatial smoothing and reverted afterward.
When applied directly, the smoothing operator does not respect the discrete transition
between -n and 7, as seen in Figure 3.5. This method, as done by Dr. Caroline Roney [98],
successfully avoids the erroneous transition.

To verify if this step would be beneficial to track PSs and, consequently, a useful
addition to the algorithm, the results of PS tracking with or without phase binning were
compared for one recording. It was observed that smoothing the phase data facilitated
tracking and prevented some PSs to be temporally broken into shorter duration ones.
An example of this occurrence can be viewed in Figure 3.6. Furthermore, it reduced the

number of false rotors detections.

3.3.4 Downsampling

To test the effect of lower resolutions, the data was uniformly decimated by D down-
sampling factor, where D € {2,3,4,5,6,7,8,9,10}. The pixels that were collected were
considered pseudo-electrodes, as they mimic the information obtained from electrical
mapping. This was achieved by creating an interpolant based on the original data matrix
through the Matlab function griddedInterpolant. The interpolant was then used to

extract the values corresponding to the uniform grid for each sub-resolution.
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Figure 3.4: Phase mapping process. (A) The filtered signal (blue) and mean of the signal
(orange), which in this case is zero. Therefore, the signal remains the same after subtract-
ing the mean. (B) The signal is inverted so that the phase cut matches the signal’s peaks.
(C) Inverted signal (blue) and its Hilbert transform function (orange), with a phase-shift
of 90°. (D) Inverted function is plotted against its Hilbert transform. (E) Phase angle
from graph (D), plotted in time. The transition from = to -n corresponds to the filtered
signal’s peaks, and each segment from -n to n corresponds to one cardiac cycle.
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Figure 3.5: Spatial binning was applied after converting phase angle to exponential form.
Phase data binning was performed to reduce noise. The data had to be converted to its
exponential form before spatial averaging to avoid issues in the transition from = to -m.
After smoothing, the data was returned to phase angle. In this case, the bin size of the
smoothing operator was 5 by 5 pixels. Method by Dr. Caroline Roney [98].
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Figure 3.6: Comparison of phase singularity (PS) tracking precision with or without
phase binning. Each line segment in the graphs corresponds to a PS, represented by their
spatial coordinates through time. The three rotors detected without phase binning for this
temporal segment (top) correlate with a single rotor detected when spatially averaging
the phase data (bottom).

As default, the grid was positioned starting in the upper left corner of the original
data matrix. However, to study the effect of the grid position on the results, three other
placements were tested for D = {2,5,10}. These sub-resolutions were chosen to provide a
range of high, intermediary, and low spatial resolutions.

The downsampling was performed after filtering and phase mapping because optical
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data is very noisy and downsampling before its filtering would not provide realistic or
reliable results. The impact of downsampling before or after phase mapping was none

since the conversion is done on a pixel basis, therefore that choice was arbitrary.

3.3.5 Upsampling

The decimated data was upsampled back to the original resolution immediately after
downsampling so that comparison with the original data would be possible. The Matlab
function griddedInterpolant was again used, in this instance to create an interpolant
based on the sub-resolution data matrix. By employing the interpolant, the values corre-
sponding to the lost data points were computed through interpolation.

Three interpolation methods were tested to determine which would provide the high-
est fidelity: bilinear, bicubic, and cubic spline. Bilinear and bicubic are extensions of
linear and cubic interpolation for two-dimensional data. Bilinear interpolation connects
the known data points with a straight line, bicubic interpolation uses a cubic convolution
kernel, and cubic spline uses spline interpolation. A representation of the behavior of the

different methods for one-dimensional data is displayed in Figure 3.7.
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Figure 3.7: Visual representation of different interpolation methods for one-dimensional
signals. Adapted from [99].

3.3.6 Data masking

Optical data is prone to noise and the data’s quality may not be spatially uniform. There-
fore, to only analyze the meaningful and relevant areas of the recording, a data mask is
created based on a baseline recording and applied to the arrhythmic data. This step is

performed after upsampling to avoid loss of information at the mask border.

3.3.7 Phase singularity detection

An arrhythmic episode may be caused by an anatomic or functional anomaly in the tissue
conductivity, inducing a reentrant pathway. When reentry occurs, a conducting wavefront
re-excites part of the cardiac tissue through which it had passed already, pivoting around
a core of unexcited but excitable cardiac tissue. This phenomenon can be recognized in

phase maps as a phase singularity, a point where the range of cardiac excitation values

29



CHAPTER 3. METHODOLOGY

merges. Therefore, a PS is found by detecting sharp variation in the phase map, both
horizontally and vertically.

To identify those points, the partial derivative is calculated in both directions, re-
sulting in two separate matrices for each time frame. The resulting values are adjusted
to remain between -t and +r, replacing those higher than +r and lower than -t in the

following manner:
n+a=>-n+aA-n—-b=>mn-0b, fora,b>0 (3.5)

The Sobel edge detection operator was convoluted with each matrix, its direction cor-
responding to the partial derivative direction. Both matrices were summed for each time
frame, resulting in an overall variation description through time. Since both directions
are taken into account, the variation of the isophase line when = transitions to -r is over-
looked and only phase singularities, which represent a phase jump in every direction, are
recognized.

The phase jumps were expected to be +2r and a tolerance of 3 rad was deemed ap-
propriate [98]. Consequently, values superior to 2n-3 rad were considered clockwise PS
candidates, while those inferior to -2n+3 rad were considered anti-clockwise PS candi-
dates. Figures 3.8A and 3.8B represent a clockwise PS and its detection by the Sobel
operator, respectively. As shown in the figures, each PS is defined by four pixels in a
square, that is, four neighboring PS candidates. To avoid mistakenly tracking more than
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once the same PS, the neighborhood rule was added to the algorithm.

4 4

Figure 3.8: Phase singularities detection process. (A) Section of one instantaneous phase
map where one clockwise phase singularity is present. (B) Output of the convolution of
the partial derivatives of the phase map with the Sobel operator. The red square delimits
a neighborhood of four pixels that have a high enough phase variation to be considered
phase singularity (PS) candidates. Since the neighborhood has at least four members,
it is not discarded as noise. The neighbor with the highest absolute value is selected to
represent the PS. (C) Phase map with the PS candidates neighborhood marked by the
dots. The pink dot signals the selected candidate and the remainder are in white.
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Algorithm optimization

The neighborhood rule was developed by Dr. Caroline Roney [98]. When a PS candidate
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pixel is found, it verifies how many of its neighbors are PS candidates as well. If the pixel
is inserted in a neighborhood of at least four pixels that are PS candidates and that have
the same chirality, then the neighborhood is deemed a PS. If the neighborhood has less
than four pixels, then it is considered noise.

After assessing that the neighborhood represents a true PS, the pixel with the highest
variation in its neighborhood is appointed as the location of the PS. This step reduces
computation time and makes the code more robust against PS candidates in the same
neighborhood being accounted as different PSs, such as in the example in Figure 3.9A.
Furthermore, ignoring isolated candidates avoids false detections on the border of the

data mask, as shown in Figure 3.9.
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Figure 3.9: Examples of wrong phase singularity detections that can be avoided with the
neighborhood rule. A. Double detection of the same phase singularity. The white dots
identify the phase singularities detected and are emphasized by the magenta circle. B.
False phase singularity due to the image border, marked with a magenta circle.

3.3.8 Phase singularity tracking

In order to assess the lifespan and movements of each PS, it is necessary to track them
through time and establish each individual path across the myocardium. To do so, a
Matlab object is created for every PS in every frame, with its location and chirality set as
properties.

For every frame in the recording, the PSs present are analyzed. If a PS is not already
assigned to a path, its frame and index number are added to the PS object properties as
the starting point of a new path. Then, its position is compared against the PSs in the next
five frames. If a PS is found within a 2-pixel (1.4 mm) radius from the previous one and
with matching chirality, it is deemed to be the same PS and added to the path. The choice
of 1.4 mm for the allowed spatial displacement of the PS between frames is based on the
maximum velocity of action potential propagation, which is 100 cm/s [100], [101]. There-
fore, for a temporal displacement of 1 ms between frames, a PS’s maximum movement

should be 1 mm due to physiological constraints. However, the spatial threshold should
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not be a fixed value but instead depend on the temporal displacement. For example,
if due to noise the PS is only detected again after three frames, the movement allowed
should be 3 mm. The fixed value was implemented and thus constitutes a limitation to
the current work.

For every PS added to a path, the path’s lifespan, distance covered, and displacement
between its initial and final positions are updated. PSs lasting less than 50 ms were con-
sidered noise and not taken into account. The reasoning behind the temporal threshold
of 50 ms was that some PSs were found in baseline recordings with lifespans up to 40
ms. Since these recordings represented sinus rhythm and, therefore, possessed no real
PSs, it was confirmed that signal noise produced phantom rotors that could last that long.
Consequently, as a precaution, all PSs detected in arrhythmic signals that lasted less than
50 ms were discarded as potential illusory rotors.

Algorithm optimization

For PS tracking, the Cadence software was optimized by adding a PS blacklist. It was
observed that, in some occasions, one noisy PS point or PS segment could appear near
another PS trajectory and, due to its proximity, account the other’s future trajectory as
its own. Consequently, some PSs would appear repeated, as in Figure 3.10. To eliminate
these cases, every instantaneous PS assigned to a trajectory was added to the PS blacklist

and would not be taken into account for future PSs being tracked.

3.3.9 PS density maps peak detection

PS density maps provide an additional method to evaluate PS detection and, more specif-
ically, its localization accuracy, since these maps allow the spatial visualization of PSs’
distribution [81]. The density maps were created by counting the phase singularities’
occurrences in each pixel. For every phase singularity lasting longer than 50 ms, its path
was registered by incrementing the PS count of the location where it appeared in each
frame. To better compare the maps from different resolutions, and to better visualize PS
distribution, the density maps were spatially averaged with a 3x3 pixels bin, as shown in
Figure 3.11. This bin size has been used by Dr. Roney for this finality and was deemed
sufficient to visualize PS conglomerates in density maps [98].

To detect the density peaks, the Matlab function imregionalmax was used. This
function finds the regional maxima in a given image. This method, however, led to the
detection of not only the true peaks but also of any slight peaks in low-density regions. To
isolate the true peaks, some conditions had to be implemented. First, a minimum density
was defined. To do this, the pixel with the highest PS density was detected and for any
other possible peaks to be considered so, their PS density had to be at least 75% of the
value of highest density. This step cut the false low-density peak detections. The second
condition aimed at avoiding multiple detections of the same peak. For any potential PS

density peak, the pixels within a certain radius were taken into account, to verify if there
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Figure 3.10: Rotor overlap without phase singularity blacklist. The figure shows a four
seconds segment of two separate PS trajectories detected, Rotor 1 and Rotor 2. Rotor 1
starts in frame 6269, while Rotor 2 appears in frame 6292 displayed in the Figure. Rotor
1 is lost in frame 6292 due to the spatial distance between instantaneous PSs, but is
reconnected in frame 6293. However, since the PS did not disappear in frame 6292, it
was simply too distant, there is an instantaneous PS that is detected and used to start a
new trajectory. From frame 6293 forward, the paths of Rotor 1 and Rotor 2 are exactly
the same. Thus, Rotor 2 is a duplication of a portion of Rotor 1. To prevent duplicate PSs,
the PS blacklist is applied and, for the presented case, Rotor 2 is not detected anymore.

Rotor 1

Rotor 2

were other possible peaks nearby. If so, the highest peak was kept and all other peaks in

the neighborhood were discarded. This conditioning is illustrated in Figure 3.12.

3.4 Correlation between original and decimated data

With the main objective of analyzing the effects of decreasing spatial resolution on ar-
rhythmia drivers’ dynamics, it is necessary to assess if the PSs found for the original
resolution are also present in the decimated maps and how they differ. Like so, when
analysing density maps it is also necessary to appraise the corresponding peaks in the
original maps and in the sub-resolution maps. Thus, this section describes how these
correlations were established for both the individual PSs and the PS density map’s peaks,

and explains which information was retrieved from them.

3.4.1 Tracked phase singularities

For each sub-resolution it was substantiated which, if any, of the PSs correlated spatially

and temporally with the ones from the original maps. When comparing the PSs present
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Figure 3.11: Phase singularity density maps with and without spatial averaging. Since
phase singularities are not expected to be static, the averaged density map gives a more
realistic notion of where phase singularities are present and where they are concentrated.
A 3 by 3 pixels bin was used for the convolution [98].

