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ABSTRACT

Sudden cardiac death (SCD) is frequently the final manifestation of life-
threatening ventricular arrhythmias arising from an electrically vulnerable my-
ocardial substrate. Ventricular repolarization abnormalities, and particularly
increased spatial and temporal heterogeneity of repolarization, play a central
role in the initiation and maintenance of these arrhythmias. The electrocardio-
gram (ECG) provides a non-invasive representation of cardiac electrical activ-
ity and contains clinically relevant information about ventricular repolarization
within the T wave. However, most conventional electrocardiographic markers
rely on the measurement of intervals, amplitudes, or individual fiducial points
and may therefore capture only a limited part of the information contained
in the overall T-wave morphology. This limitation is particularly relevant
when repolarization abnormalities are expressed through complex morphologi-
cal changes rather than through simple prolongation or shortening of a specific
interval.

The main objective of this thesis is to evaluate quantitative ECG-markers
that characterize T-wave morphology for ventricular arrhythmic risk assess-
ment. To this end, a time-warping methodology is used to compare T waves and
quantify the temporal reparameterization required to align their morphologies.
The methodology is evaluated in complementary clinical and experimental sce-
narios in which malignant ventricular arrhythmias represent a major concern:
acute myocardial ischemia and infarction, long QT syndrome type 2 (LQT2),
and Brugada syndrome (BrS). These conditions involve different pathophysi-
ological mechanisms and electrocardiographic manifestations, allowing the ca-
pacity of the proposed markers to characterize both acquired and inherited
arrhythmogenic substrates to be investigated.

A common ECG signal processing framework was developed and then
adapted to the characteristics of each study. The framework includes ECG
preprocessing, automatic fiducial detection and delineation, spatial transfor-
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mation by principal component analysis (PCA), computation of representative
mean warped T-waves (MWTWs), application-specific criteria for selecting the
reference MWTW, and computation of the corresponding time-warping mark-
ers. Within this framework, a T-wave peak-to-end restricted time-warping
approach was proposed to characterize morphological changes associated with
repolarization dispersion specifically during terminal ventricular repolarization,
while reducing the influence of the preceding ST segment. Accordingly, de-
pending on the application, morphology was assessed either over the complete
T wave or using this newly proposed restricted approach. Two complemen-
tary reference-based comparison strategies were considered. In acute ischemia
studies, each waveform was compared with a subject-specific reference obtained
under control conditions. In the channelopathy studies, patient-specific wave-
forms were compared with sex-, heart-rate-, and lead-matched normal reference
waveforms derived from a large population cohort to quantify morphology vari-
ation (T-wave morphology variation (TMV) index). In addition, morphology
restitution was characterized by quantifying changes in T-wave morphology
with heart rate (T-wave morphology restitution (TMR) index). When these
two approaches were restricted to the T-wave peak-to-end interval (T).), they
yielded the T-wave peak-to-end morphology variation (TPEMV) and T-wave
peak-to-end morphology restitution (TPEMR) indices, respectively.

The first application investigated T, morphology during transient coronary
occlusion in patients undergoing percutaneous coronary intervention. A time-
warping-based index restricted to this segment derived from the PCA lead,
d;?ﬁpe, was proposed to quantify ischemia-induced repolarization changes. The
marker increased rapidly during balloon inflation, with changes that clearly
exceeded the spontaneous variability observed in control recordings. These
alterations occurred in a large proportion of patients and showed a spatial
distribution related to the location of the occluded coronary artery. Compared
with classical indices obtained from the same region of the T wave, the proposed
marker provided a more sensitive and robust characterization of the changes
induced by ischemia. These findings indicate that analyzing the morphology of
the T)pe interval captures information that is not conveyed by measuring only
the duration of T, interval.

The association between T,. morphology changes, quantified by df,’f?pe,

and ventricular fibrillation (VF) was subsequently investigated in a closed-
chest porcine infarction model. The longer observation period after coronary
occlusion enabled the temporal evolution of dff?pe to be evaluated in animals
that developed delayed VF and in those that remained VF free. Although
the marker increased in both groups as ischemia progressed, larger and more



sustained changes were observed in animals that subsequently developed VF.
Significant differences between groups appeared during the early stages of is-
chemia and the magnitude of those changes predicted delayed VF more accu-
rately and consistently than the classical T, interval. These findings support
dg%pe as a promising non-invasive marker for early prediction of delayed VF
during myocardial infarction.

In a subsequent study, dZ?TApe was evaluated as a non-invasive surrogate of
ventricular repolarization dispersion by directly comparing it with invasively
measured dispersion of repolarization (DOR) in an open-chest porcine infarc-
tion model using simultaneous surface ECG and intramyocardial electrogram
recordings. The results showed that dgf?pe, DOR, and the classical T, indices
changed dynamically during coronary ligation and discriminated animals ac-
cording to delayed VF susceptibility. Linear regression analyses further showed
a stronger relationship between di‘fTApe and DOR than between T, and DOR.
The warping-based marker also showed predictive performance comparable to
that of the invasive DOR, while providing earlier and more robust prediction
of delayed VF than the classical T, interval.

The evaluation of time-warping-based markers was then extended to con-
genital repolarization abnormalities in patients with LQT2. The TMYV index
quantified differences between each patient’s representative T-wave morphol-
ogy and a healthy population-based reference derived from the UK Biobank.
More negative TMV values, reflecting greater morphological changes from the
normal pattern, were significantly associated with the occurrence of cardiac
events. This association remained significant after adjustment for corrected
QT (QT,) interval, sex, and an established T-wave morphology combination
score (MCS), suggesting that TMV captures morphology-related information
not fully conveyed by these covariates. These findings support the potential
value of TMV as a complementary marker for risk stratification in LQT?2.

Finally, T-wave morphology restitution and variation were investigated in
patients with BrS using 24-hour Holter ECG recordings. The analyses were
performed over both the complete T wave and the T interval. TPEMR
differentiated patients with BrS from controls, whereas restitution of the com-
plete T-wave morphology, TMR, was more closely associated with the presence
of a spontaneous type 1 Brugada pattern. Among the morphology variation
indices, TPEMYV provided the most consistent characterization of both the
Brugada phenotype and spontaneous type 1 expression. However, none of
the morphology-based markers consistently differentiated symptomatic from
asymptomatic patients. In contrast, QRS duration showed the broadest over-
all differences and the clearest, although localized, separation between symp-
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tomatic and asymptomatic patients. These findings support the complemen-
tary contribution of repolarization and depolarization-related ECG markers in
BrS and show that their expression depends strongly on the analyzed lead and
heart-rate range, although their clinical relevance remains to be established in
larger and independent cohorts.

In conclusion, this thesis demonstrates that time-warping-based T-wave
morphology markers provide a non-invasive and morphology-aware character-
ization of ventricular repolarization abnormalities across different arrhythmo-
genic conditions. These markers capture morphological information that may
remain partially hidden when ECG analysis is reduced to fiducial-point-based
indices, although their most relevant formulation and interpretation depend on
the underlying condition. Rather than replacing established clinical and elec-
trocardiographic indices, they may provide complementary information for a
more comprehensive assessment of ventricular arrhythmic risk. Further studies
are needed to assess their potential clinical utility.

Keywords: Sudden cardiac death; Arrhythmic risk; Time-warping; Acute
ischemia; Long QT syndrome; Brugada syndrome; Electrocardiogram; T-wave
morphology; Ventricular fibrillation; Ventricular repolarization dispersion.



RESUMEN

La muerte subita cardiaca (SCD, del inglés “Sudden Cardiac Death”) con-
stituye con frecuencia la manifestacion final de arritmias ventriculares poten-
cialmente mortales que se originan en un sustrato miocardico eléctricamente
vulnerable. Las alteraciones de la repolarizacién ventricular y, en particular,
el aumento de la heterogeneidad espacial y temporal de la repolarizacion de-
sempenan un papel central en el inicio y el mantenimiento de estas arritmias.
El electrocardiograma (ECG, del inglés “Electrocardiogram”) proporciona una
representacion no invasiva de la actividad eléctrica cardiaca y contiene, en la
onda T, informacién clinicamente relevante sobre la repolarizacién ventricular.
Sin embargo, la mayoria de los marcadores electrocardiograficos convencionales
se basan en la medicién de amplitudes o intervalos a través de puntos fiduciales
individuales y, por tanto, pueden capturar solo una parte limitada de la infor-
macién contenida en la morfologia global de la onda T. Esta limitacién resulta
especialmente relevante cuando las alteraciones de la repolarizacién se mani-
fiestan mediante cambios morfolégicos complejos, en lugar de mediante una
simple prolongacién o acortamiento de un intervalo especifico.

El objetivo principal de esta tesis es evaluar marcadores cuantitativos deriva-
dos del ECG que caractericen la morfologia de la onda T para la evaluacion
del riesgo arritmico ventricular. Para ello se utiliza una metodologia basada en
time-warping que permite comparar ondas T y cuantificar la reparametrizacién
temporal necesaria para alinear sus morfologias. La metodologia se evalia en
escenarios clinicos y experimentales complementarios en los que las arritmias
ventriculares malignas constituyen una preocupacién relevante: la isquemia
miocéardica aguda y el infarto de miocardio, el sindrome de QT largo tipo 2
(LQT?2, del inglés “Long QT Syndrome Type 2”) y el sindrome de Brugada
(BrS, del inglés “Brugada Syndrome”). Estas enfermedades presentan difer-
entes mecanismos fisiopatolégicos y manifestaciones electrocardiograficas, lo
que permite investigar la capacidad de los marcadores propuestos para carac-
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terizar sustratos arritmicos tanto adquiridos como hereditarios.

Se desarrollé un marco comtun de procesamiento de la senal de ECG, que
posteriormente se adaptd a las caracteristicas de cada estudio. Este marco
incluye el preprocesamiento del ECG, la deteccién y delineacion automética de
puntos fiduciales, la transformacion espacial mediante andlisis de componentes
principales (PCA, del inglés “Principal Component Analysis”), el célculo de
ondas T medias reparametrizadas representativas (MWTW, del inglés “Mean
Warped T-Wave”), criterios especificos para cada aplicacién destinados a se-
leccionar la MWTW de referencia y el cdlculo de los correspondientes mar-
cadores de time-warping. Dentro de este marco, se propuso un enfoque de
time-warping restringido al intervalo entre el pico y el final de la onda T (T,
del inglés “T-wave peak-to-end interval”) para caracterizar cambios morfolégi-
cos asociados con la dispersion de la repolarizacién, especificamente durante la
repolarizacién ventricular terminal, reduciendo al mismo tiempo la influencia
del segmento ST precedente. En consecuencia, dependiendo de la aplicacion, la
morfologia se evalué sobre la onda T completa o mediante este nuevo enfoque
restringido. Se consideraron dos estrategias complementarias de comparacién
basadas en referencias. En los estudios de isquemia aguda, cada forma de onda
se compard con una referencia especifica del sujeto obtenida en condiciones de
control. En los estudios de las canalopatias, las formas de onda representativas
de cada paciente se compararon con formas de onda normales de referencia
emparejadas por sexo, frecuencia cardiaca y derivacion, obtenidas a partir de
una amplia cohorte poblacional, para cuantificar la variacién de la morfologia
de la onda T (TMV, del inglés “T-wave Morphology Variation”). Ademsds, la
restitucién morfolégica se caracterizéo mediante la cuantificacién de los cam-
bios de la morfologia de la onda T con la frecuencia cardiaca, dando lugar al
indice de restitucién de la morfologia de la onda T (TMR, del inglés “T-wave
Morphology Restitution”). Cuando estos dos enfoques se restringieron al T).,
dieron lugar a los indices de variacién de la morfologia del Tp. (TPEMYV) y de
restitucion de la morfologia del T, (TPEMR), respectivamente.

La primera aplicacién investigé la morfologia del T, durante la oclusién
coronaria transitoria en pacientes sometidos a intervencién coronaria percuténea.
Se propuso un indice basado en time-warping, restringido a este segmento y
obtenido a partir de la derivacién PCA, dff?pe, para cuantificar los cambios de
la repolarizacién inducidos por la isquemia. El marcador aumentoé rapidamente
durante el inflado del balén, con cambios que superaron claramente la varia-
bilidad espontdnea observada en los registros de control. Estas alteraciones
aparecieron en una elevada proporciéon de pacientes y mostraron una distribu-
cién espacial relacionada con la localizacion de la arteria coronaria ocluida. En
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comparacién con los indices clasicos obtenidos en la misma regién de la onda
T, el marcador propuesto proporcioné una caracterizacién mas sensible y ro-
busta de los cambios inducidos por la isquemia. Estos hallazgos indican que
el andlisis de la morfologia del intervalo T). capta informacién que no queda
reflejada mediante la medicién exclusiva de su duracién.

Posteriormente, se investigd la asociacién entre los cambios en la morfologia
del Ty, cuantificados mediante d;,r. , v la fibrilacién ventricular (VF, del in-
glés “Ventricular Fibrillation”) en un modelo porcino de infarto a térax cerrado.
El periodo de observacion mayor posterior a la oclusién coronaria permitié eva-
luar la evolucién temporal de dy, | en los animales que desarrollaron VF tardfa
y en aquellos que permanecieron libres de VF. Aunque el marcador aumento
en ambos grupos a medida que progresaba la isquemia, los animales que pos-
teriormente desarrollaron VF presentaron cambios de mayor magnitud y mas
sostenidos. Las diferencias significativas entre los grupos aparecieron durante
las primeras fases de la isquemia, y la magnitud de estos cambios predijo la VF
tardia de forma mds precisa y consistente que la duracién del intervalo T)..
Estos resultados respaldan a d,,’" = como un marcador no invasivo prometedor
para la prediccién temprana de la VF tardia durante el infarto de miocardio.

En un estudio posterior, d¥9? se evalué como sustituto no invasivo de
’ W, Tpe

la dispersion de la repolarizacién ventricular mediante su comparacion directa
con la dispersién de la repolarizacion (DOR, del inglés “Dispersion of Repo-
larization”) medida invasivamente en un modelo porcino de infarto a térax
abierto, utilizando registros simultaneos de ECG de superficie y electrogramas
intramiocardicos. Los resultados mostraron que d;?{?pe, la DOR y el indice
clésico T)pe cambiaron dindmicamente durante la ligadura coronaria y discrimi-
naron a los animales de acuerdo con su susceptibilidad a desarrollar VF' tardia.
Los analisis de regresion lineal mostraron, ademas, una relacién mas estrecha
entre di’f{‘pe y la DOR que entre el T, y la DOR. El marcador basado en
warping también mostré una capacidad predictiva comparable a la de la DOR
invasiva, al tiempo que proporcioné una prediccion més temprana y robusta
de la VF tardia que el intervalo T, clasico.

La evaluacién de los marcadores basados en time-warping se extendié pos-
teriormente a las alteraciones congénitas de la repolarizacion en pacientes con
LQT2. El indice TMV cuantificé las diferencias entre la morfologia representa-
tiva de la onda T de cada paciente y una referencia de poblacion sana derivada
del UK Biobank. Los valores més negativos de TMV, indicativos de mayores
cambios morfolégicos respecto al patron normal, se asociaron significativamente
con la aparicién de eventos cardiacos. Esta asociacion se mantuvo significativa
tras ajustar por el intervalo QT corregido (QT,), el sexo y un marcador combi-
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nado (MCS, del inglés “T-wave morphology combination score”), lo que sugiere
que TMV capta informacién relacionada con la morfologia que no queda com-
pletamente reflejada por estas covariables. Estos resultados respaldan el valor
potencial de TMV como marcador complementario para la estratificacion del
riesgo en LQT2.