Applying imregionalmax
PS density map function

With minimum density With same peak detection
condition correction

Figure 3.12: Detection and conditioning of phase singularity density peaks. Peak de-
tections are represented by pink stars. (A) Representative PS density map. (B) Peak
detection through Matlab function imregionalmax. Every deflection is considered a
peak. (C) Peak detection after applying the minimum density conditioning. Only peaks
with density equal or superior to 75% of the highest peak are taken into consideration.
(D) Final density peaks after correcting multiple detections of the same peak. Only the
highest peak within a certain radius is considered a true peak.
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in the original map and a decimated map, all possible pairings were analyzed one by one.

Four conditions had to be fulfilled for a correlation to be drawn:

Condition 1. Lifespan longer than the minimum CL.
Only stable rotors were considered for correlation. A stable rotor (SR) was defined
as lasting longer than the minimum CL of the recording, based on the work by Bayer
et al. [102] but adapted for each dataset. To be noted that one of the donor hearts
studied (identified as D3 in Table 3.1) had no stable rotors.

Condition 2. Same chirality.

PSs have to rotate in the same direction to be considered equivalent [84].

Condition 3. Share at least a quarter of the lifespan.
By changing the resolution of the data, the signal will distort and, in some instances,
the flow of a rotor’s path might be broken. The path is still present but separated
into shorter-lasting fragments. To allow these fragments, if lasting longer than
the minimum CL, to be recognized as a match to the original path, the temporal
restrictions have to be balanced. Therefore, while the rotors do not have to appear
and disappear at the same time or have a similar lifespan, they must temporally

correlate for at least a quarter of their duration.

Condition 4. Minimum spatial displacement of 5 pixels.
The distance between the PSs’ locations was measured for each shared frame. To be
considered the same rotor, the mean distance between PSs’ locations had to be, at
most, 5 pixels, which corresponds to 3.5 mm. This value coincides with the mean
radius of a tissue ablation lesion and therefore was considered an acceptable margin
of error. This distance was taken as default but in Section 4.2.3 other values were

also used.

The correlation process was divided into three steps. First, the primary matches
were established, where each rotor was only allowed to match once. Thus, if for any of
the resolutions there were fragmented drivers, the matching rotor would only correlate
with one of the fragments. This first take separates the rotors into three groups: the
successfully matched, with the established pairings; the missed rotors, which were the
uncorrelated PSs from the full resolution data; and the false rotors, which were the
uncorrelated PSs from the sub-resolution data.

The second step was to check for correlations between the missing rotors and the
sub-resolution PSs. The objective was to confirm if the rotors were in fact missing or if
multiple PSs from the original data represented a single PS from the decimated data. If
any such pairing was found, the PS would be removed from the missing rotors bin and
entered in a new division, the mistakenly missed.

Lastly, the same logic was applied to the false rotors and the mistakenly false rotors
were separated from the actually false ones.
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In the end, the number of found rotors, which represents all the stable rotors from
the original resolution that are identified in the sub-resolution maps, is given by the sum

of the initially matched rotors with the falsely missed rotors.

3.4.2 Phase singularity density peaks

In the case of PS density maps peaks, the position of each peak in the original maps
was compared against the position of every peak in each sub-resolution. Correlation was
deemed successful if the peaks in the decimated maps were within a radius r from a true
peak. To test the correlation success for different spatial accuracy requirements, multiple
r values were explored (1.4 mm, 2.1 mm, and 3.5 mm).

The number of found peaks is the number of original peaks found in a sub-resolution
PS density map, the number of missed peaks is the amount of original peaks not found,
and the number of false peaks is the quantity of erroneous peaks found in the sub-
resolution map that are not present in the original.

3.5 Validation with electrical data

The optical maps were compared with the data from the electrodes array, to confirm
correlation of the signals. To do so, the electrical signals had to be processed and con-
verted to phase. This data processing was different from the fluorescence data’s. First,
the data was cleansed of signals that were too noisy. Then, the data was filtered and its
derivative was used to find the activation temporal sites. After phase mapping, the data
was interpolated to match the corresponding area in the optical maps.

3.5.1 Electrical data cleansing

Not all electrodes recorded good quality signals, so noisy recordings had to be discarded.
The non-viable signals were visually identified, as they had no recognizable depolariza-

tions and were very irregular, as shown in Figure 3.13, and manually removed.

4000 : . ; ; T 4000
S’ 2000 | [ = 2000
< | €
& 0 | & 0
© ©
= E>
(] (]
> -2000 > -2000
4000 . . . . . 4000 . . . . .
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time (ms) Time (ms)

Figure 3.13: Representative signals of viable and non-viable electrical raw data. The
viable signal, on the left, has clear activations, while the non-viable one has no distin-
guishable activation points and no organization.
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3.5.2 Electrical data processing

The electrical signals are different from fluorescence signals, and therefore need a separate

filtering process, that goes as follows.

1. Temporal filtering: Each electrical signal was band-pass filtered using a high-pass
threshold of 2 Hz and a low-pass threshold of 40 Hz. These filtering settings re-
moved high-frequency noise, as seen in Figures 3.14A and 3.14B, and provided a
slight drift correction, thus effectively cleaning the action potential signals. The
Parks-McClellan Remez Exchange algorithm was used for this step, as had been for

the optical data temporal filtering.

2. Derivative: In order to detect the depolarizations, the derivative of the signals was
extracted, as shown in Figure 3.14C [98].

3. Squaring: To enhance the signal’s peaks, which correspond to the depolarizations,
each signal was squared, as in Figure 3.14D [98].

4. Invert data: For the phase transitions to match the signals’ depolarizations, the

signals were inverted, as shown in Figure 3.14E.

5. Smoothing: A moving average was applied to the signals, with a moving window of
50 frames. The objective was to bring the signal as close as possible to a sinusoidal
shape, and therefore resemble more accurately a fluorescence signal, so that the
shape of the phase signals was similar and comparable [103]. The averaging was

done twice, to achieve the desired shape, illustrated in Figure 3.14F.

The conversion to phase was done as explained for the optical data, in Section 3.3.3.

Figure 3.14G represents a phase signal obtained from electrical data.

3.5.3 Comparison with optical maps

Just as sub-resolution optical maps had to be upsampled back to the original resolution to
enable comparison between the different maps, the same logic applies to electrical data.
To precisely compare the matching electrical and fluorescence signals, the positions of
the electrodes in the optical mapping field of view were identified to create an electrode
mask, as illustrated in Figure 3.15. This mask with the electrodes’ positions was both
used to interpolate the electrical data, using the Matlab function scatterInterpolant,
and to downsample the optical data to 64 signals as obtained for the electrical data. The
temporal signals and the phase maps for the electrical and the optical data were visually

compared.
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Figure 3.14: Steps for filtering electrical data and converting it to phase. (A) Raw electri-
cal data, which had been preprocessed at the time of acquisition with a band-pass filter
of [0 200] Hz and notch filtering. (B) Data after frequency filtering with a band-pass
of [2, 40] Hz. (C) Approximate derivative of the signal. (D) The derivative is squared
to enhance the peaks. (E) Signal is inverted so that the phase branch cut matches the
depolarization. (F) The signal is smoothed twice with a moving average window of 50
frames, to resemble a sinusoidal wave and provide a cleaner phase signal. (G) Phase
angle signal.
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Background image Electrodes mask

Figure 3.15: Electrodes mask obtained from the position of the electrodes visible in the
background images of the optical recordings. This mask was used as a reference for both
the downsampling of the optical data and the interpolation of the electrical data.

3.6 Arrhythmia dynamics’ metrics

¢ Incidence

Phase singularity incidence refers to the number of PSs present in each recording,
and it was measured as the total number of PSs found in the 8-second recording
divided by the data mask area. The number of PSs is informative regarding the

stability of the arrhythmia, as more chaotic rhythms have a higher incidence of PSs.

¢ Duration

The duration, or lifespan, of a phase singularity is the time period from the instant
the PS appears to when it disappears. For therapy purposes, the longer-lasting
rotors are the ones considered relevant. Therefore, a significant variation in this
value would have an impact, as important information may be hidden or lost. This
metric was calculated for all PSs and also just for stable rotors. If for any resolution

of a given recording no rotors were detected, the duration value is omitted.

* Displacement

Displacement is given by the two-dimensional Euclidean distance between each
PS found in a sub-resolution map and its original counterpart, if a successful cor-
relation is made. The Euclidean distance measures the length of a line segment
connecting two points [104]. For two dimensions, it is given by

A(pa) = \J(Px— <) + (py — a,)2, (3.6)

px and g, being the horizontal coordinates of points p and g, and p, and g, the verti-
cal coordinates. For each sub-resolution of each recording, the mean and maximum

displacement were extracted. For the cases where no rotor was found in the original
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optical map, there was effectively no displacement to be measured, so the value was

omitted.

e F1-score for rotor detection

To verify the correlation success for each sub-resolution, three measures had to be
taken into account: the number of true rotors found, the number of rotors missed,

and the number of false rotors. These can be described in the following manner:

True positive True rotor found in sub-resolution.
False positive False rotor found in sub-resolution.

False negative True rotor not found in sub-resolution.

This definition makes it possible to apply algorithm performance metrics, such as
precision and recall (also known as sensitivity) [105]. Precision is the ratio of the
true rotors found to all the rotors found in a sub-resolution (Equation 3.7), while
recall provides the ratio of the true rotors found in a sub-resolution to all the rotors

found in the original resolution (Equation 3.8).

.. True positives Rotors found
Precision = — — = (3.7)
True positives + False positives  Rotors found + False rotors
Recall — True positives Rotors found (3.8)

True positives + False negatives ~ Rotors found + Missed rotors

Precision and recall can be summarized by the Fl-score, which is the harmonic

mean of the two metrics [105]:

Precision x Recall
F1- =2 .
score % Precision + Recall (3.9)

The Fl-score has been used to evaluate PS detection algorithms [106] and was
chosen to evaluate correlation performance in this work. It ranges from zero to one:
zero if no correlation is made and one if all the original rotors are found and no
different rotors are detected. For the cases where no rotor was found in the original

optical map, the F1-score was omitted.

* F1-score for PS density map peaks

The peaks of the PS density maps were used to assess if the locations with highest
PS incidence were the same across resolutions. To compare the PS density peaks
of multiple sub-resolution in regard to the original, the F1-score was used again.
In this instance, true positives are the correctly found peaks, false positives are the
erroneous density peaks, and false negatives are the undetected density peaks.
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3.7 Categorical analysis

The rotor data extracted from the optical recordings was further analyzed according to

following inherent characteristics.

* Arrhythmia type
MVT and VF recordings were analyzed separately to assess type specific arrhythmia
dynamics and rotor detection accuracy.

e Sex
Sex differences analysis was performed by discriminating the recordings obtained
from female and male donors.

* Anatomical region

To verify and take into account possible regional differences in arrhythmia dynam-
ics, the field of view was divided into three sections: the RVOT region, the mid-
ventricular (MID) region, and the apical (API) region. This division is showcased
in Figure 3.16. The area of the data mask in each region was taken into account for
analysis.

* Mapped surface

For every experiment, the endocardium and the epicardium were mapped simulta-

neously. The results obtained for each surface were compared.

Figure 3.16: Division of field of view for regional analysis. RVOT, right ventricular outflow
tract; MID, mid-ventricular region; API, apical region.
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3.8 Statistical analysis

The samples presented are the average of all recordings for each donor heart. All means
that characterize average trends across the cohort of donor hearts are reported as sample
mean + standard error of the mean (SEM). The SEM was chosen in detriment of stan-
dard deviation since it measures how far the sample mean is from the true population
mean. When studying accuracy profiles, the 95% confidence interval of the mean is also
presented. All datasets were assumed to have a normal distribution, since the metrics
analyzed are derived from normal data. Incidence, duration, and displacement metrics
are displayed as box and whiskers plots, with the box limits marking the quartiles and
the whiskers the minimum and maximum values.

To compare the differences in a single metric due to spatial resolution, repeated mea-
sures one-way ANOVA tests were performed. To compare variability between groups,
such as arrhythmia type or anatomical regions, repeated measures two-way ANOVA tests
were performed. For repeated measures ANOVA tests, sphericity was not assumed and
corrections were made using the Greenhouse-Geisser method. Variance homogeneity was
verified through the Brown-Forsythe test and Bartlett’s test. When relevant, post hoc
multiple comparisons tests were performed. To compare group means for each resolu-
tion, Tukey’s test was used when comparing three groups (such as anatomical regions:
RVOT, MID and API) and Sidak’s test was used when comparing two groups (such as
arrhythmia type: MVT and VF). The Dunnett’s test was used when comparing group
means for each sub-resolution against the ground truth, only possible for rotor incidence
and duration. In the case of duration, oftentimes values were missing if there were no
rotors present. When values where missing, a mixed-effects analysis was performed in-
stead of an ANOVA test. Significance was defined as p < 0.05. The statistical analysis was
performed in GraphPad Prism version 9.2.0 (332) [107].
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CHAPTER

REsuULTS AND DISCUSSION

In this chapter the results are presented and interpreted. Firstly, the concept of using
optical data to draw conclusions for electrical data is validated. Secondly, the impact of
methodology in the results is analysed. Then, the effect of spatial resolution is evaluated
for arrhythmia characteristics, and the detection and localization of rotors. After, the data
is discriminated by inherent characteristics (arrhythmia type, sex, anatomical region, and
mapped surface) to understand how arrhythmia dynamics and rotor detection may differ.

Lastly, detection and localization accuracy profiles are presented and analyzed.

4.1 Isthere a correlation between electrical and optical data?

This thesis assumes that the fluorescence data obtained from optical mapping directly
correlates with electrical data. That assumption allows the translation of the findings
from optical data to devices using electrical data. Therefore, a crucial first step was to
confirm that there is a direct correlation between electrical and optical data. Electrical
data was only successfully acquired for one heart, so this analysis was limited to that
sample.

In Figure 4.1A, a segment of simultaneously recorded electrical and fluorescence sig-
nals is displayed. The moments of highest depolarization of the electrical signal (blue line)
coincide with the peaks of fluorescence (orange line), thus supporting the assumption.

However, the phase conversion of the optical and the electrical data, shown in Fig-
ure 4.1B, leaves the phase signals temporally spaced. This happens because the optical
data is converted so that the phase transition coincides with the fluorescence peaks, while
for the electrical data the middle of the depolarization slope matches the phase transition,
instead of the final instant of depolarization. Therefore, the resulting phase signals are

temporally shifted by approximately 12 ms. This is caused simply by phase mapping
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timing and does not affect the actual correlation of the signals.
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Figure 4.1: Correlation between electrical and optical signals. (A) Representative 1-
second segments of electrical and fluorescence data, recorded simultaneously. The verti-
cal black lines mark the peaks of depolarization of the electrical signal (blue line). The
fluorescence excitation intensity increases when membrane potential decreases, therefore
the fluorescence signal (orange line) positive peaks are expected to be synchronized with
electrical depolarization, which stands true for the segment presented. Both signals were
normalized for comparison. (B) Phase data from the signals in (A). For optical data
(orange line), the phase cut corresponds to the fluorescence peak and, therefore, with the
end of the depolarization in the electrical data. For electrical data (blue line), however,
the cut transition occurs in the middle of the depolarization, which explains the slight
delay of the optical phase signal in relation to the electrical.

Besides the phase signals, the phase maps were also compared for optical and electri-
cal data. Figure 4.2 shows the phase maps at five different time points, with the optical
data temporally shifted forward by 12 ms. For the electrical data, the 8x8 pixels matrices
correspond to the original electrical recordings and the 38x47 pixels matrices are the
result of interpolation of the original data, so that the maps are comparable with the
optical maps. For the optical data, the 38x47 pixels correspond to the area where the elec-
trodes’ array is present in the full-sized optical maps, while the 8x8 pixels matrices are
downsampled optical maps. As shown in the figure, there is a high correlation between
optical and electrical data.

From this analysis, it was concluded that the correlation between electrical and optical

data was clean and, consequently, the generalization of results was viable.

4.2 Does methodology affect rotor correlation?

The processing of the data and the algorithm to find correlations between PSs from
different resolutions possess multiple variables that may impact the results. The study

and optimization of these parameters are important for the reproducibility and reliability
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Figure 4.2: Correlation between electrical and optical phase maps.

of the results. In order to recognize and evaluate the effects of the methodology itself, in
particular the data decimation and the correlation process, the following questions were

raised, which are explored in this section.

1. How does the downsampling method affect the F1-score?
2. How does the upsampling method affect the F1-score?

3. How does the F1-score change depending on how spatially accurate the correlation

is demanded to be?

4. Does the stable rotor’s lifespan restriction hide relevant PSs?

For these analyses, only the epicardium data was considered.

4.2.1 Downsampling grid position

When downsampling, only a portion of the recorded signals are used for the posterior
analysis. The signals selected were spaced in a uniform grid and a fixed position for the
grid was maintained throughout the study. However, the generalization of the results for
each sub-resolution based on the information from a single data subset may be unreal-
istic. In order to assess the uncertainty added by the grid position, four different grid
positions were tested for three sub-resolutions (D = {2,5,10}). In Figure 4.3, grid position
1 corresponds to the default placement and grid positions 2, 3, and 4 are the variations
tested. The F1-score was obtained for each grid position, and the variation between the

resulting values was computed for each recording.
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Figure 4.3: Representative matrices of the downsampling grid positions tested for half, a
fifth, and a tenth of the original resolution.

Figure 4.4 showcases the F1-score variation due to the position of the pixels selected
for sampling, shown as mean and standard deviation. Some variation was observed for all
sub-resolutions. For the highest sub-resolution, the mean variation is close to 0.1, while
it is closer to 0.2 for the other two sub-resolutions. These values represent variations of
10 to 20% of the F1-score, which means that the position of the electrodes is an important

factor that might influence rotor mapping results.
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Figure 4.4: F1-score variation induced by the position of the downsampling grid (N=11).
Values presented as mean + standard deviation.
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4.2.2 Interpolation method

After downsampling comes the upsampling, and this step has a source of variation as
well. Upsampling requires interpolation and there are several methods to do it that may
provide different results. The Fl-scores obtained using linear, cubic, and cubic spline
interpolation are compared in Figure 4.5, for five sub-resolutions.

Comparison of interpolation methods
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Figure 4.5: Fl-score for different interpolation methods (N=11). Data presented as
mean+SD.

Visually, there does not seem to be a considerable difference in values for the various
interpolation methods, and a repeated measures two-way ANOVA test confirmed that
the variation was not statistically significant (p value = 0.1712). Thus, the choice of

interpolation method does not impact significantly the results, for the methods tested.

4.2.3 Spatial accuracy threshold

During the correlation between the PSs found in the original maps and the ones found
for lower resolutions, a restriction is set regarding how close the PSs in sub-resolution
maps have to be to the original location. In order to analyze how PS detection is affected
by this displacement restriction, a F1-score profile was created for each sub-resolution
with accepted displacement ranging from 0 to 7 mm. Figure 4.6 displays the obtained
curves.

These graphs show that, for every sub-resolution, a plateau is reached. The spatial
accuracy threshold at which that plateau is reached depends on the IED. As the IED
increases, the spatial accuracy that can be expected decreases. For the highest IED con-
sidered, 7.0 mm, the minimum spatial accuracy radius (or displacement threshold) for
which all correlating rotors are detected is 3.5 mm. It makes sense for the minimum ra-
dius to coincide with half the resolution, since that should be the maximum displacement

possible.
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The value of 3.5 mm (5 pixels) was then selected as the default displacement threshold
for the remainder of the study, since it ensures that the F1-score values correspond to

the best-case scenario for every resolution while being an acceptable error for ablation

therapy.
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Figure 4.6: F1-score profile for changing spatial displacement threshold in phase singu-
larity (PS) correlation, for all sub-resolutions (N = 11). Data presented as mean+SEM.
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4.2.4 Lifespan restriction

When tracking rotors, the minimum lifespan accepted for a phase singularity to be con-
sidered as such is defined. Yet another lifespan threshold is set to distinguish stable rotors
from non-stable ones, defined by the minimum CL of each recording. When studying
detection accuracy through its F1-score, only stable rotors are considered. While this is a
necessary restriction since the objective is to analyze the most meaningful rotors, it has
its downfalls. This constraint leads to the assumption that missing rotors are not present
in sub-resolution maps, which is not necessarily the case. As soon as a PS’s duration falls
behind the minimum CL it is ignored, which might happen for PSs that are broken into
several segments that do not last the required period individually. However, when observ-
ing the phase maps through time, the PS might be clearly present in the sub-resolution
for the majority of the time. With this in mind, the number of true rotors found for lower
resolutions was investigated for different lifespan restrictions of sub-resolution stable
rotors. These varying lifespan thresholds were only applied for sub-resolutions, while for
the original resolution the restriction was kept at minimum CL, so that the comparison
was made with the stable rotors present in the original resolution. Figure 4.7 shows the
percentage of true rotors found for three different lifespan restrictions: half the minimum

CL, three quarters of the minimum CL, and the minimum CL as used before.

Percentage of true rotors found in sub-resolution maps
for different lifespan restrictions
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Figure 4.7: Percentage of true rotors found in sub-resolutions for different lifespan re-
strictions on sub-resolution rotors (N=11). Values presented as mean+SEM. CL, cycle
length.

The percentage of rotors found is clearly superior for lower CLs, which means that
there is a successful correlation between shorter-lasting PSs in sub-resolution maps and
the stable rotors from the original resolution. Thus, it can be concluded that the rotors
considered missing may be, in fact, present, but are not lasting the same amount of time
and therefore are not being accounted as potential stable rotors. The reasoning for the

establishment of the stable rotor’s lifespan restriction does not lose integrity, as the rotors
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will lose meaningfulness if their lifespan decays. Thus, in terms of PS relevance, it is valid
to consider these rotors as missing, but this finding justifies the presence of the rotors
on the sub-resolution instantaneous phase maps when they are deemed missing. The
loss in spatial resolution leads to the fragmentation of the phase singularity’s path, and

consequently to the inability of tracking algorithms to follow them through time.

4.3 How do arrhythmia dynamics change due to loss in spatial

resolution?

The first step to reach the goals established for this thesis was to analyze the overall change
in arrhythmia dynamics’ characteristics and quality of rotor detection and localization
due to spatial resolution. The values presented in this section correspond to the means of

the recordings of each experiment, from both surfaces of the heart.

4.3.1 Dynamics characteristics

In order to assess if spatial resolution affects the perceived dynamics of an arrhythmia,
the first metrics looked at are the ones that provide general information regarding the

arrhythmia behavior, which are incidence and duration.

Incidence

PS incidence provides some insight on the level of organization of the arrhythmia since
more disorganized rhythms are expected to reveal a higher incidence of PSs. Figure 4.8
presents arrhythmia drivers’” incidence per unit area as spatial resolution decreases, and
discriminates between the incidence of all phase singularities (APS) and the incidence of

stable rotors (SRs). The spatial resolution of 0.7 mm corresponds to the original IED.
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Figure 4.8: All phase singularities (APS) and stable rotors (SRs) incidence for different
spatial resolutions, given as the number of rotors detected per square centimeter (N=12).
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APS incidence tends to decrease with resolution. This makes sense, as the data quality
worsens with lower resolutions, thus making PS tracking more challenging. There seems
to be a more significant loss of information for high-incidence recordings, as the slope of
the upper quartile is steeper than the median or the lower quartile. For SRs, the tendency
is similar, with the incidence decreasing with resolution. However, incidence seems to
stabilize for lower resolutions, after a noticeable drop between resolutions 1.4 mm and
2.1 mm. This may indicate that the most stable rotors are consistently detected, even
for lower resolution. However, incidence does not assure that the same rotors are being
detected for the lower resolutions or if the rotors being found correlate with the original
ones, so those conclusions cannot be drawn at this point.

The incidence of both APS and SRs for each sub-resolution was statistically compared
with the respective original incidence. The results of this comparison are presented
in Table 4.1. The only sub-resolution with a non-significant difference to the original
incidence is 1.4 mm, for both APS and SRs. This result is in accordance to what is visually
inferred from the graphs.

In conclusion, rotor incidence tends to decrease as spatial resolution is lost. This
is in conformity to previous studies [84], and may lead to different interpretations of
the arrhythmia dynamics and mechanisms depending on the resolution of the mapping

device.

Table 4.1: Results of a Dunnett’s multiple comparisons test to assess significant differences
in rotor incidence due to spatial resolution. The test compares the mean of each sub-
resolution to the control, which is the original resolution’s mean rotor incidence. The test
was performed for (a) the incidence of all phase singularities, and (b) incidence of stable
rotors.

(a) All phase singularities (N=12). (b) Stable rotors (N=11).

Comparison Summary p value Comparison Summary p value
0.7vs. 1.4 ns 0.4007 0.7vs. 1.4 ns 0.1424
0.7 vs. 2.1 ot 0.0029 0.7 vs. 2.1 > 0.0063
0.7 vs. 2.8 x> 0.0078 0.7 vs. 2.8 > 0.0072
0.7 vs. 3.5 ot 0.0091 0.7 vs. 3.5 * 0.0136
0.7 vs. 4.2 ot 0.0095 0.7 vs. 4.2 * 0.0152
0.7 vs. 4.9 ot 0.0059 0.7 vs. 4.9 * 0.0123
0.7 vs. 5.6 ot 0.0090 0.7 vs. 5.6 * 0.0221
0.7 vs. 6.3 ot 0.0066 0.7 vs. 6.3 * 0.0338
0.7vs. 7.0 ot 0.0095 0.7 vs. 7.0 * 0.0437

ns, not significant. ns, not significant.