Finalmente, se investigaron la restitucion y la variacién de la morfologia
de la onda T en pacientes con BrS mediante registros Holter de ECG de 24
horas. Los analisis se realizaron tanto sobre la onda T completa como sobre
el intervalo Tp.. El indice TPEMR diferenci6 a los pacientes con BrS de los
controles, mientras que la restitucién de la morfologia de la onda T completa,
TMR, estuvo més estrechamente relacionada con la presencia de un patron de
Brugada tipo 1 espontéaneo. Entre los indices de variacién morfolégica, TPEMV
proporcioné la caracterizacién maés consistente tanto del fenotipo de Brugada
como de la expresion espontanea del patréon tipo 1. Sin embargo, ninguno de
los marcadores basados en la morfologia diferenciaron de manera consistente
a los pacientes sintomaticos de los asintomaticos. En cambio, la duracién del
complejo QRS mostré las diferencias globales méds amplias y la separacién maés
clara, aunque localizada, entre pacientes sintomaticos y asintométicos. Estos
hallazgos respaldan la contribucién complementaria de los marcadores de ECG
relacionados con la repolarizacién y la despolarizacién en el BrS, y muestran
que su expresion depende en gran medida de la derivacién analizada y del rango
de frecuencia cardiaca, aunque su relevancia clinica ain debe establecerse en
cohortes independientes y de mayor tamaio.

En conclusién, esta tesis demuestra que los marcadores de morfologia de la
onda T basados en time-warping proporcionan una caracterizacion no invasiva
y basada en la morfologia de las alteraciones de la repolarizacién ventricular en
diferentes condiciones arritmicas. Estos marcadores captan informacién mor-
folégica que puede quedar parcialmente oculta cuando el analisis del ECG se
limita a indices basados en puntos fiduciales, aunque su formulacién e inter-
pretacion més relevantes dependen de la enfermedad subyacente. En lugar de
sustituir a los indices clinicos y electrocardiograficos establecidos, pueden apor-
tar informacién complementaria para una evaluacién mas completa del riesgo
arritmico ventricular. Se requieren estudios adicionales para evaluar su posible
utilidad clinica.

Palabras clave: Muerte sibita cardiaca; Riesgo arritmico; Time-warping;
Isquemia aguda; Sindrome de QT largo; Sindrome de Brugada; Electrocar-
diograma; Morfologia de la onda T; Fibrilacién ventricular; Dispersiéon de la
repolarizacién ventricular.
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1.1 Motivation

Cardiovascular diseases remain the leading cause of death worldwide, and
are responsible for approximately 17.9 million deaths according to recent re-
ports from the European Society of Cardiology based on World Health Organi-
zation data [1], and they impose an immense health and economic burden both

1
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in the United States and globally, as highlighted by the American Heart Associ-
ation [2]. Their global burden is expected to remain very high and to increase in
absolute numbers over the coming decades, largely driven by population aging,
and current projections may even underestimate this burden because they do
not fully account for the potential long-term cardiovascular impact of COVID-
19 [3,4]. Within this spectrum, SCD represents a substantial proportion of
cardiovascular mortality, often occurring in settings where preventive options
would theoretically be available. In most cases, SCD is the final manifesta-
tion of life-threatening ventricular arrhythmias, such as sustained ventricular
tachycardia (VT) or VF, which arise on a vulnerable substrate whose nature
varies across clinical settings. Thus, early prediction remains crucial for the
implementation of prevention strategies.

Ventricular repolarization alterations play a central role in the development
of malignant ventricular arrhythmias. Increased dispersion of repolarization
across the ventricular myocardium, often referred to as ventricular repolariza-
tion dispersion (VRD), is associated with unidirectional block and can facilate
the intiation and maintenance of reentrant circuits [5, 6], thereby creating a
vulnerable substrate for VT and VF. This concept is relevant across different
clinical settings, from cardiac ischemia to ion-channel disorders, where hetero-
geneous alterations in the duration and morphology of the action potential
translate into complex changes in the surface T wave.

Experimental and clinical studies have consistently linked increased VRD
with a higher propensity for life-threatening ventricular arrhythmias [7-9], re-
sulting in the identification of risk indicators that are, along with other rele-
vant clinical information, suitable for risk stratification in the routine patient
management. Several biomarkers have been proposed to quantify the spatio-
temporal heterogeneity of repolarization, such as the QT interval [10], T-wave
width [8], the distance from the peak to the end of the T-wave (T, inter-
val) [11], dynamic changes in the T, interval with respect to heart rhythm [12],
QT interval variability [13], T-wave alternans [14], QT memory lag [15], or T-
wave area dispersion [7]. However, robustly identifying in the ECG those mark-
ers of repolarization alterations that better represents the potentially harmful
substrate remains an unmet demand. This challenge can also be dependent on
the underlying pathologies generating the risk.

In ischemia, congenital long QT syndrome (LQTS), and BrS, ventricular ar-
rhythmic risk emerges from distinct structural and/or functional abnormalities
that manifest as different patterns of ventricular repolarization, thereby high-
lighting the need for disease-specific biomarkers suitable for risk stratification.
Particularly in acute myocardial ischemia, while ST-segment deviations repre-



1.2 The Heart 3

sent the primary electrocardiographic hallmark reflecting acute coronary occlu-
sion [16-18], they provide limited insight into the underlying spatio-temporal
heterogeneity of ventricular repolarization that contributes to arrhythmogen-
esis [19,20]. Accordingly, complementary markers derived from T-wave mor-
phology, such as the T, interval [11], have been proposed to better capture
ischemia-induced dispersion of repolarization, although their mechanistic basis
and clinical utility remain controversial [21-23].

In the context of congenital LQTS, although QTc prolongation remains the
pathophysiological hallmark for diagnosis and clinical risk stratification [24,25],
accumulating evidence indicate that proarrhythmic risk, particularly in LQT2
patients, may not arise solely from delayed repolarization per se, but rather
from its association with increased temporal and spatial heterogeneity of repo-
larization [26,27]. This has motivated the search for complementary markers
capable of capturing the underlying complexity of repolarization dynamics be-
yond what QTc¢ duration alone can convey. Similarly, risk stratification and
clinical management of patients with BrS remain challenging due to the absence
of a single, widely accepted electrocardiographic biomarker of sudden cardiac
death risk, with recovered sudden cardiac death or arrhythmogenic syncope still
constituting the most robust risk indicators in current practice [28,29]. Taken
together, these observations underscore that the relevance and performance
of repolarization-based ECG markers are highly dependent on the underlying
pathology, reinforcing the unmet need for robust and pathophysiology-oriented
biomarkers capable of capturing the arrhythmogenic substrate across different
clinical scenarios.

1.2 The Heart

1.2.1 Cardiac Anatomy and Mechanical Function

The heart is the central organ of the cardiovascular system and acts as
a muscular pump that maintains blood flow through the pulmonary and the
systemic circulation, thereby supporting the delivery of oxygen and nutrients
to all tissues. It is organized into four chambers, two atria and two ventricles,
that work in a coordinated manner: the right side of the heart receives venous
blood and pumps it to the lungs for oxygenation, while the left side receives
oxygenated blood from the lungs and delivers it to the rest of the body. A
schematic representation of the cardiac chambers, valves and main inflow and
outflow tracts is shown in Figure 1.1. During each cardiac cycle, the atria and
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ventricles contract and relax in a tightly controlled sequence so that filling and
ejection occur efficiently. This mechanical performance relies on the proper-
ties of the myocardial wall, composed of specialized cardiac muscle cells and
supporting tissue, and on a precise timing of electrical activation between the
right and left sides of the heart [30].

to Lungs to Lungs

Pulmonary Veins

Pulmonary
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Veins from __}
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Superior Mitral Valve

Vena Cava

Aortic Valve
Atrial Septum 7|

Tricuspid
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Ventricular
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Vena Cava
AO = Aorta

PA = Pulmonary Artery

M Oxygen-rich Biood LA = Left Atrium
RA = Right Atrium

I Oxygen-poor Blood LV = Left Ventricle
RV = Right Ventricle

Pulmonary Valve

Figure 1.1: Anatomical overview of the heart showing the four chambers, valve system and
main blood flow pathways. Regions in red represent oxygenated blood circulation, whereas
blue regions represent deoxygenated blood circulation. Extracted from [31].

From a mechanical standpoint, each heartbeat corresponds to a cardiac
cycle in which filling and ejection phases alternate in an organized manner.
During diastole, the ventricles relax and their pressure falls below atrial pres-
sure, so that the atrioventricular valves (mitral and tricuspid) open and blood
flows from the atria into the ventricular cavities. Ventricular filling is com-
pleted by atrial contraction at the end of diastole. During systole, ventricu-
lar contraction increases intraventricular pressure, the atrioventricular valves
close, and the semilunar valves (pulmonary and aortic) open so that blood is
ejected into the pulmonary and systemic circulations. The subsequent ven-
tricular relaxation leads to closure of the semilunar valves and the start of a
new filling phase. The ability of the heart to maintain an adequate cardiac
output therefore depends on the coordinated alternation between contraction
and relaxation of atria and ventricles.

The pump function is sustained by the myocardium, the muscular wall of
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the heart, which is primarily composed of cardiac muscle cells (myocytes) that
generate force during contraction. Contraction of the atria and ventricles is ini-
tiated by waves of electrical excitation (depolarization) that propagate through
the myocardium, activating the muscle fibers in a coordinated way. After sys-
tole, the myocardial cells undergo electrical recovery (repolarization) and the
tissue relaxes, allowing the cardiac chambers to fill again. Thus, each me-
chanical cardiac cycle is the macroscopic expression of an underlying sequence
of cellular depolarization and repolarization, whose electrical behavior at the
single-cardiomyocyte level, and the propagation of this activity throughout the
heart, will be described in the next sections [30,32].

1.2.2 Cellular Electrophysiology

At the microscopic level, the pumping function of the heart is enabled by
cardiomyocytes, excitable cells whose membranes sustain a voltage difference
between the intracellular and extracellular spaces. This transmembrane volt-
age, known as membrane potential, is generated by ionic concentration gradi-
ents and by the selective permeability of the cell membrane to the main charge
carriers, chiefly calcium (Ca?"), chloride (C17), sodium (Na™t), and potassium
(K™), being more abundant in the extracellular space, except for K*, which
is more abundant in the intracellular space. These ions move through special-
ized membrane proteins, including ion channels, exchangers and pumps, which
continuously regulate ionic fluxes and maintain the electrochemical gradients
required for electrical excitability.

In contractile cardiac myocytes at rest, the membrane potential is typi-
cally negative, in the range of —65 to —80 mV for atrial myocytes and —90 to
—80 mV for ventricular myocytes. When a sufficiently large stimulus arrives,
voltage-dependent ion channels open in a coordinated manner and the cell pro-
duces an action potential (AP), a characteristic time course of the membrane
potential, which represents the electrical activity of a single cell. This elec-
trical event precedes and triggers mechanical contraction through excitation-
contraction coupling. Conversely, the recovery of the membrane voltage back
to its resting level is associated with the relaxation of the myocardium and
the restoration of cellular excitability for the next beat. As illustrated in Fig-
ure 1.2, the ventricular AP is commonly divided into five phases (0 — 4), each
dominated by specific ionic currents [30]:

e Phase 0 - Rapid depolarization: The rapid activation of fast Na™ channels
leads to a prominent inward current (Iy,+), causing an abrupt depolar-
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ization and a sharp rise of the transmembrane voltage. This fast upstroke
marks the onset of the action potential and underlies the excitation that
precedes mechanical contraction.

e Phase 1 - Early repolarization: After depolarization, inactivation of fast
Na™ channels and activation of the transient outward K+ current (I,)
lead to a brief repolarizing shift. As a consequence, the membrane po-
tential drops slightly, creating the early, small downward deflection (the
notch) observed in the AP morphology.

e Phase 2 - Plateau: A near-zero membrane potential is maintained by a
balance between inward Ca®" current through L-type channels (Icqr)
and the outward movement of K+ through slow delayed rectifier potas-
sium channels (Ixs current). This plateau prolongs the cardiac AP and,
via the rise in cytosolic Ca?", sustains excitation-contraction coupling
and force generation.

e Phase 3 - Final repolarization: During this phase, L-type Ca?* channels
progressively inactivate/close, and outward K* currents become increas-
ingly dominant. In particular, the slow delayed rectifier K™ currents, I,
remains active, ensuring a net outward current and a negative shift in the
membrane potential, which in turn allows additional repolarizing K* cur-
rents to contribute. These include the rapid delayed rectifier potassium
current (/x,) and the inward rectifier potassium current (Ix1). This net
outward current (i.e., loss of positive charge from the cell) drives repo-
larization, restoring the membrane potential to negative values, thereby
bringing the cell back to its basal electrical state and completing the AP.

e Phase 4 - Resting state: In cardiac cell is the quiescent period where the
membrane potential remains close to its resting value. The cell is thus
ready for the next action potential. This resting condition is maintained
in part by the Na™ /K™ - ATPase pump, which exports Na™ and imports
K™, helping preserve the transmembrane ionic gradients.

1.2.3 Electrical Activity of the Heart

To achieve an effective and coordinated pump function, the contractile my-
ocardium requires a timely electrical trigger and the rapid distribution of elec-
trical excitation across the cardiac chambers with appropriate timing. Under
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Figure 1.2: Ventricular action potential waveform divided into phases (0—4), together with
the principal inward and outward ionic flows that underlie each phase. Adapted from
https://studmed.uio.no/

normal conditions, each heartbeat begins in the sinoatrial (SA) node (Fig-
ure 1.3), a group of pacemaker cells located in the right atrium that sponta-
neously generates electrical impulses. The impulse spreads through the atria,
producing atrial depolarization and contraction, and subsequently reaches the
atrioventricular (AV) node, where conduction is briefly delayed to allow the
ventricles to complete filling of blood after atrial contraction [30,32].

After this short delay, the depolarizing signal is transmitted into the ven-
tricles via the bundle of His (Figure 1.3), which runs through the interventric-
ular septum and then divides into the right and left bundle branches. These
branches convey the impulse to the right and left ventricles, respectively, and
continue into an extensive Purkinje fiber network (Figure 1.3) that conducts
excitation rapidly throughout the ventricular myocardium. In a typical activa-
tion sequence, the interventricular septum is depolarized first, and excitation
then spreads quickly to both ventricles. From there, ventricular depolarization
propagates from multiple terminal fibers of the conduction system and spreads
through the ventricular wall predominantly from the endocardial surface (in-
ner layer) toward the epicardium (outer layer) [30]. In addition, the activation
pattern progresses along the ventricular myocardium toward the atrioventricu-
lar groove, contributing to an efficient and coordinated ventricular contraction.
Unlike depolarization, ventricular repolarization is not carried by a dedicated
conduction pathway as a cell-to-cell propagating wave. Instead, it reflects the
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regional electrical recovery of myocardial tissue. Because cardiomyocytes re-
polarize at different rates depending on their anatomical location, the time
course of recovery can differ across endocardial, epicardial and midmyocardial
layers [33-36]. When these differences become markedly increased, the result-
ing dispersion of repolarization can give rise to a malignant arrhythmogenic
substrate [37], a central concept that is closely related to this thesis.

node Left bundle Branch

Purkinje fibers

Right bundle Branch

Figure 1.3: Longitudinal heart section showing the conduction system responsible for coor-
dinated electrical activation. Adapted from https://smart.servier.com/.

1.2.4 Repolarization: Dispersion and Restitution
Dispersion of Repolarization

Although ventricular myocytes share a common action potential architec-
ture, electrical recovery is not spatially uniform across the heart. At the organ
level, the global pattern of repolarization reflects the combined effect of the ac-
tivation sequence delivered by the conduction system and regional differences
in cellular electrophysiological properties that shape action potential duration
and morphology. At any given location, the moment at which a cardiac my-
ocyte completes repolarization is determined by its activation time and by the
duration of its AP. The first component depends on how quickly the impulse
is conducted through the tissue (conduction velocity), whereas the second re-
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flects intrinsic cellular electrophysiology. Accordingly, ventricular dispersion of
repolarization arises from spatial variability in activation timing and action po-
tential duration (APD) across myocytes, which in turn influences arrhythmia
vulnerability [37].

A frequently cited notion is that, at normal heart rates heart rates (HRs),
epicardial cells tend to exhibit shorter action potential duration than endocar-
dial cells [38,39], suggesting earlier epicardial repolarization. However, other
observations indicate that epicardial repolarization can occur later rather than
earlier under certain conditions [40]. Similarly, some studies have proposed
that mid-myocardial cells repolarize last, so that completion of mid-wall re-
covery would effectively mark the end of ventricular repolarization [11, 33],
yet the contribution of mid-myocardial cells to regional dispersion remains de-
bated [41-43]. In addition, evidence suggests that delayed recovery may not
form continuous transmural layers. Instead, spatially localized “islands” of de-
layed repolarization have been reported within the ventricular wall [44,45].

Overall, repolarization time differences (dispersion of repolarization) are
not limited to a single axis or to transmural gradients. Within the ven-
tricles, dispersion is observed across multiple anatomical directions, includ-
ing epicardium versus endocardium [39, 46-50] and apex-to-base differences
[49, 51-56]. Taken together, these heterogeneous recovery patterns justify
the search for non-invasive surrogates of ventricular repolarization dispersion,
which will be introduced in the following sections.

Restitution of Repolarization

Ventricular repolarization is not only heterogeneous in space but also dy-
namic in time. When HR changes, the duration and morphology of the action
potential adapt accordingly, and this rate dependence is commonly referred
to as repolarization restitution. Repolarization restitution describes how ven-
tricular electrical recovery adjusts when HR varies [57-60]. In general, faster
HRs are associated with shorter APD, whereas slower HRs are associated with
longer APD [61,62]. A common way to represent this behavior is the action po-
tential duration restitution (APDR) curve, which relates APD to the preceding
RR interval [62,63], as illustrated by the individual curves in Figure 1.4. Over a
broad range of cycle lengths, the relationship is often relatively flat at long RR
intervals and becomes steeper at shorter RR intervals [62,63]. The local slope
of the APDR curve quantifies how strongly APD changes for a given change
in RR, and increased steepness has been linked to arrhythmogenesis [64—66].

Importantly, restitution does not necessarily evolve identically across my-
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ocardial regions. As illustrated in Figure 1.4, regional electrophysiological dif-
ferences can lead to spatially distinct APDR curves (in slope and range), so
the resulting dispersion in restitution properties is heart-rate dependent itself.
This concept is commonly referred to as dispersion of repolarization restitu-
tion. In general terms, it has been reported that this dispersion decreases as
HR increases [6]. Several studies have also associated increased dispersion of
repolarization restitution with a greater propensity for arrhythmia develop-
ment [67,68].
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Figure 1.4: Representative APD-RR restitution curves obtained at different cardiac locations,
illustrating regional differences in restitution behavior. The markers a; and as denote the
maximum and minimum local slopes, respectively, evaluated at RR = 600 ms. Extracted
from [69]

1.3 Cardiac Electrical Recordings

The heart’s electrical activity propagates through the torso due to the con-
ductive properties of biological tissues, making it possible to record voltage
differences generated by cardiac depolarization and repolarization using elec-
trodes. Depending on electrode placement, recordings can capture either body-
surface ECG, which provides a far-field projection of the summed cardiac elec-
trical activity along a given axis, or intracardiac electrograms (EGM) obtained
with invasive catheters that provides a more local description. In both cases,
the recorded signals reflect the spatiotemporal organization of electrical acti-
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vation and recovery, and their interpretation depends on electrode configura-
tion and the anatomical relationship between the sensors and the myocardium.
In general, the amplitude of the measured voltage difference depends on the
amount of electrically active myocardium contributing to the wavefront. In
this context, the ECG is a widely used, cost-effective and noninvasive clinical
tool that carries valuable information about the heart [32].

1.3.1 Electrocardiogram

An ECG is a non-invasive recording obtained from electrodes placed on the
body surface. The ECG reflects the superposition of electrical contributions
from populations of cardiac cells that are undergoing depolarization and repo-
larization at a given time, rather than a direct measurement of cellular trans-
membrane potentials. The ECG is widely used in clinical practice because it
is cost-effective, non-invasive, and provides valuable information about cardiac
rhythm and waveform morphology.

The voltage difference measured between electrodes is referred to as a lead.
Because electrical activity in the heart is inherently three-dimensional, each
lead can be interpreted as a projection of the underlying electrical forces along
a specific axis. As a consequence, polarity, amplitude, and waveform morphol-
ogy depend strongly on electrode placement and on the geometric relationship
between the heart and the recording configuration [32,70].

Waveforms and Key Intervals

During normal rhythm, each cardiac cycle is represented in the ECG as
a sequence of waves whose timing and morphology convey diagnostic infor-
mation. An example ECG trace showing two consecutive cycles and the main
waves and intervals is provided in Figure 1.5. Deflections are measured relative
to the baseline (isoelectric line), which are intervals in which there is no net
potential difference attributable to organized electrical wavefronts. The po-
larity and overall morphology of each waveform depend on electrode position
and on the direction of the underlying electrical wavefront. A depolarization
wavefront moving toward the exploring electrode typically produces a positive
deflection, whereas one moving away produces a negative deflection. During re-
polarization, this polarity relationship is reversed: a wavefront moving toward
the electrode tends to generate a negative deflection, while one moving away
tends to generate a positive deflection. Moreover, because the ventricular my-
ocardium has a larger muscle mass, ventricular depolarization generally yields
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higher-amplitude deflections than atrial activity. In general, depolarization-
related deflections tend to be sharper, whereas repolarization-related deflec-
tions are smoother, reflecting differences in the speed and organization of these
processes in the myocardium.

RR interval

Amplitude (mV)

duration duration

PQ interval QT interval

-2 I I I I I
0 200 400 600 800 1000 1200 1400
Time (ms)

Figure 1.5: Illustration of an ECG recording over two cardiac cycles, highlighting the principal
waves and the most relevant time intervals. Extracted from [32].

The P wave reflects atrial depolarization. It typically has a duration below
120 ms and an amplitude below approximately 300 ¢V in most leads, consis-
tent with relatively slower propagation through atrial tissue compared with
ventricular activation. Besides, it is generally positive and monophasic. Af-
ter the P wave, the ECG often returns close to the baseline until ventricular
depolarization begins (the PQ segment). During this near-isoelectric period,
atrial-to-ventricular conduction proceeds through the AV node and the spe-
cialized conduction system, producing little net surface potential difference on
the body surface ECG [32].

The QRS complex represents ventricular depolarization and results from
the summation of activation in the right and left ventricles. It can include
up to three main deflections (Q, R, and S) and typically lasts about 70-110
ms. Its amplitude is usually larger than that of the P wave (often around
1-2 mV and sometimes higher), largely reflecting the greater myocardial mass
of the ventricles and the rapid spread of activation through the specialized
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conduction system. Atrial repolarization occurs during this period but is not
usually discernible because it is masked by the much larger QRS signal.

Following the QRS complex, the next segment corresponds to a brief inter-
val in which the ECG returns near the isoelectric line because most ventricular
myocytes are at similar membrane potentials during the plateau phase (phase
2) of the AP, resulting in little net current. Under physiological conditions,
this reflects a period where ventricular tissue is relatively uniform in its elec-
trical state. The segment, known as the ST segment, begins at the end of the
S wave (the J point) and extends until the onset of the T wave, which marks
the onset of ventricular repolarization.

The T wave reflects ventricular repolarization and is typically seen as a pos-
itive deflection in most leads. Compared with the QRS complex, it is generally
broader (with a duration on the order of ~300 ms) and smoother, consistent
with ventricular repolarization being a relatively slower and less synchronized
process than ventricular depolarization. Its timing, width, and position within
the ECG are clearly heart-rate dependent: at higher HRs, the T wave tends
to become narrower and to occur closer to the QRS complex, whereas at lower
HRs it typically becomes broader and occurs further from the QRS complex;
this rate dependence does not carry over to the P wave or the QRS complex.
T wave may be followed by a low-amplitude U wave, whose origin remains
uncertain [30, 32].

In addition to the segments and intervals described above, other time in-
tervals are commonly measured from the ECG and are routinely used in both
clinical interpretation and research. The RR interval is measured between suc-
cessive R peaks, and its inverse corresponds to HR. It is a fundamental rhythm
descriptor and is widely used to characterize rhythm abnormalities and to study
heart rate variability (HRV). The QT interval spans from the onset of the QRS
complex to the end of the T wave and reflects the overall duration of ventric-
ular depolarization and repolarization. Because QT depends on heart rate,
QT, is frequently reported using formulas such as Bazett’s or alternative cor-
rections (e.g., Fridericia), acknowledging that correction performance can vary
across heart-rate ranges and subjects [71]. Within ventricular repolarization,
the T, is also commonly measured and has been used to assess repolarization
dispersion, in line with the physiological concepts introduced in the previous
sections.
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Lead Systems

An ECG is typically recorded using a multi-lead configuration, where each
lead corresponds to the voltage difference measured along a specific electrical
axis. In this sense, every lead can be understood as a different spatial view-
point of the same underlying cardiac electrical activity, because it captures the
projection of depolarization and repolarization wavefronts onto that axis.

Because cardiac electrical propagation is inherently three-dimensional, no
single lead fully represents the entire process. Instead, lead systems combine
multiple orientations to describe electrical activity in complementary planes.
In the standard clinical setting, the 12-lead ECG is commonly interpreted as
providing two main perspectives: six frontal-plane leads and six precordial
(chest) leads that view electrical events mainly in the horizontal/transverse
plane.

Leads can be defined as bipolar or unipolar, depending on how the voltage is
measured. A bipolar lead records the voltage difference between two electrodes,
whereas a unipolar lead measures the voltage at one exploring electrode relative
to a reference that remains approximately stable during the cardiac cycle (often
described as a central terminal) [32].

In practice, the selection of a lead configuration depends on the clinical
question and on practical constraints. For example, a limited number of elec-
trodes may be sufficient when rhythm monitoring is the priority, whereas a full
12-lead configuration is preferred when waveform morphology and spatial pat-
terns are relevant. Different recording settings (e.g., resting ECG, ambulatory
monitoring, exercise testing, ICU monitoring) reflect these distinct needs.

Standard 12-lead ECG: The standard 12-lead ECG is obtained from 10
electrodes and yields 12 leads by combining (i) three bipolar limb leads (I, II,
III), (ii) three augmented unipolar limb leads (aVR, aVL, aVF), and (iii) six
unipolar precordial (chest) leads (V1-V6).

In the frontal plane, the limb leads are constructed from electrodes placed
on the right arm (RA), left arm (LA) and left leg (LL), which can be visualized
as the vertices of Einthoven’s triangle with the heart at its center. The three
bipolar limb leads measure voltage differences between pairs of these electrodes:
lead T compares LA relative to RA and can be viewed as looking at the heart
from the left side, defining zero degrees (0°); lead II compares LL relative to
RA and views the heart at +60° relative to lead I, whereas lead III compares
LL relative to LA, providing a third frontal orientation at +120° relative to
lead I (Figure 1.6, left). The three bipolar limb leads are provided below:
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I=Via—Vga (1.1)
II =V, — Vga (1.2)
I =V, —Via (1.3)

The augmented unipolar limb leads are derived from the same limb elec-
trodes but are referenced to a composite terminal obtained from the average
of the remaining two limb potentials. Consequently, each augmented lead em-
phasizes a different frontal-plane direction that is shifted by 30° with respect
to the corresponding bipolar limb-lead axes. In this convention, aVL can be
viewed as oriented at —30°, aVR at 30°, and aVF at +90° in the frontal plane
(Figure 1.6, left). The augmented limb leads are defined as:

Via+ Vi

VL = V- VAT VL ; Vir (1.5)
WVF =V — w (1.6)

The six precordial leads (V1-V6) are unipolar chest leads placed along an
arc on the anterior and left lateral thorax, providing a transverse-plane view
(Figure 1.6, right) that complements the frontal information from limb leads.
Conventionally, V1 is positioned in the fourth right intercostal space close to
the sternum and V2 in the fourth left intercostal space; the remaining elec-
trodes are placed at approximately equally spaced locations toward the left
lateral chest, with V6 typically located over the mid-axillary line in the fifth
left intercostal space. With this arrangement, V1-V2 primarily face the right
ventricle and interventricular septum, V3-V4 the anterior wall of the left ven-
tricle, and V5-V6 the lateral left ventricle [32].

It is also worth noting that not all twelve displayed leads are independent,
since, due to the way limb leads are constructed, all limbs leads can be derived
from two of them meaning that eight independent signals can represent the
information contained in the full set.

Orthogonal ECG Leads: Beyond the standard 12-lead ECG, orthogonal
lead systems represent cardiac electrical activity along three approximately
perpendicular axes (commonly denoted X, Y, Z). In this framework, the trajec-
tory traced by the tip of the dominant cardiac electrical vector over the cardiac
cycle forms a loop commonly referred to as the vectorcardiogram (VCG), which
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Figure 1.6: Illustration of lead-axis directions for the standard 12-lead ECG: frontal-plane
limb leads (left) and transverse-plane precordial leads (right). Extracted from [32].

can also be displayed through its projections onto the orthogonal planes. This
representation offers an alternative description of how the dominant electrical
wavefront evolves in magnitude and direction during the cardiac cycle.

A widely used orthogonal configuration is the Frank lead system [72], which
obtains the X, Y, and Z leads from linear combinations of signals recorded
with a reduced set of electrodes placed at standardized locations (on the
chest, back, neck, and left foot), thereby providing an approximately three-
dimensional description of cardiac electrical activity. Moreover, several mathe-
matical transformations have been proposed to relate orthogonal and standard
12-lead recordings, enabling the synthesis of VCG-like components from the
conventional ECG or, conversely, the estimation of standard-lead signals from
orthogonal measurements.

1.3.2 Electrogram

Intracardiac EGMs represent localized electrical activity recorded invasively
with electrodes positioned in direct contact with cardiac tissue. Compared with
the surface ECG, EGMs can offer a more local description of cardiac electrical
activity, because the recorded potentials are dominated by near-field contribu-
tions from myocardium close to the electrode (spatial specificity). This makes
EGMs well suited for analyzing propagation and for extracting local timing
markers, often via slope-based criteria, of activation and recovery (time resolu-
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tion) at specific sites, which can then be summarized through derived intervals.
EGMs recordings can be obtained in unipolar or bipolar configurations depend-
ing on how the reference is defined [70]

A unipolar EGM records the potential difference between an exploring elec-
trode placed on the heart relative to a distant reference electrode. Because the
reference is remote, unipolar EGMs can capture both near-field activity and
contributions from more distant sources (far-field). Their morphology can be
interpreted in relation to the position of the electrode with respect to the prop-
agating activation front. For instance, when the front approaches a recording
site, the signal may initially show a positive component; when the front is over
the electrode the potential difference can transiently approach zero; and as the
wavefront passes, a negative component may appear, resulting in a biphasic
deflection. At the site where activation originates, the unipolar electrogram
is commonly negative, whereas at sites where activation terminates the signal
can remain predominantly positive.

A bipolar EGM measures the voltage difference between two closely spaced
electrodes on the heart (both acting as exploring electrodes). This configu-
ration tends to emphasize local electrical activity and reduces far-field con-
tributions because distant components are partially canceled by subtraction.
Bipolar EGMs are typically sharper than unipolar recordings, but their mor-
phology and amplitude depend on the inter-electrode spacing and on the direc-
tion of the activation wavefront relative to the electrode pair. For this reason,
the wavefront direction cannot be inferred uniquely from bipolar morphology
alone without additional geometric information. In general, spatial selectivity
increases as the inter-electrode distance decreases [70].