** p value < 0.01. * p value < 0.05; ** p value < 0.01.

Duration

The lifespan of the phase singularities is another relevant characteristic of arrhythmia

dynamics, as longer-lasting rotors are more stable. Figure 4.9 depicts APS’ and SRs’
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duration as spatial resolution is lost.

APS duration SRs duration
150 500+
4004
’g )
£ i E 3004
S 100 5
® 1 © 200- Q Q
> >
: : 5
I T 1004
50 0

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.7 142128 354249566370 0.7 14 2.1 28 35 4.2 4956 6.37.0
Spatial Resolution (mm) Spatial Resolution (mm)

Figure 4.9: Duration of all phase singularities (APS) (left) and stable rotors (SRs) (right)
for different spatial resolutions, given in milliseconds (N = 11).

There are slight variations between resolutions, but they are not visually significant
for neither APS nor SRs. When analyzing statistically, there are different results for APS
and SRs. Table 4.2a shows the results from the comparison between APS duration for
sub-resolutions and the original resolution. The difference and its p value seem to follow
a U-shaped curve, first decreasing with the highest difference for resolutions 2.1, 2.8,
and 3.5 mm, and then increasing until the difference is no longer statistically significant
(resolutions 6.3 and 7.0 mm). A possible explanation for this behaviour would be the
increasing restriction of the rotors to specific locations as spatial resolution is lost and the
number of interpolated values increases. If that is the case, the data loss creates the initial
decrease in APS’ duration, but as the amount of true data continues to deteriorate, the
interpolation effect gains impact and forces the detected singularities to discrete locations,
which would lead to the subsequent increase in APS duration.

In the case of SRs, the variation in rotor duration does not seem to relate to spatial
resolution. The results of the statistical comparisons are presented in Table 4.2b, and
there is no real statistically significance, as the only statistically significant difference
has a p value just below the threshold. Therefore, the results indicate that stable rotors’

duration is not affected by spatial resolution.

4.3.2 Detection accuracy

From the previous section, it is known that phase singularities’ detection decreases as
spatial resolution is lost, since the number of APS and SRs found lowers. Consequently,
detection accuracy is bound to decrease for higher IEDs, since rotors will be missing.
However, dynamics characteristics do not specify if the PSs present for lower resolutions
are indeed the same as the ones in the original resolution. Hence, a question that remains

is whether the PSs detected for lower resolutions are in fact the right PSs.
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Table 4.2: Results of a Dunnett’s multiple comparisons test to assess significant differences
in rotor duration due to spatial resolution. The test was performed for (a) the duration of
all the phase singularities, and (b) duration of stable rotors, specifically.

(a) All phase singularities (N=12). (b) Stable rotors (N=11).

Comparison Summary p value Comparison Summary p value
0.7vs. 1.4 ns 0.0828 0.7vs. 1.4 ns 0.3554
0.7 vs. 2.1 ot 0.0037 0.7 vs. 2.1 ns 0.2068
0.7 vs. 2.8 i 0.0014 0.7 vs. 2.8 ns 0.0991
0.7 vs. 3.5 ot 0.0058 0.7 vs. 3.5 ns 0.4005
0.7 vs. 4.2 ot 0.0015 0.7 vs. 4.2 ns 0.0974
0.7 vs. 4.9 * 0.0108 0.7 vs. 4.9 ns 0.9997
0.7 vs. 5.6 * 0.0152 0.7 vs. 5.6 * 0.0450
0.7 vs. 6.3 ns 0.9999 0.7 vs. 6.3 ns 0.9888
0.7vs. 7.0 ns 0.5609 0.7 vs. 7.0 ns 0.2585

ns, not significant. ns, not significant.

* p value < 0.05; ** p value < 0.01. * p value < 0.05.

F1-score

To answer that question, the F1-score was computed for each sub-resolution, for every
recording. Figure 4.10 shows the mean F1-score as spatial resolution decreases, and it is
noticeable that, as expected, the F1-score decreases alongside resolution. This relation-

ship confirms that spatial resolution affects the quality of rotor detection.

SR detection accuracy by spatial resolution
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Figure 4.10: Stable rotor (SR) detection accuracy for different spatial resolutions, given
by the F1-score of rotor detection and presented as mean+SEM (N = 11).

To get a better sense of the Fl-score values to be expected for each resolution, the
confidence intervals of the mean were calculated and are displayed in Table 4.3. These
intervals allow to understand how overlapped or not the Fl1-score means are for each
resolution, and add to the information given by the mean. Analyzing the F1-score of the
highest sub-resolution, the difference between its mean value and the ground truth is
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considerable, representing a drop of 15% in detection accuracy. For the 2.1 mm resolution,
the mean F1-score decreases 15% again. It can be observed that the confidence intervals
for these two sub-resolution are not overlapped, establishing a clear accuracy decline. For
the rest of the sub-resolutions, there is always overlapping between adjacent confidence
intervals. Although for some segments the confidence interval practically does not vary,
such as between resolutions 2.1 and 2.8 mm and between resolutions 4.9 and 8.3 mm, the

F1-score clearly decreases with resolution.

Table 4.3: F1-score and respective confidence interval for each spatial resolution, for all
hearts (N=11). F1-score is presented as mean+SEM.

Resolution (mm)  Fl-score Confidence Interval
1.4 0.85+0.02 0.80-0.90
2.1 0.70 £ 0.04 0.60 - 0.80
2.8 0.70 £ 0.03 0.62-0.78
3.5 0.64 + 0.04 0.56-0.71
4.2 0.57 £ 0.04 0.47 - 0.67
4.9 0.53 +0.04 0.43-0.63
5.6 0.53 + 0.04 0.43-0.63
6.3 0.51 £ 0.05 0.41 - 0.62
7.0 0.42 +0.06 0.29 - 0.55

The F1-score provides a single measure that summarizes the accuracy of rotor detec-
tion, taking into account both the percentage of missing rotors and the percentage of false
rotors. Nevertheless, it is relevant to compare these percentages, to understand which
affects the overall accuracy the most. Therefore, recall and precision were analyzed sep-
arately and their values are presented in Figure 4.11. It can be observed that the values
for recall are lower than for precision, meaning that it is more likely that rotors are being
lost for lower resolutions than that false rotors are being generated. This tendency can be
explained by the fact that the overall number of rotors detected decreases with resolution
and, consequently, it is more probable to detect less true rotors than for extra rotors to
appear. Therefore, although loss in resolution does lead to the appearance of phantom

rotors, its impact is heavier in the sensitivity to true rotors.

F1-score for increasing PS duration

The Fl-score gives a sense of the accuracy of rotor’s detection. However, it does not
automatically discriminate between rotors. Although the classification as a stable rotor
already discards shorter-lived rotors, within the stable rotors not all are equally important.
Assuming that longer-lasting SRs are more relevant to the arrhythmia dynamics and of
more interest for therapy, it is meaningful to verify whether these SRs in particular are
being recognized. With that in mind, the F1-score was computed for varying stable rotor
duration thresholds, as shown in Figure 4.12. By increasing the lifespan threshold, the

longer-lasting rotors are more and more isolated from the rest. From Figure 4.12 it can
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Precision and recall by spatial resolution
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Figure 4.11: Precision and recall for different spatial resolutions, presented as mean+SEM
(N=11).

be inferred that the detection of longer-lasting SRs is performed with a similar accuracy
as the overall detection up to 2.1 mm of IED. For inter-electrode spacing higher than
that, the difference between overall detection and longer-lasting rotors detection becomes
more evident. It can be deduced that even if the overall stable rotor detection presents
optimistic results, the most meaningful rotors may be lost for spatial resolutions equal or
inferior to 2.8 mm. Even if they are being detected, which is possible and likely, they are
losing temporal information and not given the adequate weight.

Comparison of Fl-score for different lifespan thresholds
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Figure 4.12: Comparison of F1-score for different lifespan thresholds (N=11). F1-score
presented as mean+SEM. CL, cycle length.
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4.3.3 Localization accuracy

When it comes to focal therapy, not only is it important to detect the rotors, but it is
essential to properly locate them for therapy to be successful. In order to evaluate local-
ization accuracy, two metrics were used: displacement between correlated PS paths and

the F1-score for PS density maps’ peaks.

Displacement

The mean and maximum displacement between successfully correlated PSs from the orig-
inal resolution and sub-resolutions are presented in Figure 4.13. To be noted that this
values are constrained by the acceptable displacement parameter set for the correlation
algorithm (Section 3.4.1), which was 5 pixels (3.5 mm) as default. However, as shown be-
fore, the acceptable displacement value was chosen because the selected radius englobled
most PSs and bigger radii provided similar results. Therefore, the displacements mea-
sured and displayed in this section would not vary significantly if the limit displacement

was increased.
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Figure 4.13: Mean and maximum displacement between successfully correlated rotors,
for different spatial resolutions (N=11).

As expected, the mean displacement increases linearly with IED. Its value never
reaches above 2.5 mm, even for the highest inter-electrode spacing. The mean displace-
ments reached seem to approximately match with a fourth of the respective spatial res-
olution. This is understandable, since the maximum displacement possible for each
resolution should correspond to half the resolution. The actual maximum displacement
means seem to average just below the half resolution point for each sub-resolution. For a
resolution of 1.4 mm, maximum displacement means are contained to a small range, how-
ever, for higher IEDs, the range of maximum displacement means increases and becomes

less predictable.
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Density maps

Density maps do not analyze PSs individually, but instead provide a global picture of
their spatial distribution. This is particularly helpful to verify if the correct location is
being selected for therapy, even if the true rotors are not consistently being tracked. This
might happen because rotors tend to cluster in regions, and those regions might still be
identifiable even when individual PSs are not. To illustrate, the SR density map of one of
the VF recordings is displayed in Figure 4.14, along with the density maps of each sub-
resolution. At least one peak stands out at the center of the field of view in the original
resolution. As spatial resolution is lost, the peak is still detected close to the original
position for most sub-resolutions. However, for resolutions equal or inferior to 2.8 mm
other peaks appear that seem to have a higher or similar rotor density than the highest
peak in the original resolution. It can also be noted that the position of the PSs becomes
more discrete as resolution is lost. This is an effect of interpolation [81]. To quantitatively
analyze the effect of spatial resolution on the PS density peaks, the F1-score for peak
detection in sub-resolution maps was computed. The results are displayed in Figure 4.15.

Just as for rotor detection, the Fl-score for rotor localization decreases with loss in
spatial resolution. No statistically significant difference was detected between APS and
SRs, but it can be observed in the figure that F1-score values for SRs are consistently lower
than for APS. Since the number of SRs is lower and their individual impact on the density
maps is higher (since they are the longer-lasting rotors), the loss of rotors due to spatial
resolution has a higher impact on SRs density maps than for APS density. The F1-score
values and respective CI are presented in Table 4.4.

The lifespan of SRs is superior to that of an average PS, so individual SRs are better
represented in a density map than shorter-lived PSs. However, the number of rotors that
do not last enough to be considered a SR is superior to the number of SRs, since APS
incidence is more than double the SR incidence. This raises the question of whether SRs’
locations, which are the most important from a clinical perspective, are well identified
in density maps that include all rotors or if they are overshadowed by less meaningful
rotors. To verify this, the peaks in a APS density map were compared to those found in a
SR density map. This comparison was only done for full-resolution maps. The SR peaks
were considered to be present in the APS maps if it existed within a radius of 3.5 mm. The
mean percentage of missed SR density peaks in APS density maps for each donor heart is
presented in Figure 4.16. The overall mean is around 30%, with most values below 40%.
Looking at these values, one can assume that a significant portion of the most relevant
peaks are being lost when considering all rotors. However, when considering where to
apply therapy, the most relevant area might not be where the longer-lasting rotors are

present, but where there is a higher incidence of rotors in general.
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Figure 4.14: Rotor density maps of a single ventricular fibrillation recording for different
spatial resolutions. IED, inter-electrode distance.
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F1-score

Localization accuracy by spatial resolution
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Figure 4.15: Comparison of localization accuracy, given by the F1-score of rotor density
peaks, for all phase singularities (APS) and stable rotors (SRs) (N=11). F1-score presented
as mean+SEM.

Table 4.4: F1-score of the rotor density peaks detection and respective confidence interval
for each spatial resolution, for all hearts. F1-score presented as mean+SEM. IED, inter-
electrode distance; CI, confidence interval of the mean.

(a) All phase singularities (N=12).

IED (mm) Fl-score CI
1.4 0.93+0.02 0.88-0.99
2.1 0.84+0.04 0.75-0.93
2.8 0.81+0.05 0.71-0.91
3.5 0.79+£0.04 0.70-0.88
4.2 0.73 +0.07 0.58-0.88
4.9 0.63 + 0.07 0.47-0.80
5.6 0.64 +0.08 0.47-0.80
6.3 0.56 + 0.07 0.41-0.71
7.0 0.46 £ 0.08 0.28-0.63

(b) Stable rotors (N=11).

IED (mm) Fl-score CI
1.4 0.91 +£0.03 0.85-0.98
2.1 0.80+0.04 0.70-0.89
2.8 0.74 £ 0.06 0.62-0.86
3.5 0.71 £ 0.06 0.58-0.85
4.2 0.61 £ 0.07 0.46-0.75
4.9 0.57 £0.07 0.41-0.72
5.6 0.62+0.07 0.47-0.77
6.3 0.52+0.08 0.36-0.69
7.0 0.44 +0.08 0.26-0.62

4.4 How do inherent factors affect perceived dynamics?

Besides methodological variables, there are biological and other inherent factors that may

also affect perceived dynamics. The combination of this factors with variation in spatial

resolution may have different outcomes. In this section, the data is discriminated by

and compared for the following classifications: arrhythmia type (MVT and VF), heart

donor sex (female and male), anatomical region (RVOT, MID, and API), and heart surface

(endocardium and epicardium).
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Percentage of missed SR density peaks in PS density maps
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Figure 4.16: Percentage of stable rotors (SRs) density peaks missed in density maps with
all phase singularities (APS). Each dot represents the mean for each heart. Vertical line
and whiskers represent mean and standard error of the mean (N=12).

4.4.1 Arrhythmia type

One of the objectives of analyzing arrhythmia dynamics is to classify the type and orga-
nization of each dysrhythmia. Therefore, different arrhythmia types will have different
behaviours. When studying the impact of spatial resolution on perceived arrhythmia
dynamics, it becomes pertinent to verify whether different arrhythmia types remain dis-
tinguishable as the IED increases. MVT and VF represent the extremities of the spectrum
of ventricular tachycardia complexity, so in this section the recordings of each were anal-

ysed separately in order to compare their dynamics as spatial resolution is lost.

PS incidence

The first metric compared was PS incidence, for both APS and stable rotors. The arrhyth-
mia type is expected to have an impact on PS incidence, as MVT is a stable tachycardia
and expected to have few rotors, while VF is a very disordered rhythm and presumed to
be maintained by several PSs. This dichotomy was confirmed by the present data, and is
well represented in Figure 4.17.

Even though the difference between APS incidence for MVT and VF is not statistically
significant, there is a clear tendency for VF to have a higher number of rotors present. A
similar relationship is observed for the incidence of stable rotors, in Figure 4.18.

When it comes to variation due to spatial resolution, both graphs prove what was
estimated in Section 4.3.1, that higher-incidence recordings (VF recordings) are more
affected by resolution. This is inferred by the clear slope of APS and SR incidence for VF,
while incidence stays closer to the ground truth for MVT recordings. This difference in
behaviour was also detected statistically, as shown in Tables 4.5 and 4.6. For both tables,

the interaction between spatial resolution and arrhythmia type is significant. This means
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APS incidence by arrhythmia type
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Figure 4.17: Comparison of all phase singularities (APS) incidence for different arrhyth-

mia types (N=12, MVT=5). MVT, monomorphic ventricular tachycardia; VF, ventricular
fibrillation.
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Figure 4.18: Comparison of stable rotor (SR) incidence for different arrhythmia types
(N=12, MVT=5). MVT, monomorphic ventricular tachycardia; VF, ventricular fibrillation.
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that the mean’s difference between spatial resolutions does not evolve in the same manner
for MVT and VFE.

Table 4.5: Results of a two-way repeated measures ANOVA test to assess the mean dif-
ferences between all phase singularities incidence for varying spatial resolutions and
arrhythmia types (N=12, MVT=5).

Source of Variation p value p value summary
Spatial resolution 0.0007 ok
Arrhythmia type 0.0662 ns

Spatial resolution x Arrhythmia type <0.0001 x

ns, not significant.
*** p value < 0.001; **** p value < 0.0001.

Table 4.6: Results of a two-way repeated measures ANOVA test to assess the mean differ-
ences between stable rotor incidence for varying spatial resolutions and arrhythmia types
(N=11, MVT=5).

Source of Variation p value p value summary
Spatial resolution 0.0054 o
Arrhythmia type 0.0673 ns

Spatial resolution x Arrhythmia type <0.0001 e

ns, not significant.
** p value < 0.01; **** p value < 0.0001.

The variation due to spatial resolution in MVT recordings is also different depending
on the stability of the rotor. This is seen in the slight decrease in APS incidence, while SRs
incidence is less affected. Tables 4.7 and 4.8 shows the results from multiple comparison
tests between the incidence for each sub-resolution and the ground truth, for APS and
SRs respectively. These results validate the analysis that SR incidence for MVT recordings
is more stable than its APS incidence, since the there is no statistical difference between
MVT’s SR incidence but there is for MVT’s APS incidence for lower resolutions. This
makes sense, since MVT is characterized by long-lasting stable rotors, which should be
harder to lose track of, even for lower resolutions. In the case of VF, with the exception
of 1.4 mm IED, all sub-resolutions present a statistically significant lower incidence, for
both APS and SRs.

To conclude, the difference between MVT and VF was not statistically significant
for any sub-resolution. Therefore, it can be visually inferred that the values of PS and
SR incidence for MVT and VF grow closer as spatial resolution is lost, but it cannot be
statistically verified.

Duration
The duration of phase singularities is also expected to change depending on arrhythmia
type, which is observed for APS in Figure 4.19, and for stable rotors in Figure 4.20.
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Table 4.7: Results of a Dunnett’s multiple comparisons test to compare phase singularity
incidence mean differences between sub-resolution values and the ground truth, for (a)
monomorphic ventricular tachycardia (MVT) recordings, and (b) ventricular fibrillation
(VF) recordings.

(a) MVT (N=5). (b) VF (N=7).

Comparison Summary p value Comparison Summary p value
0.7vs. 1.4 ns 0.9565 0.7vs. 1.4 ns 0.4901
0.7 vs. 2.1 ns 0.2117 0.7 vs. 2.1 > 0.0038
0.7 vs. 2.8 ns 0.3299 0.7 vs. 2.8 * 0.0126
0.7 vs. 3.5 ns 0.2911 0.7 vs. 3.5 *x 0.0069
0.7 vs. 4.2 ns 0.1289 0.7 vs. 4.2 * 0.0136
0.7 vs. 4.9 * 0.0394 0.7 vs. 4.9 * 0.0118
0.7 vs. 5.6 ns 0.1228 0.7 vs. 5.6 * 0.0165
0.7 vs. 6.3 * 0.0156 0.7 vs. 6.3 * 0.0159
0.7 vs. 7.0 ns 0.0629 0.7 vs. 7.0 * 0.0124

ns, not significant. ns, not significant.

* p value < 0.05. * p value < 0.05; ** p value < 0.01.

Table 4.8: Results of a Dunnett’s multiple comparisons test to compare stable rotor in-
cidence mean differences between sub-resolution values and the ground truth, for (a)
monomorphic ventricular tachycardia (MVT) recordings, and (b) ventricular fibrillation
(VF) recordings.

(a) MVT (N=5). (b) VF (N=6).

Comparison Summary p value Comparison Summary p value

07 vs. 1.4 s 00714 0.7vs. 1.4 ns 0.5317
0.7 vs. 2.1 * 0.0204
0.7 vs. 2.1 ns 0.1450
07 ve. 2.8 e 0.2858 0.7 vs. 2.8 * 0.0382
A ' 0.7 vs. 3.5 * 0.0237
0.7 vs. 3.5 ns 0.1555
0.7 vs. 4.2 * 0.0374
0.7 vs. 4.2 ns 0.1541
0.7 vs. 4.9 * 0.0259
0.7 vs. 4.9 ns 0.3007 07 ve 56 ) 00317
0.7 vs. 5.6 ns 0.5912 07 Ve o . 0.0350
0.7 vs. 6.3 ns 0.1035 07 Ve o . 00323
0.7 vs. 7.0 ns 0.5386 VS :

ns, not significant.
* p value < 0.05.

ns, not significant.
Visually, it can be noticed that MVT rotors tend to last longer than VF rotors, and this
relation is present for APS and SRs. However, the different in duration becomes more
obvious for stable rotors. This difference is validated statistically (p value = 0.0286), while
for APS it was not. Additionally, the difference in duration for MVT and VF rotors stays
approximately the same for every spatial resolution. Therefore, the difference between
MVT and VF duration is significant, but none of them is affected by spatial resolution
considerably. Nevertheless, MVT” APS duration presents the behaviour seen for overall

duration in the previous section, with an initial decrease in duration and an increase for
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lower resolutions.

APS duration by arrhythmia type
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Figure 4.19: Comparison of all phase singularities (APS) duration for different arrhythmia

types (N=11, MVT=5). MVT, monomorphic ventricular tachycardia; VF, ventricular
fibrillation.
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Figure 4.20: Comparison of stable rotors (SRs) duration for different arrhythmia types
(N=11, MVT=5). MVT, monomorphic ventricular tachycardia; VF, ventricular fibrillation.

Detection accuracy

The difference between F1-scores for MVT and VF is displayed in Figure 4.21. The dif-
ference due to arrhythmia type is not statistically significant, but the difference in their
behaviour as spatial resolution is lost is significant. These results are presented in Ta-
ble 4.9. As seen in Figure 4.21, the F1-score for VF recordings has a much more stable
trend downwards, while MVT’s F1-score appears to be less dependant on spatial resolu-
tion. Furthermore, detection accuracy for MVT is lower than VF for higher resolutions

but surpasses it at lower resolutions. This discrepancy can be explained by the difference
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in rotor incidence for both arrhythmia types, observed before in Figures 4.17 and 4.18.
Since the number of rotors present in the recordings is much smaller for MVT, the loss
of a few phase singularities is much harsher on the F1-score of MVT recordings than for
VF, which results in a more unpredictable trend for the detection accuracy of stable ar-
rhythmias across IEDs. Nevertheless, the F1-score for MVT recordings seems to stabilize

at higher accuracy values, while the F1-score for VF keeps decreasing.

Table 4.9: Results of a two-way repeated measures ANOVA test to assess the mean dif-
ferences between F1-scores for varying spatial resolutions and arrhythmia types (N=11,
MVT=5).

Source of Variation P value P value summary
Spatial resolution <0.0001 o
Arrhythmia type 0.8769 ns

Spatial resolution x Arrhythmia type  0.0011 i

ns, not significant.
** p value < 0.01; **** p value < 0.0001.

SR detection accuracy by arrhythmia type
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Figure 4.21: Comparison of stable rotor (SR) detection accuracy for different arrhythmia
types, given by the F1-score of rotor detection (N=11, MVT=5). Fl-score is presented as
mean + SEM. MVT, monomorphic ventricular tachycardia; VF, ventricular fibrillation.

Localization accuracy

Localization accuracy was also compared for MVT and VEF. Figure 4.22 shows the F1-score
of rotor density peaks. From the graph, it can be taken that localization accuracy stays
similar for MVT and VF recordings until a spatial resolution of 2.8 mm, after which VF
peak detection accuracy drops in relation to MVT. This is to be expected, since MVT
will have rotors more concentrated in certain regions, while VF has more rotors that are

shorter and will therefore be more dispersed, making the peak distribution more volatile.
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Statistically, the difference was not significant.

SR localization accuracy by arrhythmia type
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Figure 4.22: Comparison of stable rotor (SR) localization accuracy for different arrhyth-
mia types, given by the F1-score of rotor density peaks detection and for a spatial accuracy
radius of 3.5 mm (N=11, MVT=5). Fl-score is presented as mean+SEM. MVT, monomor-
phic ventricular tachycardia; VF, ventricular fibrillation.

4.4.2 Sex

Sex hormones affect cardiac electrophysiology [108]. Therefore, it is useful to analyze
sex differences in arrhythmia dynamics and verify how they may change due to spatial

resolution of mapping devices.

Incidence
Regarding APS and SRs incidences, no visual or statistical difference was detected for
female and male donors. The figures illustrating APS and SRs incidence for different

sexes are in Appendix B (Figures B.1 and B.2, respectively).

Duration

As happened for rotor incidence, no significant visual or statistical differences were found
in rotor duration between sexes, neither for APS or SRs. The figures illustrating the
comparison of rotor duration by sex, for APS and SRs, are in Appendix B (Figures B.3

and B.4, respectively).