Unipolar intramyocardial EGMs acquired from multiple sites across the
ventricular myocardium in an open-chest porcine myocardial infarction model
will be used in this thesis to characterize dispersion of repolarization dynamics.

1.4 Interval- and Morphology-Based Repolarization Char-
acterization

Ventricular repolarization is commonly characterized on the surface ECG
through temporal indices defined from specific fiducial points, such as the T-
wave width [8], Twave peak-to-end interval, Tp. [11], or the QT interval [10].
These measurements provide compact and clinically interpretable descriptors of
repolarization timing and have demonstrated diagnostic and prognostic value in
multiple cardiac conditions. However, ventricular repolarization is a spatially
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heterogeneous process, and the surface T wave results from the superposition of
electrical gradients generated as different myocardial regions recover at different
times [33,73]. Consequently, not only the duration but also the shape of the T
wave can reflect the underlying organization and heterogeneity of ventricular
repolarization [33].

This distinction is relevant because similar interval values do not necessarily
imply similar repolarization patterns, and T waves with comparable interval
measurements may still exhibit different morphologies [74,75]. Changes in the
spatial and temporal distribution of ventricular recovery can modify character-
istics such as T-wave amplitude, slope, symmetry, notching, or spatial relation-
ships across leads without being fully represented by changes in the position
of a limited number of fiducial points [76-79]. This has motivated the develop-
ment of quantitative approaches that characterize T-wave morphology using,
among others, architectural features, slope- and area-based descriptors, spa-
tial or vectorcardiographic representations, and global waveform-comparison
methods [76,77,80]. Such approaches have provided information complemen-
tary to conventional interval measurements in different settings, including the
identification of repolarization abnormalities in LQTS, the characterization of
drug-induced repolarization changes, and the detection of ischemia-induced
ST-T alterations.

Importantly, morphology-based analysis provides a complementary descrip-
tion by considering how the waveform evolves over its entire duration rather
than reducing it to a small number of temporal landmarks. In this way, wave-
form characteristics that are not explicitly represented by interval measure-
ments can also be quantified, providing additional information related to the
underlying repolarization process. Together, these considerations provide the
rationale for the waveform-comparison approaches evaluated throughout this
thesis.

1.5 Cardiomyopathies and Channelopaties Addressed in
the Thesis

1.5.1 Acute Ischemia and Myocardial Infarction

Myocardial ischemia refers to a reduction in coronary blood flow that lim-
its oxygen delivery to the myocardium. Myocardial ischemia results from an
insufficient supply of oxygenated blood to the heart muscle, often caused by
coronary artery narrowing, which fails to meet the increased metabolic demand
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during physical or emotional stress. This phenomenon can be transient or sus-
tained. When ischemia persists, it may progress from reversible dysfunction
to irreversible cardiomyocyte death (necrosis), i.e., myocardial infarction, typ-
ically when coronary flow is abruptly and persistently interrupted. In both sit-
uations, the resulting metabolic and electrophysiological alterations can desta-
bilize cardiac electrical activity and facilitate ventricular tachyarrhythmias,
including ventricular fibrillation. Importantly, ischemia may occur with chest
pain (angina) but can also be clinically silent, making objective monitoring
strategies particularly relevant. In current clinical practice, these presenta-
tions are often discussed within the broader spectrum of acute coronary syn-
drome (ACS), which includes patients with recent changes in symptoms/signs
with or without ECG changes and with or without acute elevations in cardiac
troponin [81].

Electrophysiological and ECG Expression of Acute Ischemia

Acute ischemia can alter cardiac electrical activity and, when it progresses
to myocardial infarction, the resulting non-viable tissue can further distort
normal activation pathways and modify the dominant electrical vector, thereby
producing ECG waveforms that differ from the normal pattern and may evolve
over time.

Acute ischemia typically manifests on the surface ECG as changes in the
ST segment and T wave (ST-T alterations), whose expression depends on the
affected region and on the lead orientation. Beyond the classical ST elevation
or depression, ischemia can produce broader morphological changes in repolar-
ization, and these modifications may evolve dynamically, sometimes over short
time scales. At the cellular level, ischemia induces shifts in resting and action
potential characteristics, generating voltage gradients between ischemic and
non-ischemic regions that contribute to injury currents and, consequently, to
ST-T deviations recorded at the body surface. Because these manifestations
are lead-dependent and not always unique to ischemia, there is longstanding
interest in developing signal-processing-based biomarkers that capture repolar-
ization changes more robustly than single-point local measurements. In addi-
tion, guides of European Society of Cardiology highlight that while ST-segment
elevation is a key marker of acute coronary occlusion, other ECG patterns can
also suggest ongoing occlusion or severe ischemia [81].
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Clinical Management

From a clinical management perspective, acute coronary occlusion is pri-
marily addressed by rapid reperfusion strategies, most commonly percutaneous
coronary intervention (PCI), while fibrinolysis is considered when timely PCI
is not feasible. In selected patients, surgical revascularization (coronary artery
bypass grafting) is also part of the therapeutic spectrum [81]. In experimen-
tal and clinical research, PCI with balloon provides a well-controlled model of
transient ischemia, as the onset and duration of coronary occlusion are defined
by the inflation period and the affected artery is known. In PCI, a catheter
carrying an inflatable balloon is advanced percutaneously to the target coro-
nary segment and positioned across the narrowed or occluded region. Balloon
inflation transiently expands to restore flow in clinical practice. In experimen-
tal protocols, the same maneuver can be used deliberately to produce a short
or complete occlusion. As illustrated in Figure 1.7, inflation defines a precisely
timed ischemic interval, and deflation marks reperfusion, yielding a controlled
occlusion—reperfusion sequence for studying rapid electrical changes. Comple-
mentarily, animal models of myocardial infarction enable studying sustained
ischemia leading to necrosis and its electrophysiological consequences under
controlled conditions, including arrhythmic outcomes and invasive measure-
ments. In this thesis, ischemia and infarction are studied through recordings
acquired during balloon-induced coronary occlusion and through porcine my-
ocardial infarction models, combining surface ECG analysis with invasive elec-
trophysiological signals when available to characterize repolarization dynamics
and dispersion.

1.5.2 Long QT Syndrome

Congenital long QT syndrome (LQTS) is an inherited cardiac channelopa-
thy characterized by delayed ventricular repolarization, classically reflected as
QT interval (QT) prolongation on the surface ECG, and associated with an in-
creased susceptibility to polymorphic ventricular tachyarrhythmias, including
torsades de pointes (TdP) and ventricular fibrillation. LQTS is considered rela-
tively frequent among inherited arrhythmia syndromes, with a prevalence often
reported on the order of 1:2000, although estimates vary with ascertainment
and diagnostic criteria [83-85]. Genetically, most clinically diagnosed cases are
explained by variants affecting ion-channel currents that shape the ventricu-
lar action potential (Figure 1.8), with three major genotypes accounting for a
substantial proportion of clinically diagnosed cases:
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Figure 1.7: Schematic overview of percutaneous coronary intervention (PCI): coronary
catheter and guidewire positioning (left) and the main procedural steps (right), including
balloon inflation, stent delivery, stent expansion, and the final result. Extracted from [82].

e LQTS type 1 (LQT1), caused by variants in KCNQ1;
e LQTS type 2 (LQT2), caused by variants in KCNH2; and
e LQTS type 3 (LQT3), caused by variants in SCN5A,

see [86,87].

Cellular and Electrophysiological Mechanisms

At the cellular level, the three most prevalent genotypes correspond to
distinct ionic mechanisms (Figure 1.8a): LQT1 is typically linked to loss-of-
function variants in KCNQ@Q1 that reduce the slow delayed rectifier potassium
current (/i) [86,88], LQT2 to loss-of-function variants in KCNH2 that reduce
the rapid delayed rectifier potassium current (/) [86], and LQT3 to gain-of-
function variants in SCN5A that increase late sodium current (In,) [86,89,90].
These alterations prolong action potential duration and amplify spatial and
temporal heterogeneity of repolarization, providing both substrate (increased
dispersion) and triggers (afterdepolarization-related activity) for polymorphic
ventricular arrhythmias [26].

A useful mechanistic link between cellular heterogeneity and surface ECG

features is the concept of transmural dispersion of repolarization. Experimental
evidence has shown that, under normal and long-QT conditions, the earliest
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Figure 1.8: Effects of representative LQTS mechanisms. Panel (a) illustrates the effects of ion
channel mutations on simulated ventricular APs and the corresponding ECG manifestations
across major genotypes (LQT1-LQT3), highlighting how different repolarization alterations
can yield distinct QT and T-wave phenotypes. Panel (b) provides representative example
of experimental data [91,92] that are consistent with the patterns modeled in (a). Adapted
from: [93]

repolarizing ventricular layer aligns with the T-wave peak, whereas the latest
repolarizing layer aligns with the end of the T wave [11,26,73], supporting the
interpretation of the T, as an index of repolarization dispersion [11,26].

These repolarization gradients also help explain why LQTS is not only a
“long QT” phenotype but often a “T-wave morphology” phenotype. In addi-
tion to QT prolongation, characteristic T-wave patterns may difference LQTS
subtypes (Figure 1.8b), including early broad T wave in LQT1; flattened, asym-
metric, notched, or bifid (notched) T waves in LQT2; and late onset T wave
in LQT3 [76,94,95]. Derivated markers combining some of these patterns,
which may increase their T-wave complexity across leads, can discriminate
gene-positive LQTS patients from controls and may remain informative even
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when QT is borderline [75,95].

Finally, genotype-specific autonomic triggers provide a clinically relevant
bridge between mechanism and presentation: LQT1 events are classically asso-
ciated with high sympathetic tone during exertion (with strenuous swimming
often highlighted) [86,88,96], LQT2 events with sudden adrenergic surges such
as startle or exposure to loud noises [89,97], and LQT3 events more frequently
occurring at rest or during sleep [88].

Clinical Evaluation and Diagnosis

In clinical practice, LQTS is considered in two main scenarios: symptomatic
individuals (having cardiogenic syncope, documented ventricular arrhythmias,
or resuscitated cardiac arrest) and asymptomatic individuals identified through
an abnormal resting ECG (prolonged QT,) or family screening. The recom-
mended initial evaluation integrates: (i) clinical assessment (syncope character-
istics, family and medical history, and medication review), (ii) a 12-lead ECG
focused on QT, and T-wave morphology, (iii) an exercise test with emphasis
on QT, at 4-minute recovery, and (iv) echocardiography to exclude structural
abnormalities [98]. Additional tests may be used selectively (Holter monitoring
and further imaging when indicated), and genetic testing is typically pursued
with involvement of genetics expertise. The diagnosis can then be classified us-
ing established criteria: definite LQTS when the Schwartz score is >3.5 [86], or
a pathogenic/likely pathogenic variant in an LQTS gene is identified, or QT,
is =500 ms on repeated ECGs in the absence of QT-prolonging drugs [99];
probable LQTS when QT is between 480 and 499 ms on repeated ECGs; and
possible LQTS when the LQTS risk score is 2.0-3.5 in the presence of a family
history of LQTS [98].

Risk Stratification

Patients with LQTS are at risk of SCD and resuscitated cardiac arrest, often
refer in the literature as serious arrhythmic events (SAE) or as the composite
endpoint ventricular arrhythmia (VA). Therefore, risk stratification aims to
identify individuals with a higher likelihood of SAE to guide shared decisions
regarding therapies. Risk is modulated by a combination of clinical history,
ECG phenotype, and genetic background [98]. Clinically, the probability of
cardiac event (CE), which includes SAE and syncope, is not constant across life.
CE is generally higher in childhood and tends to attenuate with age, with older
patients (particularly >60 years) showing a lower LQTS arrhythmic mortality



24 Chapter 1. Introduction

[100-102]. Sex further interacts with age: male sex is associated with higher CE
risk in childhood/early adolescence, in mid-to-late adolescence the level of risk
seems comparable for males and females [103,104], whereas in adulthood female
sex is associated with increased risk of CEs [105-109]. History of occurrence
of prior CE is another important clinical marker [103, 104, 110-113], with a
higher SAE risk particularly when syncope is recent (within 2 years) and/or
recurrent [103,110,111].

From the ECG perspective, QT duration remains a central established
marker [98]: higher QT, values show a consistent stepwise association with
higher event rates [105,109,114-116], and repeated measurements are clinically
relevant because the maximum QT, across serial ECGs can predict events
better than a single measurement [106,117,118]. A established threshold is QT
>500 ms, which identifies a higher-risk subgroup (with clearly higher annual
rates of cardiac events and SAE compared with QT, <500 ms) [119, 120],
whereas genotype-positive individuals with QT, <500 ms generally show low
SAE incidence [105,121], and those with QT, <460 ms very low SAE risk
[105,114,121].

Genetic information refines risk beyond single LQTS subtype classifica-
tion [98]: while average rates at the subtype level differ [104, 112,113, 121],
substantial heterogeneity exists within each genotype depending on the spe-
cific variant [113,118,122,123], on their location within the potassium chan-
nel [124-126], and in some cases on whether the variant acts through dominant-
negative effects versus haploinsufficiency [126].

Beyond QT, prolongation, LQTS also manifests as characteristic abnor-
malities where T-wave morphology reflects aspects of spatial and temporal
heterogeneity that may not be summarized by a single duration value [26,27].
In this context, the quantification of T-wave abnormalities has been suggested
as a complementary source of information for both clinical detection and risk
stratification. Moreover, several T-wave-derived markers have been reported
as independent predictors of events [78,127], and although the genotype spe-
cific T-wave abnormalities are qualitatively recognized, they remain difficult to
quantify and have not yet been systematically integrated into clinical risk strat-
ification [80]. Therefore, their interplay and translation into decision-making
would benefit from systematic evaluation.

1.5.3 Brugada Syndrome

BrS is an inherited cardiac channelopathy characterized by an increased
susceptibility to malignant ventricular arrhythmias and SCD in patients who
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typically have no overt structural heart disease, and by a distinctive ECG
phenotype in the right precordial leads [128-130]. The syndrome was first
described in 1992 in resuscitated sudden-death patients showing a character-
istic right-precordial ST-segment elevation pattern, and it is now understood
as a condition with a dynamic ECG phenotype, in which the diagnostic pat-
tern may be intermittent or concealed, and may be triggered or amplified by
clinical circumstances such as fever or by sodium-channel-blocking drug expo-
sure [130,131]. From a genetic standpoint, BrS is most commonly associated
with mutations in the SCN5A gene encoding the cardiac sodium channel [132],
with more than 100 different mutations reported nowadays, while inheritance
can show variable expressivity and incomplete penetrance [133-135]. Although
the true disease burden is difficult to quantify due to concealed presentations
and ECG variability, BrS has been estimated to account for ~4-12% of sud-
den deaths and up to ~20% of sudden deaths in individuals with structurally
normal hearts, with less prevalent in women than men. Prevalence estimates
vary widely (from ~1:5,000 to ~1:2,000 in some summaries), with substantial
geographic differences and higher reported frequency in parts of Asia, where
related sudden nocturnal death episodes have been historically described [136].

Cellular and Electrophysiological Mechanisms

Mechanistic understanding of BrS is based in its genetic substrate and in
how this substrate affects the ventricular AP. Early genetic studies linked BrS
primarily to loss-of-function variants in SCN5A, which encodes the a-subunit
of the cardiac sodium channel, Nay1.5 [137]. Reported variants can affect
multiple channel regions, e.g. interdomain linkers, terminal domains (N and
C), and transmembrane proteins [130], and have been associated with abnormal
gating (activation and/or inactivation) [138] as well as reduced transport to the
cell membrane [139,140]. Functionally, Nay1.5 dysfunction can shift channel
kinetics toward later activation and earlier inactivation with resulting decrease
in APD, thereby reducing peak Iy, and slowing the phase-0 upstroke of the AP
[141]. Notably, within contemporary gene-disease validity frameworks, SCN5A
remains the only gene considered definitively disease-causing for BrS [142], even
though identifiable SCN5A variants are found in only a minority of clinically
diagnosed patients [143,144].