Detection accuracy

For detection accuracy, the F1-scores were compared and are displayed in Figure 4.23.
Statistically, no significant differences were found. Visually, the F1-score curves match
very well, with the F1-score mean for female hearts consistently slightly lower than for

males. Although this difference is very faint, it is in accordance with the findings of
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Tilz et al., who found a statistically significant difference in ablation outcomes using
FIRM mapping for males and females, with females having a higher rate of arrhythmia
recurrence [109]. Further studies would have to be made to assess this possible difference.

SR detection accuracy by sex
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Figure 4.23: Comparison of stable rotor (SR) detection accuracy for different sexes, given
by the F1-score of rotor detection (N=11, female=5). F1-score presented as mean+SEM.

Localization accuracy
For localization accuracy, no statistical significance how found. However, the same ten-
dency was observed, with accuracy being consistently lower for females, as shown in

Figure 4.24.
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Figure 4.24: Comparison of stable rotor (SR) localization accuracy for different sexes,

given by the Fl-score of rotor density peak detection (N=11, female=5). F1l-score pre-
sented as mean+SEM.
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4.4.3 Anatomical region

Anatomical factors may affect considerably arrhythmogenesis due to variation in the
tissue substrate. As a result, regional analyses are commonly made when studying ar-
rhythmia. Additionally, a regional analysis is of interest for this thesis to verify is there
is a specific region that would require a higher electrode density when mapping. For
that goal, the field of view was divided in three parts that correspond to the RVOT, the
mid-ventricular region, and the ventricular apex. The RVOT is of particular interest, as it
is a known arrhythmogenic region, so a higher rotor incidence would be expected in this
area [110], [111].

Incidence

Conversely, what the data showed was that incidence was similar for all regions, with a
slight tendency for higher incidence in the MID region. This was observed for both APS
and SRs incidence. SRs incidence for the different regions is presented in Figure 4.25. A
possible explanation is a level of bias due to the MID region coinciding with the middle
of the field of view. To minimize bias to certain regions due to differences in the area
mapped, incidence is given per unit area and takes into account the area of the data mask
in each region. However, the center of the field of view will tend to have better optical
data quality, since it is the section in better focus. APS incidence behaved very similarly

to SRs and its figure is shown in Appendix B (Figure B.5).
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Figure 4.25: Comparison of stable rotor (SR) incidence for different anatomical regions
(N=11). RVOT, right ventricular outflow tract; MID, mid-ventricular region; API, apical
region.

Duration

The analysis of rotor lifespan for the different anatomical regions also showed no signifi-
cant difference among them, for neither APS or SRs. The figures illustrating the distribu-
tion of mean duration for each heart for APS and SRs are in Appendix B (Figures B.6 and
B.7, respectively).
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Detection accuracy
Similarly, no statistically significant difference was found between the F1-score curves of
each region, presented in Figure 4.26. Although non-significant, rotor detection in the

RVOT region appears to tend to be lower than in the other regions.

SR detection accuracy by anatomical region
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Figure 4.26: Comparison of stable rotor (SR) detection accuracy for different anatomi-
cal regions, given by the Fl-score of rotor detection (N=11). Fl-score is presented as
mean+SEM. RVOT, right ventricular outflow tract; MID, mid-ventricular region; API,
apical region.

4.4.4 Mapped surface

The majority of the values looked at until now were the mean of the epicardium and the
endocardium results for each heart. However, the ventricular wall is thick and rotors
gain a three-dimensional configuration, since cardiac propagation travels across the my-
ocardium. Consequently, the arrhythmia dynamics observed in each side of the heart may
not be consistent. Rotors can act as a scroll wave and sweep the entire wall simultaneously,
or they can be focused in one of the sides of the wall, with their phase singularity only
visible in one side. Therefore, arrhythmia dynamics were compared for the epicardium

and endocardium.

Incidence

APS incidence for the both heart surfaces is displayed in Figure 4.27. The endocardium ap-
pears to have a tendency to present more rotors than the epicardium. A two-way ANOVA
test, whose results are presented in Table 4.10, revealed that this difference between lay-
ers holds statistical significance (p value = 0.0160). Additionally, the variation due to
spatial resolution varied significantly between the epicardium and the endocardium (p
value < 0.0001), with the endocardium incidence values dropping more noticeably as

resolution is lost.
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APS incidence by mapped surface

:] l — no
IH | | é |
5 I LU O BT AT B H@

T T
07 14 21 28 35 42 49 56 63 7.0

Spatial Resolution (mm)

Figure 4.27: Comparison of all phase singularities (APS) incidence in the epicardium
(Epi) and the endocardium (Endo) (N=12).

Table 4.10: Results of a two-way repeated measures ANOVA test to assess the mean
differences between all phase singularities’ incidence for varying spatial resolutions and
heart surface (N=12).

Source of Variation p value p value summary
Spatial resolution <0.0001 ok
Heart surface 0.0160 *

Spatial resolution x Heart surface <0.0001 e

* p value < 0.05; **** p value < 0.0001.

For SR incidence, however, the difference due to the heart surface mapped was not
statistically significant. SR incidence, shown in Figure 4.28, still tends to be higher in the
endocardium side, but the difference is less meaningful. This implies that a considerable
portion of the rotors that the endocardium had extra relatively to the epicardium were
short-lived.

A likely cause for the difference between rotor incidence is due to the adipose tissue
(that is, fat tissue) present in the epicardium, whereas the endocardium allows complete

direct access to myocardial tissue.

Duration

When it comes to rotor duration, the differences are not significant, neither due to spatial
resolution or mapped surface. This lack of significance was observed for both APS and
SRs. The figures illustrating the comparison of rotor duration by mapped surface, for
APS and SRs, are in Appendix B (Figures B.8 and B.9, respectively).

Detection accuracy
When comparing the F1-score for rotor tracking, the metric’s curves are very similar for
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SR incidence by mapped surface
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Figure 4.28: Comparison of stable rotor (SR) incidence in the epicardium (Epi) and the
endocardium (Endo) (N=11).

endocardial and epicardial tissue, as seen in Figure 4.29. However, even though rotor de-
tection stays similar for the epicardium and the endocardium, mapping the endocardium
may provide better results due to the lack of adipose tissue interfering with rotor detec-

tion.
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Figure 4.29: Comparison of stable rotor detection accuracy in the epicardium (Epi) and
the endocardium (Endo), given by the Fl-score of rotor detection (N=11). Fl-score is
presented as mean+SEM.

Localization accuracy
Localization accuracy was similar for epicardium and endocardium recordings. A graphic

representation is provided in Appendix B (Figure B.10).
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4.5 What are the spatial resolution requirements to map

arrhythmic activity?

When answering the question of what is the ideal spatial resolution for mapping arrhyth-
mia drivers, one has to simultaneously consider how accurate in space the PS detection
has to be. Spatial accuracy has repercussions in rotor detection and, consequently, in the
spatial resolution needed. For instance, as the desired spatial accuracy becomes more
restricted, the detection quality worsens, because rotors that are displaced in the sub-
resolution maps are not accounted for if they are outside the accuracy radius range. If the
displaced rotor is within the accuracy radius, then the therapy applied to the displaced ro-
tor will reach the rotor’s true position. If we consider the case of an ablation intervention,
a bigger lesion size means a bigger accuracy radius, which leads to a higher probability
of successfully applying therapy to the real rotor when targeting its distorted position.
Oppositely, a big ablation lesion will provoke more tissue damage which may eventually
lead to the creation of proarrhythmic substrate, which defeats the purpose of the therapy.
Therefore, ideal spatial accuracy may take different values depending on the goal of the
study or treatment. The acceptable rotor detection accuracy is also user dependant. Thus,
the necessary spatial resolution depends on the desired spatial accuracy and detection
accuracy.

Throughout this section, both spatial resolution and spatial accuracy radius were
taken into account to create accuracy profiles for both detection and localization of ar-

rhythmia drivers.

4.5.1 Detection accuracy

To refresh the concept of the F1-score, this metric is the harmonic mean of precision and
recall. Precision corresponds to the percentage of true rotors in the rotors found in a
sub-resolution map, while recall corresponds to the percentage of the original rotors that
were found. As an example, if precision is 0.5 only 50% of the rotors found correspond
to the original ones, and therefore 50% of the rotors found are false rotors. On the other
hand, if recall is 0.5 then 50% of the original rotors are missing in the sub-resolution. The
harmonic mean of these values would result in a F1-score of 0.5. If both precision and
recall are perfect, then the F1-score would be 1. The F1-score drops to 0 whenever no
true rotors are found, independently of the amount of false rotors.

In Section 4.2.3, the F1-score was computed for varying spatial accuracy thresholds,
with the goal of studying the effect of this parameter on the metric. The results obtained
from that analysis are useful to establish the detection accuracy to be expected for when
taking into account the spatial resolution of the device and the spatial accuracy necessary.
It was also noted in that analysis that for spatial accuracy radii superior to 3.5 mm, the
detection accuracy started to reach a plateau. In this section, the highest spatial accuracy

radius taken into account is 4.2 mm. This limit was chosen to make sure the plateau is
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reached for every resolution and because it corresponds to the radius of the more sizeable
ablation lesions. Naturally, spatial accuracy directly correlates with spatial resolution, as
the maximum spatial accuracy possible for a given resolution will be half the resolution.

Table 4.11 displays the mean F1-scores for all cohort hearts and their standard error.
This table provides a general guideline of the rotor detection accuracy to be expected
for each spatial resolution and desired spatial accuracy. Figure 4.30 complements it by

illustrating the 95% confidence intervals of each F1-score mean.

Table 4.11: Color-coded rotor detection accuracy profile for multiple spatial resolutions
and spatial accuracies, based on all recordings (N=11). F1-score values are presented as
mean+SEM.

Spatial resolution Spatial accuracy (mm)

(mm) 0 0.7 1.4 2.1 2.8 3.5 4.2

0.7

1.4

2.1

2.8

3.5

4.2

4.9

5.6

6.3

7.0

Color-coded from red (zero) to green (one).

From this profile, the rotor detection accuracy of current devices can be deduced.
Considering that the average IED for current cardiac mapping catheters is around 4 mm
(not taking into account distances between splines for basket catheters), the expected
detection accuracy value is 57+4%. When it comes to the confidence interval, there is a
95% probability that the accuracy mean for a IED of 4.2 mm will not reach above 70%.
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Figure 4.30: Detection accuracy (F1-score) profile with 95% confidence intervals of the
mean for each sub-resolution, for all samples (N=11). IED, inter-electrode distance.
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This profile obtained from all the experiments provides a useful generic guideline
for IED requirements. However, it has been previously concluded that the detection
accuracy varies depending on arrhythmia type (Section 4.4.1). Therefore, that distinction
was performed in this section as well and a detection accuracy profile was computed
for each arrhythmia type. However, when looking at the difference between detection
accuracies obtained for MVT and VF, one has to bear in mind their difference in rotor
incidence. That is, even though the F1-score is lower for MVT recordings at higher spatial
resolutions, the number of rotors that are actually being missed or that are erroneous is
inferior for MVT data than for VF data, as a general rule. Nevertheless, since MVT rotors
tend to be more stable, the individual loss of these rotors will probably have more impact
than the individual loss of a VF rotor.

The accuracy profile for MVT recordings is displayed in Table 4.12 and is comple-
mented by Figure 4.31, that shows the confidence intervals of the means. In this table,
the behaviour seen previously in Section 4.4.1 becomes more evident. Rotor detection
accuracy for MVT initially drops as spatial resolution is lost. However, accuracy stabilizes
in values around 50-65% for IED equal or higher than 2.1 mm. For a resolution of 4.2
mm, which is close to the clinical spatial resolution average, the rotor detection accuracy
obtained is 58+4%, with a confidence interval close to 45-70% for a spatial accuracy of
3.5 mm. For this value to be above 80% or to increase reasonably, the spatial resolution
has to be at least 1.4 mm.

For VF recordings, the accuracy profile is displayed in Table 4.13 and the correspond-
ing confidence intervals are visually displayed in Figure 4.32. For current clinical reso-
lution, mean detection accuracy is 56+8%. For VF, the minimum spatial resolution for
an accuracy superior to 80% is 1.4 mm, as had been for MVT and for all recordings. For
the current average clinical resolution (around 4 mm), rotor detection accuracy is 56+8%.
For the worst-case scenario of a spatial resolution of 7 mm, which is a realistic resolution,
rotor detection accuracy reaches 36+6%. It can be taken that these devices are not able to
map VFE

If the goal of a study or treatment is solely to be able to detect stable arrhythmias,
lower resolutions may suffice if detection accuracy around 50-60% is considered suffi-
cient. Conversely, if there is a need to successfully detect highly unstable arrhythmias,

resolution requirements become harsher.