Beyond SCN5A, several additional genes have been reported in association
with BrS. These reports span (i) genes related to the cardiac sodium-channel
system (e.g., SCN10A [144,145], genes encoding Nay 1.5 S-subunits [146], and
genes influencing Nay 1.5 expression/trafficking [147,148]), (ii) genes encoding
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potassium channel (related to the transient outward current I, during phase 1
of the AP) [149], (iii) genes encoding calcium channel (related to the late cal-
cium g1, current during phase 2 of the AP) [150], alongside proteins associated
with these channels [151]. Conceptually, these proposals converge on a common
electrophysiological direction: a relative reduction of inward sodium/calcium
current and/or a relative increase of outward potassium current [152]. How-
ever, beyond SCN5A, the causal relevance of many reported gene associations
remains uncertain and is still a matter of debate [131,142].

The underlying mechanism of BrS is commonly discussed through the depo-
larization versus repolarization hypotheses. In the depolarization framework,
reduced Iy, and conduction discontinuity are associated with conduction delay
in the right ventricular outflow tract (RVOT) and with late potentials [153,154],
yielding heterogeneous depolarization in the RVOT that is considered arrhyth-
mogenic [155,156]. In the repolarization framework, a relative reduction of
inward sodium current (In,) and a relatively increased outward potassium
current (I;,) during phase 2 of the AP can accentuate the notch in the right
ventricular epicardium AP, generating pronounced dispersion of transmural
(epicardial-endocardial gradient) action-potentials that manifest in the ECG
as J-point/ST-segment elevation [153,157-159] (See Figure 1.9).
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Figure 1.9: Schematic representation of the AP patterns modifications and their correspond-
ing manifestations on the surface ECG as proposed mechanism of ST-segment elevation in
Brugada syndrome. Panel A illustrates a normal setting with minimal epicardial-endocardial
voltage gradients and an isoelectric ST segment. Panels B and C depict Brugada-type mor-
phologies in which an accentuated notch in certain regions of the epicardium creates a trans-
mural voltage gradient that appears on the surface ECG (lead V2) as J-point/ST-segment
elevation, yielding a saddleback (B) or coved (C) morphology. Extracted from [160].

At the surface ECG level, this translates into the characteristic morpholo-
gies (saddleback-shaped and coved ST-elevation) classically described in right
precordial leads, defining the three Brugada patterns [130, 131, 135]. Type
1 shows a coved ST-segment elevation >2 mm followed by T-wave inver-
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sion [131,158]. Type 2 presents a saddleback morphology with a prominent
J-point elevation (>2) and a “trough” that remains elevated (typically >1 mm),
followed by a positive or biphasic T wave [158]. Finally, type 3 resembles the
saddleback or coved appearance with an ST-segment elevation of <1 mm [158].
Consistent with the mechanistic interpretation shown in Figure 1.9, progressive
accentuation of the epicardial notch and the resulting transmural gradients can
shift the phenotype from a saddleback configuration toward a coved pattern.
In this setting, loss of the epicardial action-potential dome at selected sites can
create marked heterogeneity and promote phase-2 re-entry, providing a mech-
anistic pathway to polymorphic VT /VF [157,157,158,161]. Importantly, the
nature of the underlying mechanism of BrS (depolarization or repolarization
changes abnormalities) is still debated [152,153]. Moreover, some studies also
emphasize that evidence exists for the coexistence of depolarization and re-
polarization abnormalities [162-164], consistent with a convergent phenotype
that may not be explained by a single mechanism.

Clinical Evaluation and Diagnosis

In routine practice, patients are typically evaluated for BrS through two
main presentations: symptomatic individuals (having cardiogenic syncope,
documented ventricular arrhythmias, or resuscitated cardiac arrest) and asymp-
tomatic individuals identified through abnormal ECG morphologies (type 1 or
type 2/3 Brugada patterns) or through first-degree family screening. Initial
evaluation combines: (i) clinical assessment (including syncope characteris-
tics, family and medical history, and medication review), (ii) careful ECG
acquisition and interpretation, and (iii) echocardiography to exclude struc-
tural abnormalities, while further discretionary testing may be used selectively
(e.g., sodium channel blocker (SCB) provocation testing, Holter monitoring,
electrophysiology study, and advanced imaging such as cardiac magnetic reso-
nance) [130,131,165].

The diagnostic cornerstone is a type-1 Brugada ECG pattern above de-
scribed in at least one right precordial lead (V1 and V2). Because sensitivity
depends on how well V1-V2 “see” the RVOT, recording high right precordial
leads (2nd—4th intercostal spaces) is recommended to increase diagnostic yield
since individual variations in the anatomical position of the RVOT can affect
detection [166], and it is now recognized that higher lead placement can im-
prove sensitivity compared with standard ECG configurations [167,168]. This
concept is illustrated in Figure 1.10, where relocating V1-V2 to higher precor-
dial positions can make the characteristic ST-segment elevation pattern more
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evident.
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Figure 1.10: Representation of the (Top) standard- and (Buttom) high- lead placement along-
side their corresponding precordial ECGs in a Brugada patient. Note the correspondence
between hV5/hV6 on the high-lead ECG and V1/V2 on the standard-lead ECG. Extracted
from [131].

Because Brugada patterns may be fluctuating or influenced by factors such
as large meals, fever or medications [169], SCB provocation (with continuous
monitoring) may be used to unmask a diagnostic pattern when suspicion per-
sists without a spontaneous type-1 pattern, or in patients with a baseline type
2 or type 3 pattern [131,165], acknowledging that yield and specificity vary
by agent and protocol [170]. Additionally, contemporary frameworks recognize
that ECG findings may need to be interpreted alongside clinical and family his-
tory, for example via integrated scoring concepts such as the Shanghai score,
rather than relying on drug-induced ECG changes in isolation [165].

In summary, definite diagnostic of BrS is established with spontaneous type
1 ECG pattern in either high- or standard- lead positions, while it remains
probable with type 1 pattern induced by fever or SCB provocation [131]. While
genetic testing is advised for those exhibiting a type 1 BrS ECG pattern to
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facilitate familial screening, the presence of an isolated pathogenic variant in a
BrS susceptibility gene is not, by itself, diagnostic for BrS [165,171].

Risk Stratification

Risk stratification in BrS aims to identify individuals at increased risk of
SAEs, while avoiding overtreatment in the many patients identified through
screening who remain asymptomatic. Established high-risk features include:
(1) history of cardiac arrest, (ii) arrhythmic syncope, and (iii) spontaneous
type-1 ECG patterns [131]. Beyond resuscitated cardiac arrest, the clinical
factors with the greatest impact on SAEs are a history of cardiogenic syncope
and the presence of a spontaneous type-1 ECG pattern, both validated across
different cohorts [172-175]. Importantly, these two markers remain indepen-
dent predictors of SAEs after adjustment for other risk factors [176-181].

Beyond these established markers, additional variables have been explored
to refine risk assessment. Age and sex appear to have a limited indepen-
dent role once established predictors are considered in multivariable mod-
els [176,179, 182], although older age at diagnosis may reflect a more benign
course [183] and male sex has been linked to higher risk in some analyses,
but not consistently as an independent predictor after adjustment for other
risk factors [176, 180, 182]. Family history of SCD or SAEs has shown in-
consistent associations with outcomes, a potential predictive value has been
reported only for very early familial SCD in first-degree relatives, but this re-
quires clarification with adequate adjustment for other factors [131,184]. In
this context, “EP study” refers to an invasive electrophysiology study, often
incorporating programmed ventricular stimulation (PVS) to assess arrhythmia
inducibility [182,184]. However, its role remains controversial and, given its
invasive nature and limited predictive value in large registries, it is generally
reserved for selected borderline scenarios rather than routine risk stratifica-
tion [131,175,176].

Finally, several ECG-derived features have been proposed as complemen-
tary markers spanning depolarization and repolarization abnormalities, includ-
ing QT, [185], QRS fragmentation [175, 180], early repolarization patterns
[179,186], QRS duration [177,180], duration of S-wave, and T, [177,187,188].
Collectively, these indices have been associated with SAEs risk and may mirror
broader disturbances of the electrical substrate, but overall consistency still re-
quires large-scale evaluation with appropriate adjustment for established risk
factors.
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1.6 Objective and Outline of the Thesis

The main objective of this thesis is to evaluate quantitative ECG-based
markers that characterize T-wave morphology for ventricular arrhythmic risk
assessment. The underlying motivation is that clinically used indices often
rely on fiducial point measurements and may therefore capture only a limited
portion of the information contained in ventricular repolarization, particularly
when repolarization abnormalities manifest as complex morphological changes.
By using a time-warping-based method to quantify differences between wave-
forms, the thesis aims to provide a complementary and more morphology-aware
description of repolarization dynamics that can support a better understanding
of arrhythmogenic substrates and ultimately may contribute to improving clin-
ical decisions. In addition, markers derived from time-warping analysis may
help to noninvasively stratify patients across different scenarios and improve
the prediction of arrhythmic risk.

The work is developed and evaluated across three complementary clinical
settings in which malignant ventricular arrhythmias represent a major concern:
ischemic cardiomyopathy and the inherited channelopathies LQTS and BrS.
A schematic overview of the overall study framework and the main research
branches addressed in this thesis is shown in Figure 1.11. The content of the
rest of the thesis is organized into 7 chapters, which present the methodological
framework and its application to each setting, and conclude with the main
findings and perspectives for future work. The thesis is summarized as follows:

e Chapter 2: This chapter presents the general methodological framework
shared across all studies in the thesis. It describes the common ECG
processing pipeline, including preprocessing, fiducial detection and delin-
eation, and spatial anlysis through PCA. It then introduces the time-
warping analysis used to quantify morphology differences and derive the
main ECG markers, covering unsigned and signed formulations, mean
warped T-wave estimation, and the T-wave peak-to-end restricted anal-
ysis. Finally, it summarizes the classical T-wave markers used as com-
plementary references throughout the thesis.

e Chapter 3: This chapter investigates ischemia-induced repolarization
changes using transient coronary occlusion during PCI as a controlled
human model, characterized by a short ischemic time window. A time-
warping-based analysis restricted to the T-wave peak-to-end interval,
which is less affected by concomitant ST-segment deviations, is intro-
duced to quantify morphology changes and characterize their temporal
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Figure 1.11: Overview of the common methodological basis and the clinical and experimen-
tal study branches used to evaluate T-wave morphology markers in ischemia, LQT2, and
Brugada syndrome. Abbreviations: PCI, percutaneous coronary intervention; ECG, electro-
cardiogram; DOR, dispersion of repolarization; EGM, electrogram; LQT2, long QT syndrome

type 2.

evolution and lead-wise behavior during ischemia. To provide a spatially
global characterization, the analysis is also performed on the first princi-
pal component obtained by PCA, which emphasizes T-wave components

across leads.

The time-warping marker is evaluated alongside classical

ischemia and repolarization indices, providing the methodological basis
for its subsequent application and validation in others ischemia models.

The work described in this chapter led to the following publications:

— N. Gémez, J. Ramirez, J. P. Martinez, and P. Laguna, “Time-
warping analysis of the T-wave peak-to-end interval to quantify ven-
tricular repolarization dispersion during ischemia,” IEEE Journal of
Biomedical and Health Informatics, vol. 27, no. 11, pp. 5314-5325,



Chapter 1. Introduction

2023.

— N. Goémez, J. Ramirez, J. P. Martinez, and P. Laguna, “Time-
warping based end-of-T-wave shape marker reflects repolarization
changes during ischemia,” in 2022 Computing in Cardiology (CinC),
vol. 498, pp. 14, 2022.

e Chapter 4: This chapter extends the ischemia analysis to a closed-chest
porcine myocardial infarction model with prolonged coronary occlusion,
enabling the study of ventricular fibrillation risk under evolving ischemia.
The proposed time-warping approach, restricted to the T-wave peak-
to-end interval to focus on repolarization-related morphology changes,
is applied to characterize dynamic ischemia-induced trends and assess
its value for arrhythmic risk prediction in relation to VF outcome. A
PCA-based spatial representation is also used to obtain a global charac-
terization across leads, and the warping-derived marker is examined in
comparison with the classical T, interval.

The research presented in this chapter resulted in the following publica-
tions:

— N. Gémez, J. Ramirez, A. Martin-Yebra, M. M. Demidova, P. Plato-
nov, J. P. Martinez, and P. Laguna, “T-wave peak-to-end changes
quantified by time-warping predicts ventricular fibrillation in a por-
cine myocardial infarction model,” IEEE Transactions on Biomedical
Engineering, vol. 71, no. 10, pp. 2968-2977, 2024.

— N. Gémez, J. Ramirez, A. Martin-Yebra, M. M. Demidova, P. Plato-
nov, J. P. Martinez, and P. Laguna, “Changes in T-peak-to-T-end
morphology measured by time-warping are associated with ischemia-
induced ventricular fibrillation in a porcine model,” in 2023 Com-
puting in Cardiology (CinC), vol. 50, pp. 1-4, 2023.

— N. Gémez, J. Ramirez, A. M. Yebra, M. Demidova, P. Platonov, J.
Martinez, and P. Laguna, “Los cambios en la morfologia del pico al
fin de la onda T, cuantificados mediante “time-warping”, estan asoci-
ados con la aparicién de fibrilacién ventricular en un modelo porcino
de isquemia aguda,” in CASEIB 2023. Libro de Actas del XLI Con-
greso Anual de la Sociedad Espanola de Ingenieria Biomédica (CA-
SEIB 2023), pp. 2-5, Sociedad Espanola de Ingenieria Biomédica
(SEIB), 2023.

e Chapter 5: This chapter presents a validation framework of the previ-
ous studies by analyzing ischemia-induced repolarization dispersion in an
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open-chest porcine myocardial infarction model with simultaneous body-
surface ECG and intramyocardial recordings. The availability of intramy-
ocardial electrograms enables direct quantification of DOR, providing an
invasive reference framework to evaluate non-invasive ECG-derived mark-
ers. Within this setting, the time-warping-based index restricted to the
T-wave peak-to-end interval is assessed as a surrogate descriptor of DOR
and its relationship to VF risk, using a PCA-based spatial representation
to obtain a global characterization across leads and comparing against
the classical T), interval.

The work described in this chapter led to the following publications:

— N. Gémez, A. S. Abramochkina, J. Ramirez, A. O. Ovechkin, O.
G. Bernikova, P. G. Platonov, J. E. Azarov, P. Laguna and J. P.
Martinez, “T-wave peak-to-end changes, quantified by time-warping,
surrogates ventricular repolarization dispersion for ventricular fib-
rillation prediction in a porcine myocardial infarction model,” IEEE
Transactions on Biomedical Engineering, In press.

— N. Gémez, J. Ramirez, A. S. Tsvetkova, P. Platonov, J. E. Azarov,
J. P. Martinez, and P. Laguna, “Dynamics of T-peak-to-T-end mor-
phology changes in an open-chest porcine model, and its relation to
arrhythmic events,” in 2024 Computing in Cardiology (CinC), vol.
51, pp. 14, 2024.

e Chapter 6: This chapter addresses arrhythmic risk stratification in LQT2
by quantifying T-wave morphology abnormalities beyond conventional
QT-based measures. A population-reference approach is adopted, where
a time-warping-based marker, the TMV index, compares T-wave from
each patient against the corresponding sex-, heart-rate-, and lead-matched
normal reference T-wave derived from a large population cohort, enabling
a geometry-aware characterization of morphology variation. The chapter
evaluates the association between TMV and clinical outcomes in LQT?2,
and examines its value in relation to established clinical markers and
complementary morphology-related indices.

The research presented in this chapter resulted in the following publica-
tion:

— N. Gomez, J. Ramirez, A. A. Savelev, P. Dahlberg, A. Svensson, N.
Larsson, E. Ljungstrém, U. Chaudhry, J. P. Martinez, P. Laguna,
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and P. G. Platonov, “Risk stratification of patients with type 2 long-
QT syndrome through analysis of T-wave morphology,” Journal of
the American Heart Association, vol. 15, p. e048388, 2026.

— N. Gémez, J. Ramirez, J. P. Martinez, and P. Laguna, “Evaluation
of T-wave time-warping dynamics in patients with long QT syn-
drome.,” in 2024 13th Conference of the European Study Group on
Cardiovascular Oscillations (ESGCO), pp. 1-2, 2024.

e Chapter 7: This chapter extends the evaluation of time-warping-based T-
wave morphology markers to BrS using 24-hour Holter recordings. Mor-
phology restitution and variation are assessed both over the complete
T wave (TMR and TMV indices, respectively) and after restricting the
analysis to the T, interval (TPEMR and TPEMYV indices, respectively).
These markers are evaluated for the characterization of the Brugada phe-
notype, the presence of a spontaneous type-I pattern, and the distinction
between symptomatic and asymptomatic patients, while also being ex-
amined alongside classical repolarization and depolarization-related ECG
markers across different leads.

The work described in this chapter led to the following publications:

— N. Gémez, J. Ramirez, A. I. Roquero, F. Palmieri, E. Arbelo, J. P.
Martinez, and P. Laguna, “T-wave peak-to-end morphology resti-
tution as biomarker in brugada syndrome,” in 2025 Computing in
Cardiology (CinC), vol. 52, pp. 1-4, 2025.

— N. Gémez, J. Ramirez, A. Isabel Roquero, F. Palmieri, E. Arbelo
Lainez, J. P. Martinez Cortés, and P. Laguna Lasaosa, “Evaluacién
de los cambios en la morfologia del pico al fin de la onda T, cuantifi-
cados mediante “time-warping”, en pacientes con sindrome de Bru-
gada,” in Actas XLIT Congreso Anual de la Sociedad Espanola de In-
genieria Biomédica (CASEIB 2024), pp. 29-32, Sociedad Espanola
de Ingenieria Biomédica (SEIB), 2024.

e Chapter 8: This chapter summarizes the main findings of the thesis, dis-
cusses the overall contributions and limitations of the work, and outlines
directions for future research and clinical translation of T-wave morphol-
ogy markers for arrhythmic risk assessment.
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GENERAL METHODS FOR ECG SIGNAL
PROCESSING

2.1 ECG Processing Pipeline 2.3.1 Unsigned Time-
2.1.1 ECG Preprocessing Warping Marker
2.1.2 Fiducial  Detection 2.3.2  Signed Time-Warping
and Delineation Marker
2.1.3 Spatial Principal 2.3.3 T-wave Peak-to-End

Component Analysis Restricted ~ Warping

2.2 Classical ECG Markers (In- Analysis
tervals and Amplitudes) 2.3.4 Mean Warped T-Wave
2.3 Time-Warping Analysis 2.3.5  Weighted Time-

Warping Markers

This chapter describes the general methodological framework underlying all
studies included in this thesis. It presents the common signal processing pro-
cedures, ECG delineation strategy, spatial transformation techniques, and the
mathematical formulation of the time-warping-based markers used throughout
the work. Study-specific details such as population characteristics, acquisition
protocols, and computational workflow are described separately within each
corresponding chapter. The purpose of this chapter is therefore to provide a
unified and reproducible methodological basis that supports the interpretation
and comparison of the results presented in subsequent chapters.

This thesis applies the methodologies on five distinct databases, spanning

35
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experimental animal models and clinical human populations. First, a cohort
of patients undergoing PCI, STAFF-III database [189], was used to investi-
gate transient ischemia and its impact on ventricular repolarization dynamics,
quantified using time-warping-based markers. Second, a closed-chest porcine
myocardial infarction model [190] was employed to evaluate the predictive value
of these markers for VF. Third, an open-chest porcine myocardial infarction
model [191] with simultaneous invasive recordings provided a controlled exper-
imental setting to further study the relationship between non-invasive ECG-
derived markers and DOR, and their value for predicting VF. Finally, clinical
populations of LQTS [192] and BrS [193] patients were analyzed to assess the
role of T-wave morphology markers in arrhythmic risk prediction.

Detailed descriptions of inclusion criteria, acquisition protocols, and end-
point definitions for each population are provided in the corresponding chap-
ters.

2.1 ECG Processing Pipeline

2.1.1 ECG Preprocessing

ECG recordings are commonly contaminated by low-frequency baseline
wander and high-frequency disturbances, which can alter the morphology of
cardiac waves, hinder reliable waveform delineation, and consequently compro-
mise subsequent markers computation [194]. For this reason, a preprocessing
stage including high- and low-pass filtering was applied throughout the studies
presented in this thesis to improve the signal-to-noise ratio while preserving the
morphological characteristics of the QRS complex and T wave required for the
subsequent analysis. General discussions on ECG preprocessing can be found
in [32].

Baseline Wander

Baseline wander is a low-frequency component that may arise from respira-
tion, body movements, or electrode-skin impedance changes. Its presence can
distort amplitude measurements and affect the accurate localization of wave
boundaries [194]. To mitigate this effect, a high-pass Butterworth digital filter
(sixth order, zero-phase implementation) with a cut-off frequency of 0.5 Hz was
applied to remove slow-varying components of the signal.
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High-Frequency Noises

High-frequency ECG disturbances are mainly due to powerline interference
(50/60 Hz and harmonics) and electromyographic noise, the latter being par-
ticularly challenging because its spectral content overlaps with that of the ECG
signal. These components may impair waveform interpretation and reduce the
accuracy of delineation, particularly for low-amplitude features such as the T
wave [194]. To attenuate such interference while preserving relevant ECG con-
tent required for detection and delination, a low-pass Butterworth digital filter
(sixth order, zero-phase implementation) with cut-off frequency of 40 Hz was
applied. An example of the original ECG signal and the corresponding filtered
signals is shown in Figures2.1a and 2.1b.

Finally, after T-wave delineation and segmentation, each extracted T wave
was additionally low-pass filtered using a bidirectional sixth-order Butterworth
filter (20 Hz cut-off) to attenuate residual out-of-band components and pre-
serve the dominant frequency band relevant for the subsequent computation of
morphology-based markers.

2.1.2 Fiducial Detection and Delineation

QRS detection and ECG waveform delineation were performed using al-
gorithms fully described in Martinez et al. [195]. Specifically, Martinez et al.
introduced a wavelet-based delineator that relies on a time-scale representation
of the signal, which is well suited to ECG analysis given the different dominant
frequency content of the QRS complex and the P and T waves. For multilead
delineation, they used a rule-based strategy previously proposed by Laguna et
al. [196], obtaining robust multilead fiducial points by consolidating single-lead
annotations.

Single-Lead Wavelet-Based Delineation

Single-lead delineation was based on the discrete dyadic wavelet trans-
form (WT), which decomposes the ECG into a time-scale representation al-
lowing analysis at different temporal resolutions. Fiducial point detection was
performed at the wavelet scales associated with each waveform: QRS-related
activity was mainly identified at scales 2! — 22, whereas P and T waves were
characterized at scales 2% —25 [195]. In this framework, local maxima and min-
ima of the WT coefficients correspond to steep slope variations in the ECG,
whereas zero-crossings between opposite extrema are associated with waveform



38 Chapter 2. General Methods for ECG Signal Processing

peaks. Wave morphology and boundaries were subsequently determined using
threshold-based criteria driven by the number, polarity, and temporal arrange-
ment of the detected coefficients, defining onset and end points around the first
and last significant slopes associated with each wave [195].

ECG filtering
and delineation
{1/ B B D | i, VARSI A P o i (O
Vil T T pes

Vallin Ll Ll Ll ~| PC6

V4 ;
o o o
- RN . 1 |----R peak b |----R peak |
Vo Ve | “ “ “ “ A “ ‘- - - Ton/ToffH per - - --Ton/Toff
g Ve[l hid |y = Tpeak || PC8 = T peak [
I WSS e wa===wwa=2
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s) Time (s)
(a) (b) (c)
Original ECG signal ECG pre-processing

Figure 2.1: Example of the signal processing workflow from the original multilead ECG
to the spatially PCA representation used for subsequent analysis. Panel (a) displays a 5 s
segment of the original ECG from the 8 independent leads. Panel (b) shows the same segment
after filtering, as described in Section 2.1.1, together with the delineation marks obtained as
described in Section 2.1.2: the R peak (red dashed line), T-wave onset and end (blue dashed
lines), and T-wave peak (red square). Panel (c) shows the corresponding principal components
after applying spatial PCA to the 8 independent leads, as detailed in Section 2.1.3, with the
same fiducial marks displayed on the dominant component.

Multilead Selection Rules

To derive multilead fiducial markers from the set of single-lead detections,
a rule-based post-processing strategy was applied as proposed in [196]. Lead-
wise annotations were first temporally ordered and evaluated for inter-lead
consistency. A multilead marker was accepted only when a predefined number
of neighboring annotations (k) were located within a tolerance interval A ms,
ensuring agreement across leads. In the implementation used in this thesis, k
was set to 70% of the number of leads included in the analysis, rounded to the
nearest integer. The tolerance A was set to 4 ms for P-wave onset and end,
12 ms for QRS onset, 10 ms for QRS end, and 12 ms for T-wave onset and
end.
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For peak locations, the multilead annotation was obtained by combining the
consistent lead-wise peak annotations using a robust central estimate (median
rule). For wave boundaries, lead-wise onset and end candidates were com-
bined by selecting the earliest onset and the latest end among the annotations
satisfying the k-neighbor consistency criterion, while isolated detections were
rejected [196].

‘Workflow

Across the studies included in this thesis, these two components were com-
bined in a three-stage workflow. First, the wavelet-based delineator was applied
in single-lead mode to obtain QRS detections in each lead [195]. Second, the
multilead selection rules were used to derive robust multilead QRS reference
annotations [196]. Finally, the resulting multilead QRS reference annotations
were used both to define the ECG segmentation required for the implemen-
tation of spatial PCA, and to provide stable temporal references within the
delineator’s workflow, enabling a more reliable identification of fiducial points
in the standard leads and in the PCA-transformed lead. An example of the fil-
tered ECG signals together with the delineation marks is shown in Figure 2.1b.

2.1.3 Spatial Principal Component Analysis

Spatial principal component analysis (PCA) was used as a lead-space re-
duction technique to obtain a reduced set of transformed leads with enhanced
waveform representation. In ECG recordings acquired from multiple leads, the
different leads contain projections of the same underlying cardiac electrical ac-
tivity. PCA exploits this interlead redundancy by transforming the original
leads into a new set of orthogonal lead combinations ordered according to the
variance captured from the data [197]. In this way, the original set of leads can
be represented in a transformed system in which most of the relevant wave-
form energy is concentrated in the first components. In the studies presented
in this thesis, the PCA transformation matrix was estimated individually for
each subject using only T-wave segments selected from a study-specific learn-
ing interval, as detailed in the Methods section of each corresponding study.
When multiple recordings from the same subject were analyzed, a separate
transformation matrix was estimated for each recording.

If x(n) = [z1(n),22(n), ...,z (n)]T denotes the multilead signal vector at
sample n, where L represents the number of independent leads, the PCA trans-
formation can be expressed as:
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w(n) = ®T'x(n), (2.1)

where ® is the L x L transformation matrix and w(n) contains the transformed
components at sample n. Thus, the transformation is applied sample by sam-
ple to the multilead ECG, so that each transformed component is obtained as
a linear combination of the original leads. The columns of ® are the eigenvec-
tors of the interlead auto-correlation matrix, ordered according to descending
eigenvalues. Thus, the transformed components are ranked according to the
amount of signal variance they explain.

In this thesis, PCA was applied spatially to the set of available indepen-
dent ECG leads, whose number and configuration varied across studies, as
specified in their respective Methods sections. To estimate the transforma-
tion, the learning data were built from T-wave segments extracted from a
predefined N samples temporal interval of the k-th beat of the I-th lead ECG
recording, xj; = [2£,(0),..., 2, (N —1)], assumed to represent a stable ref-
erence condition, and were then arranged, concatenating the set of K beats,
X = [x04,. .- ,xr—1,]7, and arranging the L independent leads in a data ma-
trix X = [X1,...,Xr], with one row per time sample and one column per lead.
Thus, if M = K x N denotes the number of samples used for learning, the data
matrix satisfies X € RM*L and the L x L interlead auto-correlation matrix was
estimated as:

L or

Ry = MX X (2.2)
where Rx € REXL. The eigenvectors of Rx define the PCA basis, whereas
the associated eigenvalues quantify the variance captured by each transformed
direction. Accordingly, the transformation matrix ® in (2.1) was constructed
by arranging the ordered eigenvectors of Rx as columns. Once the transfor-
mation matrix had been obtained, the original multilead ECG recordings are
projected onto this basis to obtain the transformed leads.

Since the transformed components are ordered according to the variance ex-
plained, the first transformed lead wq(n), denoted as PC1, contains the largest
amount of energy of the waveform represented in the learning data, whereas
the subsequent components capture progressively smaller contributions. This
property is particularly useful in ECG analysis because it concentrates the dom-
inant morphology of the waveform of interest into the first transformed leads
and provides a compact representation with improved signal-to-noise ratio for
subsequent morphological characterization [197,198]. An example of the re-
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sulting principal components, derived from the same ECG segments illustrated
in Figure 2.1b, is shown in Figure 2.1c.

Within this framework, the multilead QRS reference annotations described
in the previous subsection were used to define the ECG segmentation required
for PCA and to provide consistent temporal references for the subsequent delin-
eation of fiducial points in both the standard leads and the PCA-transformed
lead. The resulting delineated waves were then used for marker computation.

2.2 Classical ECG Markers (Intervals and Amplitudes)

In addition to the time-warping-based indices described in the following,
some classical ECG derived markers were also considered throughout this the-
sis, either as complementary descriptors of ventricular repolarization or as ref-
erence indices for comparison with the proposed methodology. In particular,
when relevant to the specific pathological setting under study, the following
conventional markers were evaluated:

e ST-segment level (ST): measured as the difference between the ECG
signal amplitude at 60 ms after the J point and the isoelectric level,

computed as the average signal over a 10 ms segment starting 15 ms
before QRS onset.

e T-wave peak amplitude (T,): amplitude difference between the T-wave
peak fiducial point and the isoelectric level.

e T-wave width (T\,): interval from T-wave onset to T-wave end.

e T-wave peak-to-end interval (T)): interval from T-wave peak to T-wave
end.

o QT: Interval from QRS onset to T-wave end. When required, heart-rate
correction was applied using Bazett’s formula, yielding the corrected QT
interval (QT,).

These markers were used across the different studies included in this thesis
according to the specific pathological setting and study objective, providing
established descriptors of ventricular repolarization that help contextualize the
interpretation of the proposed time-warping-based indices. When required,
the different ECG markers will be denoted with the superscript I, where [ €
{PCA,L,1I,...V6} denotes the lead in which the index is measured.
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2.3 Time-Warping Analysis

As introduced in Chapter 1, several ECG-derived biomarkers have been
proposed to characterize ventricular repolarization abnormalities and the asso-
ciated arrhythmogenic substrate across different pathological settings. Most of
these markers rely primarily on fiducial-point measurements and therefore may
not fully capture the information conveyed by the overall T-wave morphology.
To address this limitation, other biomarkers have been proposed, including in-
dices derived from vectorcardiographic information [77], the V-index [199], and
more recently, the composite morphology-based descriptor morphology combi-
nation score (MCS) index [200,201].