75



CHAPTER 4. RESULTS AND DISCUSSION

Table 4.12: Color-coded rotor detection accuracy profile for multiple spatial resolutions
and spatial accuracies, based on monomorphic ventricular tachycardia recordings (N=5).
F1-score values are presented as mean+SEM.

Spatial resolution Spatial accuracy (mm)

(mm) 0 0.7 1.4 21 2.8 3.5 4.2

0.7

1.4

2.1

2.8

3.5

4.2

4.9

5.6

6.3

7.0

Color-coded from red (zero) to green (one).
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Figure 4.31: Detection accuracy (F1-score) profile with 95% confidence intervals of the
mean for each sub-resolution, for monomorphic ventricular tachycardia (N=5). IED, inter-
electrode distance.
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Table 4.13: Color-coded rotor detection accuracy profile for multiple spatial resolutions
and spatial accuracies, based on ventricular fibrillation recordings (N=6). F1-score values
are presented as mean+SEM.

Spatial resolution Spatial accuracy (mm)

(mm) 0 0.7 1.4 2.1 2.8 3.5 4.2
0.7
1.4
)1 0.73 0.75 0.75 0.75 0.75 0.75
’ +0.04 +0.05 +0.05 +£0.05 =*0.05 =+0.05
)3 0.55 0.73 0.74 0.74 0.74 0.74
’ +0.05 +0.05 +0.05 +0.05 +0.05 =+0.05
35 0.62 0.63 0.63 0.63 0.63
+0.06 +0.06 +0.06 +0.06 =+0.06
490 0.51 0.56 0.56 0.56 0.56
’ +0.07 +0.07 +0.08 +0.08 +0.08
49 0.35 0.53 0.55 0.55 0.56
’ +0.05 +0.06 +0.06 *0.06 =+0.06
56 0.41 0.47 0.48 0.48
’ +0.06 +0.06 +0.06 =+0.06
6.3 0.32 0.42 0.46 0.47
’ +0.05 +0.06 +0.06 =+0.07
7.0 0.31 0.35 0.36

+0.06 +0.06 =+0.06

Color-coded from red (zero) to green (one).
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Figure 4.32: Detection accuracy (F1-score) profile with 95% confidence intervals of the
mean for each sub-resolution, for VF samples (N=6). IED, inter-electrode distance.
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4.5.2 Localization accuracy

Previously, localization accuracy was only assessed for a displacement (or spatial accu-
racy) radius of 3.5 mm. Here, the F1-scores for peak detection within a radius of 2.1 mm
and 1.4 mm were also evaluated. The threshold of 3.5 mm was chosen initially since it
corresponds to the radius of an average ablation lesion. However, for smaller device IEDs,
the spatial accuracy will become more precise, so it was considered relevant to track the
increase in permissible spatial accuracy as IED decreases. Since SRs are more relevant
than APS and their relation for density peak detection has already been studied, only
stable rotors were taken into consideration in this section. However, the accuracy profiles
for APS density peak detection are available in Appendix B.

Table 4.14 displays stable rotor localization accuracy for varying resolution and spatial
accuracy, for all recordings. For the spatial accuracy of an ablation lesion (radius of 3.5
mm), the expected accuracies are presented in the right column of the table. Considering
a Fl-score of 80% a good localization accuracy, this value can be reached for a spatial
resolution of 2.1 mm. For the current clinical resolution, which is around 4.2 mm, the
localization accuracy is only 61+7%. As therapies become more and more localized,
spatial accuracy necessities grow. Evidently, the minimum spatial resolution needed

grows as well.

Table 4.14: Color-coded rotor localization accuracy profile for multiple spatial resolutions
and spatial accuracies, based on all recordings (N=11). F1-score values are presented as
mean+SEM.

Spatial resolution Spatial accuracy (mm)

(mm) 1.4 2.1 3.5
0.7 1.00 £ 0.00 1.00+0.00 1.00+ 0.00
1.4 0.81 £0.05 0.87+£0.04 0.91 +£0.03
2.1 0.67 +0.06 0.72+0.05 0.80 +0.04
2.8 0.65+0.06 0.75+0.05 0.74 +0.06
3.5 0.59 +0.05 0.70+0.05 0.71 £0.06
4.2 0.45 + 0.08 0.55+0.07 0.61 +0.07
4.9 0.34+£0.09 0.51 £0.07 0.57 +£0.07
5.6 0.29+0.06 0.50+0.07 0.62+0.07
6.3 0.21 £ 0.06 0.41 +£0.07 0.52+0.08
7.0 0.14 £ 0.05 0.25+0.07 0.44+0.08

Color-coded from red (zero) to green (one).

The complementary 95% confidence intervals of the means are displayed in Fig-
ure 4.33. Each curve represents the Fl-score of density peaks detection as the spatial
accuracy radius increases for a given spatial resolution. The size of the confidence in-
tervals tends to grow as resolution decreases because the resulting F1-scores are more
inconsistent. Nevertheless, even with wider ranges the CI limits keep decreasing with

spatial resolution. For an IED of 2.8 mm the F1-score values are not incremental with
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Figure 4.33: Localization accuracy (F1-score) profile with 95% confidence intervals of the
mean for each sub-resolution, for all samples (N=11). IED, inter-electrode distance.

the spatial accuracy radius, with the intermediate value having the highest score. This

occurs because of the peak detection conditions explained in Section 3.3.9. To avoid

multiple detection of the same peak, a radius is defined within which only the highest

density peak is considered a true peak. Consequently, the remaining peaks in the area are

considered noise from the actual peak. This radius that was used to define a single peak

corresponded to the spatial accuracy radius considered. Therefore, for smaller spatial

accuracy radius the number of PS density peaks detected may be superior which leads
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to the possibility of the F1-score being higher for higher spatial accuracies. This was not
observed for detection accuracies, in the previous section, because the number of true
rotors was the same for every spatial accuracies, meaning the the F1-score could only
decrease as the spatial accuracy radius decreased.

Arrhythmia type also influenced localization accuracy. Therefore, different localiza-
tion accuracy profiles were created for MVT and VF as well.

Table 4.15 presents the localization accuracy profiles for MVT. Localization accuracy
values are higher for MVT. For spatial accuracy of 3.5 mm, the average localization
accuracy is never below 67%. It can be noted that for resolutions equal or lower than 2.8
mm mean accuracy varies within a small range between 65% and 80%. For the average
current clinical resolution, localization accuracy is 70+4% with a confidence interval of
60% to 80%. Although still lacking, these results imply a relatively good localization
accuracy for current devices. What this means is that, even if some MVT rotors are not
being correctly detected or if false rotors appear, there is a relatively high probability
that therapy will still be applied to the right area, since localization accuracy is higher
than detection accuracy. Considering a more extreme example, the Constellation basket
catheter [62] has an IED in each spline that can reach 7 mm depending on the model. For
this spatial resolution, the expected accuracy is between 46-89%, with a mean value of

67+8%. These values are not too far from the values for average current IED.

Table 4.15: Color-coded rotor localization accuracy profile for multiple spatial resolutions
and spatial accuracies, based on monomorphic ventricular tachycardia recordings (N=5).
F1-score values are presented as mean+SEM.

Spatial accuracy (mm)

Spatial resolution

(mm) 1.4 2.1 3.5
0.7 1.00 £ 0.00 1.00+ 0.00 1.00+ 0.00
1.4 0.91 £0.06 0.90+0.06 0.98 £ 0.01
2.1 0.70 £ 0.10 0.77 £0.06 0.85 =+ 0.06
2.8 0.62+0.05 0.79+£0.05 0.79 £ 0.03
3.5 0.63+0.04 0.76 £0.08 0.80 «+ 0.09
4.2 0.49 +0.09 0.66+0.07 0.70 = 0.04
4.9 0.42+0.14 0.62+0.11 0.68+0.11
5.6 0.30 + 0.13 0.57+£0.11 0.79 = 0.09
6.3 0.30 £ 0.10 0.50+0.10 0.69 + 0.06
7.0 0.24 + 0.08 0.43+0.11 0.67 +£0.08

Color-coded from red (zero) to green (one).

However, the confidence intervals, presented in Figure 4.34, reveal that the localiza-
tion accuracy for MVT is very inconsistent, specially for resolutions equal or lower than
4.9 mm. The wide CIs are due to the accuracy variability and due to the small number
of samples. Nevertheless, for the highest accuracy radius, which corresponds to an av-
erage ablation lesion radius, localization accuracy is relatively high for all resolutions

even when taking into account its confidence intervals. Therefore, for stable arrhythmias
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which are the easiest to map and localize, all currently used resolutions should have a
decent probability of correctly localizing the rotors that are detected. However, for an

localization accuracy higher than 90% the minimum resolution needs to be at least 1.4

mm.
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Figure 4.34: Localization accuracy (F1-score) profile with 95% confidence intervals of
the mean for each sub-resolution, for monomorphic ventricular tachycardia (N=5). IED,
inter-electrode distance.

For VF, the localization accuracy profile is presented in Table 4.16. It is harder to

correctly localize unstable arrhythmias, as can be seen by the lower accuracy values. For
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a spatial accuracy of 3.5 mm, the spatial resolution has to be at least 4.9 mm for mean
localization accuracy to be superior to 50%. To be higher than 70%, resolution has to
be at least 2.8 mm, and to reach 90% it has to be at least 1.4 mm. For current clinical
resolution, localization accuracy is 54+13%, that meaning that only close to half the rotors
detected would be properly detected. Considering again the case of the Constellation
basket catheter, for its resolution of 7 mm the localization accuracy is 29+8%, which
leads to the conclusion that this device and others of comparable resolution are not apt
to map unstable arrhythmias. As spatial accuracy needs increase, so does the resolution
required. For a spatial accuracy of 2.1 mm, accuracies above 90% are hardly achievable
for resolutions inferior to 0.7 mm, and for a spatial accuracy of 1.4 mm it is unlikely to

have accuracies above 80% for spatial resolutions inferior to 0.7 mm.

Table 4.16: Color-coded rotor localization accuracy profile for multiple spatial resolutions
and spatial accuracies, based on ventricular fibrillation recordings (N=6). F1-score values
are presented as mean+SEM.

Spatial accuracy (mm)

Spatial resolution

(mm) 1.4 2.1 3.5
0.7 1.00 £ 0.00 1.00+ 0.00 1.00+ 0.00
1.4 0.76 + 0.07 0.88+0.04 0.90 +0.04
2.1 0.65+0.09 0.68+0.10 0.78 +0.07
2.8 0.69+£0.10 0.76 £0.08 0.73 £0.11
3.5 0.55+0.09 0.65+0.07 0.65=+0.09
4.2 0.40+0.13 0.46+0.13 0.54+0.13
4.9 0.26 £ 0.14 0.44+0.10 0.51 +£0.09
5.6 0.32 + 0.05 0.41 +£0.09 0.47 +0.08
6.3 0.16 £ 0.06 0.36+0.12 0.41 +£0.12
7.0 0.08 £ 0.08 0.14+0.08 0.29 +0.08

Color-coded from red (zero) to green (one).

Figure 4.35 shows the complementary confidence intervals for VF. In the same manner
as had happened for MVT, the CIs’ ranges are considerably big for VF due to variability
between means and to the low number of samples. However, the CIs’ ranges tend to be
bigger for VF samples than for MVT when considering higher resolutions, even with a
slightly higher number of samples. This mean that the localization accuracy is even more
volatile for VF, with its values being very disperse even for high resolutions.

The tables presented in this section provide an indication of the loss of information
that can be expected for different spatial resolutions. The amount of loss highly depends
on the stability of the arrhythmia mapped. The implications are that current available
resolutions may be appropriate for ablating stable arrhythmias, but higher resolutions are
needed for localized defibrillation to come to fruition. Furthermore, the spatial resolution
of a mapping device is constrained by the feasibility of its manufacture and clinical
applicability. Higher resolution mapping devices usually imply a smaller field of view,

while lower resolution allows for more spacing between electrodes and consequently for
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Figure 4.35: Localization accuracy (F1-score) profile with 95% confidence intervals of
the mean for each sub-resolution, for ventricular fibrillation (N=6). IED, inter-electrode
distance.

bigger mapped areas for the same number of electrodes. Therefore, a trade-off exists
between resolution and mapped area that needs to be balanced according to the needs
of the manufacturer. These accuracy profiles will enable a more knowledgeable decision

with respect to the impact of spatial resolution on rotor detection and localization.
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CHAPTER

CONCLUSIONS

This chapter concludes the thesis by presenting an overview of its findings, identifying

its limitations, and recommending solutions and future directions.