Within this context, time-warping analysis was introduced as a robust
morphology-based framework to compare the morphology of two T waves,
allowing quantification of linear and non-linear variations. The methodolog-
ical basis of this approach was originally developed by Ramirez et al. [202]
for the characterization of whole T-wave morphological variability, and was
later extended to the analysis of T-wave morphology restitution (TMR index)
which quantifies the T-wave morphological variations with respect to heart rate
changes [203], and to the quantification of T-wave morphology variation (TMV
index) with respect to a given reference under comparable heart-rate condi-
tions, such as a population-defined reference [204]. Moreover, this methodology
was subsequently adopted by Palmieri et al. [198] for non-invasive monitoring
of blood potassium changes from T-wave morphology in hemodialysis patients,
and later by Bukhari et al. [205] in a broader framework aimed at character-
izing serum potassium and calcium concentrations from ECG depolarization
morphology analysis.

To introduce the general time-warping methodology used to compare T-
wave morphology, consider two T waves and let them be denoted as the refer-
ence, fT(t") = [f"(t"(1)),..., fr(t"(N,))]", and the studied, £5(*) = [f*(t*(1)),

L PR (N)T, where 7 = [t7(1),...,t"(N,))]T and t° = [t5(1),...,t5(N,)]T
are the corresponding uniformly sampled temporal vector, and N, and Ny de-
note their total duration in samples, respectively, as shown in Figure 2.2a. For
the warping computation, both T waves must have the same polarity. Prior
to this analysis, both waves are shifted to align their centers of gravity so that
the subsequent comparison reflects morphological changes rather than relative
temporal delay. The studied T wave is then temporally aligned (warped) to
the reference one, and the resulting transformation is used to quantify the
morphological differences between them.
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Let v(t") be the warping function relating " and t* such that the composi-
tion [f* o v](t") = f*(y(t")) denotes the time-warping or re-parameterization
of the f*(t%) using v(t"). In this way, f*(v(¢")) represents the amplitude val-
ues of the studied T wave f*(t°) after adapting its temporal vector to that of
the reference one.

A widely used approach for time-domain warping is dynamic time warping
(DTW), which determines the optimal warping function by minimizing the
Euclidean distance between the two waveforms. Under this formulation, the
optimal warping function is given by:

Torw(t) = arg(gl)in [£7@") = £ (@) (2.3)

However, when the warping is performed directly on the original waveforms,
the resulting solution may be affected by the so-called “pinching effect” [206].
This occurs when the algorithm matches points with similar amplitudes but
different morphological features, such as the peak of one T wave and a non-
peak point of similar amplitude on the other T wave. Such mismatches can
lead to excessive local time compression, whereby a relatively long segment of
one waveform is matched to a much shorter segment of the other, producing
an artificial alignment that reduces amplitude differences without preserving
morphological correspondence. To avoid this problem, the square-root slope
function (SRSF) representation was proposed to perform the warping in a
better defined geometrical space [207,208]. For a waveform f(t), its SRSF is
defined as:

a(t) = sign (1)) V/1£(®)]. (2.4)

Accordingly, the SRSF's corresponding to the reference and studied T waves,
f7(t") and f*(t*), are denoted by qs-(t") and gys(t*), respectively, as shown
in Figure 2.2b.

The function, v*(t"), that minimizes the amplitude difference between the

SRSF of f7(¢) and F*(1(t")), qp-(¢") and qreo(t7) = g ((E)VAE),

respectively, is selected as the optimal warping function [207,208],
V") = arg(fl)in (lasr (") = gjpsoy (E7)])
py T

= argmin (|lgp-(¢7) — gp (1 (E)V/3 ()]

Y(tT)

(2.5)
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Figure 2.2: Schematic overview of the time-warping analysis used to separate temporal and
amplitude differences between two T-wave morphologies. Panel (a) shows the reference T
wave f7(t") (blue line) and studied T wave f°(¢t°) (red line), the latter showing longer dura-
tion and larger amplitude. (b) Corresponding square-root slope function representations of
both waveforms in (a). (c) Warping function optimally relating ¢t" and t°. (d) Square-root
slope function representations of the reference waveform and the warped studied waveform.
(e) Warped studied T wave, f°(y*(t")), where time-domain differences have been compen-
sated and the remaining mismatch with respect to the reference waveform only reflects am-
plitude variability.

To obtain this optimum the dynamic programming algorithm [209] was
used to optimize the analysis, explained in detail in Appendix A in [202]. The
warping function y*(¢"), that optimally relates f*(¢°) and f"(t") in Figure 2.2a
is shown in Figure 2.2c. The warped waveform, f*(v*(¢")), which preserves
the original amplitude information of the studied T wave after compensation
for temporal differences, and the reference f”(t"), are shown in Figure 2.2e.

2.3.1 Unsigned Time-Warping Marker

The unsigned time-warping marker [202] quantifies the overall amount of
time-warping required to optimally align the studied T wave, f*, to the refer-
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ence one, f", and is defined as the average of the absolute differences between
~*(t") and t":

N,

=y 24 P ) — ) (26)

As illustrated in Figure 2.2, di can also be interpreted as the area be-
tween the optimal warping function v*(¢") and t", normalized by the duration
of the reference T wave. Since the optimal warping function v*(¢") describes
how the uniformly sampled temporal vector of the studied T wave must be
re-parameterized to match that of the reference wave, its deviation from the
identity mapping provides a direct measure of time-domain morphological vari-
ability, regardless of the net direction of the warping. Accordingly, d reflects
temporal variability in the waveform shape without distinguishing whether the
studied T wave must be globally widened or compressed with respect to the
reference one. Its value increases as the discrepancy between ~*(¢,) and the
identity mapping becomes larger, and becomes zero only when no time-warping
is needed.

2.3.2 Signed Time-Warping Marker

The signed time-warping marker was proposed by Palmieri et al. [198] to
complement the originally proposed time-warping marker by incorporating the
net direction of the time-warping, thereby allowing distinction between T-wave
widening and narrowing. It is defined as:

o= () 5 Z| (& (n) ~ () .7)

where S; determines the sign of d,, and is defined as:

Si= Y, (Yt () =t (n) + D, ('(n) —7*(t"(n))) (2.8)

neNY n¢NY

with N denoting the up-slope region of the T wave. In this formulation, the
sign of S; determines the predominant direction of the warping. A positive
value of d,, indicates that aligning f*(t°) with f"(¢") predominantly requires
widening of the waveform, while a negative value indicates that it predom-
inantly requires narrowing the waveform of f*(¢°) to match that of f7(t").



46 Chapter 2. General Methods for ECG Signal Processing

Therefore, this signed marker preserves not only the magnitude of the time-
warping, but also its direction.

The original time-warping framework also provides complementary descrip-
tors of T-wave morphological variability. In addition to the temporal warp-
ing descriptor d,, d, quantifies amplitude differences remaining after tem-
poral alignment, while d)* and d\" isolate the strictly non-linear compo-
nents of temporal and amplitude variability, respectively [202]. Subsequent
arrhythmic-risk applications of this framework were centered on d,, includ-
ing the T-wave morphology restitution (TMR) [203] and T-wave morphology
variation (TMV) [204] indices, both of which were formulated from this tem-
poral descriptor and subsequently associated with arrhythmic risk in different
populations. At the same time, later applications evaluating all the original
descriptors showed that their relative performance depends on the physiolog-
ical settings and the process driving the waveform changes, with d,-based
temporal descriptors repeatedly showing strong associations with physiolog-
ical variables under study, while the non-linear or amplitude-based markers
can provide complementary information in specific settings [198,210]. In this
thesis, d,, was therefore retained as the common marker to consistently char-
acterize temporal morphological changes across the different studies, while the
complementary information potentially provided by the other descriptors was
left outside the scope of the present work.

2.3.3 T-wave Peak-to-End Restricted Warping Analysis

While the general time-warping framework described above was originally
formulated to compare the morphology of the whole T wave, in this thesis,
as will be shown in the following chapters, a restricted version of the analysis
was considered by limiting the comparison to the T, interval. This adapta-
tion was introduced to focus the analysis on the terminal part of ventricular
repolarization, which has shown particular relevance for arrhythmic risk as-
sessment in ischemic settings and in Brugada syndrome, and to reduce the
influence of morphological changes affecting the earlier portion of the T wave,
such as concomitant ST-segment deviations, which may also be present in both
pathological conditions.

Under this restricted approach, the same time-warping framework described
above is applied, but the reference f"(¢") and studied f*(t°) waveforms are de-
fined only over the T, interval as shown in Figure 2.3a. In this case, instead
of being aligned with respect to the center of gravity, both waveforms were
aligned with respect to the onset of the T, before the warping computation,
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i.e., the T-wave peak. The corresponding time-warping marker was then com-
puted as defined in 2.7 by averaging the absolute difference value between t"
and the optimal warping function v*(¢"), whereas in this restricted setting the
sign term, Sy, was adapted to account for the net direction of the temporal
reparameterization within the T, interval, and was defined as:

N
Su= 3 (n) =72 () (2.9)
n=1

Likewise, positive and negative values summarize the net direction of the
temporal reparameterization relative to the reference waveform. Accordingly,
positive values reflect that aligning f* with f” requires temporal stretching,
whereas negative values correspond to a shrinking with respect to the reference
waveform.

When required throughout the thesis, d,, will be denoted as dfu’I, with
l € {PCA,I[1I,...V6} denoting the lead where the index is measured and
Z € {T, Ty} indicating the part of the T-wave where the measurement is
taken.

A schematic illustration of this restricted version of the warping index com-
puted over the first PCA transformed lead, dy,7 , is provided in Figure 2.3,
which shows the original T,. segments, the corresponding warping function,
and the final warped T, waveform for a particular subject.

2.3.4 Mean Warped T-Wave

From a set of I T waves, {f{(t7), f5(t3),..., f{(t})}, presenting temporal
and amplitude variability, it is possible to calculate a MWTW that provides
an optimal representative average in both temporal and amplitude domains.
Consequently, the MWTW is iteratively searched in the SRSF domain through
a waveform g" (t"), where k denotes the iteration, that minimizes the average
difference with respect to the SRSF transformations of all T waves in the set.

The initialization is performed by taking g*='(¢") as the regular average of

{ag; (t9). a5 (t3), .- -, qr; (E7)}-

For each iteration k, the optimal set of warping functions {'yi“k (t), ﬁk (),
. ,’y}“k (t-)} is obtained by minimizing
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Figure 2.3: Ilustration of the Tpe-restricted time-warping analysis. Panel (a) shows the
reference Tp. waveform f7(t") (blue line) and the studied Tp. waveform f°(¢°) (red line).
Panel (b) shows their corresponding square-root slope function representations. Panel (c)
shows the optimal warping function v*(¢"). Panel (d) shows the square-root slope function
representations of the reference waveform and the warped studied waveform, while panel (e)
shows the warped studied waveform, f°(v(t")).

k 3 =~ ‘s T
37" ) = argmin (|64(€7) = a0 (¢)])
i (t"

i=1,...,1.

(2.10)

The updated SRSF transformation of the MWTW is then calculated as

I
1
*k+1
q r F ; f“’o'y*k ) (2'11)

Equations 2.10 and 2.11 are repeated iteratively until the difference between
the energies of ¢"*1(¢") and g*(t") is lower than 0.1%. The MWTW is then
retrieved by transforming g*(¢") back to the original domain. Based on the
definition of the SRSF, the following relationship holds:
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sign (qk(tr)) — sign ( f(t”)) (2.12)

Also, by squaring the SRSF definition:

") = |Ft)

— Ft)sign(F(t)) (2.13)

Then, solving for f(t"), and using Equation 2.12:

F&) = () sien(a* () = ¢° (") |g"(¥))

(2.14)

Finally, numerically integrating Equation 2.14, and taking the integration
step as the unity:

(0) + 2 0) | ) (2.15)

i=1 =1

When the T waves in the set present a high degree of morphological simi-
larity, the MWTW is expected to provide a representative morphology of the
whole group. In contrast, when the set includes heterogeneous morphologies,
for instance a mixture of biphasic T waves together with monophasic ones, the
resulting mean warped T wave will tend to resemble the dominant morphology,
if one clearly prevails, or otherwise an average morphology after warping when
the different patterns have similar weight. Therefore, prior to the computation
of the MWTW, it may be convenient to include a preprocessing step aimed at
excluding undesired or non-dominant T-wave morphologies.

In this thesis, the same methodology was also applied to the T). interval
to compute the corresponding mean warped waveform, referred to as the mean
warped T-peak-to-T-end wave (MWTPE) when specifically considering that
restricted case.

2.3.5 Weighted Time-Warping Markers

To reduce the influence of possible delineation errors at the boundaries
of the analyzed interval on the computation of the time-warping markers,
weighted versions of the warping function were considered. For example, an
inaccurate identification of the T-wave end may introduce spurious tempo-
ral differences near the boundary, affecting the resulting marker even in the
absence of genuine morphological changes. As introduced by Palmieri et al.
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in [198], two weighting functions derived from the reference T wave were de-
fined to emphasize either the central part of the T-wave or the regions with
the largest slope, while attenuating both ends of the waveform, as illustrated
in Figure 2.4.
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Figure 2.4: Overview of the weighting strategy applied to the computation of weighted time-
warping markers. Panel (a) shows the reference and studied T waves, f"(t") and f°(t°),
respectively. Panels (b) and (c) display the weighting functions Wr (") and Wp(t"), derived
from the reference T wave and its derivative, respectively. Panel (d) shows the unweighted
warping function v*(¢") (Wo(t") = 1) and the corresponding unweighted marker. Panels
(e) and (f) show the weighted warping functions % (¢") and v} (¢"), together with the corre-
sponding weighted markers. Light and dark green areas indicate the unweighted and weighted
time-warping markers, respectively.

As described in Section 2.3, the computation is based on the reference f”
and studied f°® waveforms, and on the corresponding optimal warping function
v*(t") relating both waves, which defines the unweighted case (Wo(t") = 1),
while Wyp(t") and Wp(t") define the T-wave-amplitude-based and derivative-
based weighting functions used to obtain the corresponding weighted warping
functions, shown in Figure 2.4b and Figure 2.4c, respectively.

The weighting function Wy (t") was obtained from the normalized reference
T wave. First, f7(¢") was divided by its maximum value. Then, the linear
function connecting its first and last samples was subtracted, and the resulting
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waveform was normalized again to unit maximum. This weighting function
emphasizes the central part of the T wave and reduces the contribution of its
boundaries, as shown in Figure 2.4b.

The weighting function Wp(t") was derived from the absolute derivative
of the reference T wave. The derivative waveform was split into two parts,
taking the zero crossing at the T-wave peak as the dividing point. The same
procedure used to define Wrp(t") was then applied separately to each part, and
both were finally joined to obtain Wp(t"). In this way, the regions of maximum
slope were emphasized, as illustrated in Figure 2.4c.

The weighting was applied to the previously estimated optimal warping
function, rather than modifying the T waves and recomputing their alignment,
since its purpose was to adjust the contribution of different temporal regions to
the marker without changing the original alignment procedure. The reference
T wave was used to define the weighting functions because both the warp-
ing function and the resulting marker are expressed over its temporal axis,
t", providing a consistent weighting profile for comparisons against the same
reference.

The weighted warping function was then defined as

YEET) = () - Wr(th), e {0,T,D}. (2.16)

Thus, for I" = O, the original unweighted case is recovered. The weighted
time-warping marker was then re-computed as defined in Equation 2.6, but
considering the corresponding weighted warping function, v} (t"). Accordingly,
throughout this thesis, when required, the dqlﬂl nomenclature defined above was
further denoted as deF’Z, where I' € {T,D} indicates the T-wave-amplitude-
based and derivative-based weighting conditions, respectively. For simplicity,
the unweighted case was denoted as dfﬂl. The corresponding weighted warping
functions and weighted markers, represented by the dark green areas, are shown
in Figure 2.4e and Figure 2.4f, together with the original unweighted warping
marker, represented by the light green area.
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3.1 Introduction

As described in Chapter 1, ischemia in the cardiac tissue is a substrate which
increases the risk for ventricular arrhythmias, including VT and VF [211]. One
of the mechanisms that increase propensity to arrhythmia under ischemia is
the increased dispersion of ventricular repolarization. The link between hetero-
geneities resulting in dispersion of ventricular repolarization and the genesis of
arrhythmias has been demonstrated both in experimental models and in clinical
studies [7,8]. However, robustly identifying in the ECG those markers of repo-
larization alterations that better represents the potentially harmful substrate
remains an unmet demand.