5.1 Summary of findings

The aim of this thesis was to analyze the effects of inter-electrode distance in three aspects:
perceived arrhythmia dynamics, rotor detection, and rotor localization.

The perceived arrhythmia dynamics entail the assumptions that may be made about
arrhythmia mechanisms. Rotor incidence and duration reports have been inconsistent,
leading to doubts regarding the prevalence and importance of these propagation discon-
tinuities in arrhythmia mechanisms. A first analysis of the overall arrhythmia dynamics
characteristics revealed that rotor incidence decreases as IED increases, while rotor du-
ration did not change considerably. Stable rotors’ incidence is more robust to spatial
resolution loss. Regarding rotor detection accuracy, it decreases with increase in IED, as
expected. Localization accuracy also decreases with increase in IED.

The data was further dissected by splitting the recordings according to mechanistic
and biologic characteristics such as arrhythmia type, sex, anatomic region, and mapped
surface.

Arrhythmia type impacted rotor incidence, duration, detection accuracy, and local-
ization accuracy. Rotor incidence was higher for VF, while rotor duration was higher
for MVT. These differences were expected, since more unstable arrhythmic episodes are
characterized by disorganized excitation of the cardiac tissue, resulting in more rotors
but of shorter duration. Furthermore, VF rotor incidence decreased at a faster rate than
MVT rotor incidence for increasing IED. For the cases where VF incidence was clearly

superior to MVT incidence, the incidence values become very close for lower resolutions.
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Although differences were not significant for any IED, these results indicate a tendency
for MVT and VF rotor incidence to become indistinguishable for lower resolutions. This
may lead to misinterpretation of arrhythmia dynamics for high IEDs. Detection accu-
racy (F1-score) was not significantly different, but its variation due to spatial resolution
was. Detection accuracy for VF decreased constantly with resolution, while for MVT it
decreased initially and stabilized at around 50-65%. Localization accuracy also decreased
constantly for VF, while it remained at higher values for MTV, not reaching below 60%.

Mapped surface impacted rotor incidence. Rotor incidence was higher in the endo-
cardium than in the epicardium. Most likely, it is due to the presence of adipose tissue
in the epicardium which interferes with the quality of the signals. Therefore, devices
that map the endocardium will have a higher sensitivity to rotors for the same spatial
resolution.

Sex and regional differences were not significant.

Regarding the spatial resolution requirements for robust rotor detection and localiza-
tion, the questions are if the current resolution used in clinical settings is appropriate
and what would the goal minimum spatial resolution be for the optimization of future
mapping devices.

Current mapping devices detection accuracy can be deduced from the F1-scores ob-
tained since the average of current clinical mapping resolution is known, which is around
4 mm. Approximate to that value, a resolution of 4.2 mm had a detection accuracy of
57+4% in this study. From the confidence intervals, rotor detection accuracy can be ex-
pected to be within 45% and 67% for that resolution. These are relatively low values,
which explain the disappointing results for therapy targeting rotors. For an accuracy of
at least 80%, spatial resolution would have to be a minimum of 1.4 mm. Nevertheless,
any increase in spatial resolution will enhance rotor detection accuracy and represent an
improvement.

Localization accuracy is 61+7% for the average clinical resolution. When comparing
localization accuracies for MVT and VF, MVT is very robust to data loss, while VF’s local-
ization accuracy decreases rapidly. Therefore, novel focal therapies that target unstable
arrhythmias will require much higher resolutions than treatments that focus on localizing
stable arrhythmias.

Overall, the minimum spatial resolution depends on how accurate the manufacturer
wants rotor detection and localization to be. Therefore, instead of reaching a specific
value as the minimum resolution necessary for robust arrhythmia mapping, this work
provides the rotor detection and localization accuracies that may be expected for multiple

spatial resolutions.

5.2 Limitations and future work

A considerable limitation of this study was the absence of rotors in the area mapped by

the electrode array. A clean correlation was found between electrical and optical data, but
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it would be relevant for the validation of this study to verify correlation between rotor
detection for electrical data and optical data downsampled to a similar resolution.

Regarding the conditioning of the data and rotor tracking algorithm, there are several
steps involved that bring a level of uncertainty that should be evaluated. In this study, the
position of the downsampling grid was proved to contribute with a significant variation
to the resulting F1-scores. A deeper analysis of the variability induced by data condition-
ing should be performed. Namely, simulated data could be run through the algorithm
pipeline, in order to quantify methodology errors.

Experimental error also comes into play. Besides the inherent biological data vari-
ability, variation in experimental conditions could also impact the results. A source of
possible error is the setting of the camera field of view as 7 cm, which was not an exact
measurement.

Furthermore, the data is biased to the resolution of 0.7 mm set as the ground truth.
As future work, it would be interesting to optically map a smaller field of view, resulting
in an even higher spatial resolution as ground truth and compare with current results.
However, the mapped area would decrease which would also influence the results.

Regarding the data analysis, the F1-score was used to evaluate the accuracy of both
detection and localization of rotors. However, this metric does not take into account the
number of false positives when no true positives are detected. This is limiting since the
amount of false rotors/density peaks is still relevant when no true rotors/density peaks
are detected. For the current study this occurrence was not significant, but it should be
taken into account for future studies. For the statistical analysis, the normality of the
data was assumed but it did not always coincide with the distribution of the data, which
may interfere with the statistical inferences.

Lastly, the only pseudo-electrode configuration tested was a uniform grid. Future
studies could gain from experimenting with other configurations to mimic specific map-

ping devices.

5.3 Study contributions

The relevance of this study falls upon, firstly, the contribution to the scientific knowl-
edge regarding the effects of spatial resolution on perceived arrhythmia dynamics and,
subsequently, on interpreted arrhythmia mechanisms. Secondly, the improvement of a
software tool for the processing of optical data and tracking of rotors. The creation and
peak detection of PS density maps and the conditioning and phase mapping of electrical
data are also additions to the software that were developed in the duration of this work.
Lastly, spatial resolution requirements guidelines are provided to assist future mapping

devices fabrication, which may in turn improve therapy outcomes.
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APPENDIX

DoNOR HEART CLINICAL INFORMATION

This appendix contains the available clinical information of the donor human hearts. The

information is presented in Figure A.1.
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Figure A.1: Donor human heart information. Table of donor human heart information
including age, sex, race, cause of death (COD), left ventricular ejection fraction (LVEF),
body mass index (BMI), and relevant clinical history including drug, alcohol, nicotine
(cigarette smoker) use, diabetes (DM), hypertension (HTM), and heart disease such as
sinus tachycardia, left ventricular hypertrophy (LVH), and myocardial infarction (MI).
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APPENDIX

ADDITIONAL FIGURES AND TABLES

This appendix contains the supplementary figures and tables of the results section.

The majority of the sex differences results were not significant. Figures B.1 and B.2
present the comparison in rotor incidence for female and males donor hearts, for both all
phase singularities (APS) and just stable rotors (SRs), respectively. The difference was not
significant for either. Furthermore, Figures B.3 and B.4 show the distribution of mean
rotor duration for both sexes, for APS and SRs respectively. Once more, the difference is

not significant.
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Figure B.1: Comparison of all phase singularities (APS) incidence for different sexes
(N=12, female=6).
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SR incidence by sex
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Figure B.2: Comparison of stable rotors (SRs) incidence for different sexes (N=11, fe-
male=5).
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Figure B.3: Comparison of all phase singularities (APS) duration for different sexes (N=12,
female=6).
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Figure B.4: Comparison of stable rotors (SRs) duration for different sexes (N=11, fe-
male=5).
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The regional analysis did not provide statistically significant results. Figure B.5 shows
the incidence for all phase singularities by anatomical region, while Figures B.6 and B.7
display the rotor duration by anatomical region for all phase singularities and stable
rotors, respectively.
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Figure B.5: Comparison of all phase singularities (APS) incidence for different anatomical
regions (N=12). RVOT, right ventricular outflow tract; MID, mid-ventricular region; API,
apical region.
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Figure B.6: Comparison of all phase singularities (APS) duration for different anatomical

regions (N=12). RVOT, right ventricular outflow tract; MID, mid-ventricular region; API,
apical region.
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SR duration by anatomical region
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Figure B.7: Comparison of stable rotors (SRs) duration for different anatomical regions
(N=11). RVOT, right ventricular outflow tract; MID, mid-ventricular region; API, apical
region.

When comparing arrhythmia dynamics in the epicardium and the endocardium, the
main difference observed was in rotor incidence. Conversely, no significant differences
were observed for APS or SRs’ duration, as shown in Figures B.8 and B.9, respectively.
Furthermore, no differences were observed for rotor detection or rotor localization. The
comparison of rotor localization accuracy in the epicardium and the endocardium is

displayed in Figure B.10.
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Figure B.8: Comparison of all phase singularities (APS) duration in the epicardium (Epi)
and the endocardium (Endo) (N=12).
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SR duration by mapped surface
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Figure B.9: Comparison of stable rotors (SRs) duration in the epicardium (Epi) and the
endocardium (Endo) (N=11).
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Figure B.10: Comparison of stable rotor (SR) localization accuracy for the epicardium
(Epi) and the endocardium (Endo), given by the F1-score of rotor density peaks detection
and for a spatial accuracy radius of 3.5 mm (N=11). F1-score is presented as mean+SEM.
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Lastly, the following tables present the localization accuracy profiles for APS. Ta-
ble B.1 corresponds to the accuracy profile for all recordings, Table B.2 refers to MVT

recordings, and Table B.3 refers to VF recordings.

Table B.1: Color-coded localization accuracy profile for all phase singularities, based on
all recordings (N=12). F1-score values are presented as mean+SEM.

Spatial resolution Spatial accuracy (mm)

(mm) 1.4 2.1 3.5
0.7 1.00 £ 0.00 1.00+0.00 1.00+ 0.00
1.4 0.89 +0.03 0.92+0.02 0.93+0.02
2.1 0.77 £0.04 0.83+0.04 0.84+0.04
2.8 0.68 +0.06 0.77+0.05 0.81 +0.05
3.5 0.68 £ 0.06 0.74+0.05 0.79 +0.04
4.2 0.48 + 0.07 0.63+0.06 0.73 +0.07
4.9 0.36 + 0.07 0.55+0.07 0.63+0.07
5.6 0.30 + 0.06 0.56 +0.08 0.64 +0.08
6.3 0.24 +£0.05 0.37 +£0.05 0.56 +0.07
7.0 0.12 +0.04 0.27 = 0.08 0.46 +0.08

Color-coded from red (zero) to green (one).

Table B.2: Color-coded localization accuracy profile for all phase singularities, based on
monomorphic ventricular tachycardia recordings (N=5). F1-score values are presented
as mean+SEM.

Spatial accuracy (mm)

Spatial resolution

(mm) 1.4 2.1 3.5
0.7 1.00 £ 0.00 1.00+ 0.00 1.00+ 0.00
1.4 0.89 £0.05 0.94+0.02 0.93+0.03
2.1 0.81 £0.07 0.84+0.06 0.86 =+ 0.06
2.8 0.61 £0.08 0.77 £0.07 0.81 £ 0.05
3.5 0.79 £ 0.05 0.79+£0.09 0.85+0.05
4.2 0.52+0.11 0.74+0.04 0.87 +0.04
4.9 0.37 £ 0.13 0.59+0.09 0.75+0.09
5.6 0.30 £0.11 0.72+£0.07 0.83 £ 0.05
6.3 0.30+£0.08 0.36+0.06 0.68+0.07
7.0 0.19 £ 0.07 0.42+0.13 0.64+0.08

Color-coded from red (zero) to green (one).
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Table B.3: Color-coded localization accuracy profile for all phase singularities, based on
ventricular fibrillation recordings (N=7). F1-score values are presented as mean+SEM.

Spatial accuracy (mm)

Spatial resolution

(mm) 1.4 2.1 3.5
0.7 1.00 £ 0.00 1.00+0.00 1.00+ 0.00
1.4 0.88 +£0.04 0.91 £0.04 0.93+0.04
2.1 0.75+0.05 0.82+0.06 0.83 +0.06
2.8 0.73 +0.09 0.78+0.08 0.81 +0.07
3.5 0.61 £0.08 0.71 £0.06 0.75+ 0.06
4.2 0.46 + 0.10 0.55+0.09 0.63+0.10
4.9 0.35+ 0.08 0.51 £0.10 0.55+0.10
5.6 0.30 +£ 0.07 0.44+0.11 0.50=+0.10
6.3 0.20 £ 0.06 0.37 £0.08 0.48 +0.09
7.0 0.07 £ 0.04 0.16 +0.07 0.33+0.10

Color-coded from red (zero) to green (one).
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