This chapter focuses on the study of repolarization changes from the ECG
under ischemic conditions. It must be noted that many arrhythmia risk ECG
biomarkers developed for non-ischemic conditions (e.g. long QT syndrome,
brugada syndrome, chronic heart failure, etc.) are challenged under ischemic
conditions by the presence of concurrent ST elevation/depression and early
T-wave modifications which appear at the ECG simultaneously with the ar-
rhythmia risk signatures.

ECG changes during acute ischemia include alterations in the ST-segment
level and/or T-wave amplitude [212], together with alterations of the global
spatio-temporal characteristics of the ECG. Those alterations have been the
basis for the development of ischemia detectors and monitoring systems, being
the ST-level the most widely-used [74]. However, while in some patients mild to
moderate ischemia can cause low alteration on the ECG, more pronounced ST
elevation/depression can occur during severe ischemia largely affecting the early
part of the T-wave on the ECG [79,212,213]. So, it is important to consider
these manifestations of ischemia in the selective development of biomarkers
quantifying the degree of repolarization dispersion as a surrogate for arrhyth-
mia risk under ischemia.

Acute ischemia induced during PCI provides an excellent model to investi-
gate the dispersion of repolarization changes undergoing during the initial min-
utes of ischemia. It alters ventricular repolarization by, (a) shortening repolar-
ization time (i.e., temporal changes) and (b) slowing the conduction speed [79],
creating heterogeneity between different myocardial regions. Ischemia-induced
heterogeneity has been related to the generation of ventricular arrhythmias and
increased arrhythmic risk [13,214]. However, other ischemia-induced changes
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in the ECG unrelated to repolarization dispersion, such as ST elevation/de-
pression may interfere in the computation and interpretation of risk markers
developed for non-ischemic scenarios, such as T-wave alternans [215], the V-
index [199] or the (TMR) [203] and (TMV) [204] indices.

As discussed in Chapter 1, several fiducial-point-based ECG markers have
been proposed to characterize ventricular repolarization heterogeneity. Chap-
ter 2 further emphasized that these markers may not fully capture the infor-
mation conveyed by the overall T-wave morphology, which has motivated the
development of markers trying to overcome this restriction. In particular, the
time-warping framework described in Chapter 2 allows to compare the mor-
phology of two T waves.

Under ischemic conditions, the ST elevation/depression may largely influ-
ence the above-described markers, reducing their accuracy in quantifying ar-
rhythmic rigk, limiting their utility. This is not the case for the T-peak to T-end
interval, although this marker is still largely sensitive to errors in the identifi-
cation of the fiducial points. To address this limitation, this chapter evaluates
whether a time-warping-based morphology analysis, but restricted to the T-
peak to T-end part of the T-wave, can be a proper, robust and artifact-free
alternative to quantify repolarization dispersion during ischemia ischemia.

3.2 Methods

3.2.1 Dataset

The study population contained 101 patients from the STAFF III database
[189] (63 males, with 35 patients with evidence of prior myocardial infarction)
undergoing elective balloon percutaneous coronary intervention (PCI). The
database was collected at the Charleston Area Medical Center (WV, USA),
where single prolonged balloon inflation had been introduced to achieve optimal
results of the PCI. Standard leads V1-V6, I, II, and III of the ECG were
digitized with an amplitude resolution of 0.625 pV and a sampling rate of
1000 Hz. The remaining three standard augmented leads aVL, -aVR, and
aVF were subsequently generated from the limb leads and used for the spatial
analysis. The study was approved by the local Investigational Review Board
and informed consent was obtained from the patients before their enrollment.
All patients were clinically stable during the ECG acquisition. Patients who
presented any signal loss during the recording were not included.

For each patient, 5 minutes ECG recording at rest in supine position pre-
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vious to any catheter insertion or balloon inflation (control recording) and the
corresponding paired ECG recording obtained during the first balloon inflation
were analyzed. The duration of the occlusion period ranged from 1:09 to 7:17
minutes (mean: 4:20 minutes). The spatial distributions of the 101 balloon
inflations were: left main (LM) artery in 2 patients, left anterior descend-
ing (LAD) artery in 33 patients, left circumflex artery (LCX) in 21 patients
and right coronary artery (RCA) in 45 patients, distribution with each artery
can be found in Table 3.2.

3.2.2 ECG Pre-processing

The ECG pre-processing workflow described in Chapter 2 was applied in
this study. Briefly, this included ECG filtering, single-lead QRS delineation,
multilead QRS fiducial point selection and spatial PCA tansformation .

In this chapter, the initial delineation was performed on the available stan-
dard leads (V1-V6, I, II and III). PCA was then applied to the eight inde-
pendent leads to emphasize T-wave components and improve their delineation.
The PCA transformation coefficients were calculated from T-wave segments
contained in a 15-s window at the beginning of the recording, for control record-
ings, or at beginning of the balloon inflation, for PCI recordings. T-wave seg-
mentation was performed using a fixed window referred to the corresponding
QRS mark following rules in [216].

Finally, the first principal component ECG signal, i.e., the transformed
lead where the T-waves have maximal energy, was delineated making use of
the single-lead technique [195]. The resulting fiducial points were used for the
subsequent ECG analysis. Finally, each T-wave was further filtered with a
sixth order low-pass bidirectional Butterworth filter (cut-off frequency of 20
Hz).

3.2.3 Quantification of T-Mave Morphology Changes

Each recording was divided into consecutive 15-second windows, with 10
seconds overlap. For each s-th window, as shown in Figure 3.1a, a MWTPE,
FE@E%) = [f2(t3 (1)), ..., fE(t5(N:))]T, where t° = [t5(1),...,t5(Ns))]", was com-
puted following the procedure detailed in Section 2.3.4. Initially, all T-waves
contained within a given window were transformed to have positive polar-
ity. For each window, the predominant T-wave class, biphasic or monophasic,
was determined as the one with the highest number of occurrences. Only T-
waves from the predominant class were considered for the computation of the
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Figure 3.1: MWTPE f°(t°) estimation and reference MWTPE f7 (") selection rule at the
STAFF-III data-set. The f°(t*) MWTPE was estimated from time-windows of 15 seconds du-
ration and 10 seconds of overlap throughout the entire record. The reference f"(¢t") MWTPE
was selected among the MWTPESs within 1 minute period, at the control recording, and within
30 seconds period at the beginning of the PCI recordings.

Selected T-peak-to-end waves are aligned with respect to the T-wave peak.
Additionally, an extra selection rule was applied to avoid the effect of delin-
eation errors: only those T-waves whose duration T), satisfies T} ,,, — 40 <
Ty < Ty, +40 (ms) were selected for the MWTPE computation, where T .,
is the median of the T-wave duration within each s-th window. The estimated
MWTPE f£5(t°) is representative of the dominant morphology of T-waves from
peak to end in that particular s-th window.
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We chose a reference MWTPE among the f* MWTPEs from the first
minute in the case of the control recording, and from the first 30 seconds after
balloon inflation in case of the PCI recordings, f"(t") in Figure 3.1b, (blue
dashed line rectangle). The selection period at PCI recordings is smaller to
minimize ischemia-induced repolarization changes. To choose the reference
MWTPE f7(t") from the most stable s-th time window, we compute a disper-
sion index (vs) in each s-th window, as:

—ir % [£2°) = £ [F7(8°) = £2(°)]
o Ns Ms = (3.1)

1 S(4S S (S
AEACOIRERCY

considering all pieces of T-waves f7(t*) (i € {1...M,}) within each window.
Then, the reference MWTPE is taken as

fr@") = fom(@t°m), with s, = argmsin{vs}. (3.2)

To quantify the evolution of the MWTPEs morphology along time in each
patient, we applied the method described in Section 2.3.3, which estimated the
index d;; 77 | as the mean amount of warping needed to remove the time domain
variation among two different waves, the reference f"(¢"), and the one under
study f*(t°). Figure 3.2a shows an example of the MWTPEs previous to time-
warping, f"(t") calculated at the initial part of a PCI recording and f*(¢°) from
two minutes later. The warping function v*(t"), that optimally relates f*(¢%)
and f"(¢") in Figure 3.2a is shown in Figure 3.2b. The warped T-peak-to-end
wave, f*(y(t")), and the reference f"(¢"), are shown in Figure 3.2c.

Based on this pairwise comparison, in order to analyze the d; —time
b

course during acute ischemia, its value was computed for each s-th f*(t%)
MWTPE, resulting in the time series dy," (s).

3.2.4 Repolarization Changes Analysis

The analysis of repolarization changes is performed in two different ways:

1. Temporal evolution: The warping is performed on the first principal
component transformed lead since it is supposed to emphasize T-wave
components and so hypothesized to enhance morphological differences.
For each patient, the time course variation of repolarization dispersion
is evaluated as the evolution of d;; (s), s € {1,...,5}, every 5 seconds
relative to the initial stage taken at reference.
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Figure 3.2: Analysis performed for time-warping index estimation from a particular patient
of the STAFF-III database during the PCI procedure. Panel (a) displays both the reference
FT(t") (solid blue) and a particular s-th f°(¢°) (doted red line) MWTPE. Panel (b) displays

the warping function v*(¢") (dotted red line) that optimally relates the reference f"(¢") and

studied f°(¢°) MWTPEs. The total amount of warping, quantified by di%‘;w is represented

by the green area between v*(¢") and ¢". Panel (c) displays both the reference f"(¢") (blue
line) MWTPE and the warped f°(v(t")) MWTPE.

2. Spatial distribution: We separately quantified the warping index in each
of the 12 standard leads, and investigated the relationship between the
occlusion site and spatial distribution of the diuije (s), I € {V1,..,V6,
aVL, I, aVR, II, aVF, III}. To have a spatially global indication of T-
wave changes, the mean across patients of d;,, (s) maximum in each

PCI recordings, is also computed and denoted E;7Tpe(s).

To analyze the warping value evaluated at any time of the PCI interven-
tion, the value d;,"; (s) is expressed in relative terms with respect to dy7p
variations during the ischemia free control recording using the index R4. Sim-
ilar to the ischemic changes sensor proposed in [74], R4 normalizes the change
induced by ischemia using the standard deviation of d;;7 measured at the
control recording, where no ischemic-induced changes are expected, denoted as
oy

The R4 in this study is defined as,

APCI s
Ra(s) = 24, (33

C
94

where the magnitude of change in dyr (s) during PCI occlusion at any time,

s, is denoted by A;°'(s). In order to have a robust estimation of A;%(s), a
linear fitting model d},% (s) is fit to d}, % (s) between s = 1 and s and defining
s Tpe s pe

AL (s) as the difference between CZE}?TAPE (s) and cz{f?pe (1). For example, a value
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of Rq =5 means that the d;,"" (s) has increased during the occlusion 5 times
the standard deviation of the change observed during the control recording o§.

3.2.5 Classical Indices of Ventricular Repolarization

To further test the robustness of dy 7 (s), we compare its performance
with that from the traditional ischemic indices, ST segment level (ST), T-wave
peak amplitude (T,), T-wave width (Ty), and T-wave peak to end interval
(Tpe), measured as detailed in Section 2.2.

Each index was measured beat-to-beat to analyze its time course during
PCI, obtaining the series ST(n), T4(n), Tw(n) and Tpe(n), respectively. We
also analyzed the magnitude of changes observed during balloon inflation for
each patient using R7°*, where Z € {ST, T, Ty, Tpe}, defined analogously to
REY in (3.3).

3.2.6 Statistical Analysis

McNemar analysis was used to compare control with PCI recordings, and
Fisher’s exact test was used in the contingency tables. We used the Kruskal-
Wallis test to assess differences among groups. The statistical significance was
considered when p-value < 0.05. We used boxplots to show the distributions
of data, where the central mark represents the median, the edges represent the
25th and 75th percentiles, and the whiskers represent the most extreme data
points not considered as outliers. Computations were made with MATLAB®
version R2020b.

3.3 Results

3.3.1 Changes of d;’} During Occlusion
y1pe

When computing d;,-2 = for each s-th window and each individual patient
- pe

the percentage of T waves that do not satisfy the extra selection rule related
to T wave duration (T ,,, —40 < Ty, < Ty, ,, +40 (ms)), was, in average, 1.4%.

In the control recording, the standard deviation, ¢, had a median of 0.54
[IQR: 0.33], ranging from 0.018 to 2.085 ms. The stability of dy 7 in the
control recording was tested by estimating R};“* in the second half of each
control record using as reference the value obtained in its first half, showing a

median of 1.00 [IQR: 1.13], ranging from 0.03 to 2.93.
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The number of patients, for control and PCI stage, where R;°*, evaluated

as in (3.3) with s = s7°'* is larger than certain thresholds (1, 2, 5 and 10) are
reported in Table 3.1. Percentages of recordings with R;°* over a threshold
in PCI, were found significantly higher than in control: RE°* > 1,2,5,10, in
94.1%, 85.11%, 64.4% and 48.5 % of PCI recordings vs 50.5% 12.9%, 0% and 0%
in control, McNemar test p = 3.7-1071, p=4.0-1072!, p = 5.4- 10720 and
p = 3.6 - 10715, respectively. Details of R prevalence during PCI recordings
segregated by occluded artery, gender and the presence of previous MI are
reported in Table 3.2.

Table 3.1: RdPCA prevalence classification in the study population according to the stage test

Subset # RIA>1 RIA>2 RICA>5 REA> 10
Control recording 101 51 (50.5%) 13 (12.9%) 0 0
PCI recording * 101 95 (94.1%) 86 (85.11%) 65 (64.4%) 49 (48.5%)

* p < 0.05 PCI recordings vs Control recordings (McNemar test)

We did not find any significant differences in prevalence of repolarization
changes, measured as R;°* > 2, by occlusion site: 81.8%, 86.7%, and 85.7% for
LAD, RCA and LCX, respectively. LM group was excluded in this comparison
due to its small size. For larger, R;°* > 5, changes requirements, patients
with LAD occlusion reached the threshold in 66.7% of the patients and RCA
in 71.1% while LCX reaches the threshold just at 52.4% of patients although
the differences are not significant. Neither are differences in prevalence for
RECA > 10.

Differences in the three subsets between the prevalence in men and women
(63 and 38 patients in total, respectively) and between patients with and with-
out evidence of a previous myocardial infarction (MI) (35 and 66, respectively)
were not either statistically significant.

The R},°* magnitude ranged from 1.01 to 80.74 (mean/median: 17.55/9.44).
The box and whiskers plots according to the occluded artery subsets are shown
in Figure 3.3. There were no significant differences between the groups (p = 0.47
Kruskal-Wallis test), although the largest interquartile range was found for the
LAD subset.
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Table 3.2: RECA prevalence classification in the study population according to the occluded
artery, gender, and evidence of previous infarction.

Subset # RI>1 R>2 RE>5 R >10
LAD 33 31 (94.0%) 27 (81.8%) 22 (66.7%) 15 (45.5%)
diag 2 1 1 1 0
mid 6 6 4 3 2
prox 22 21 19 16 13

prox-mid 3 3 3 2 0

RCA 45 42 (93.3%) 39 (86.7%) 32(71.1%) 25 (55.6%)
dist 12 12 11 9 9
mid 14 12 12 8 4
prox 17 16 15 14 12

prox-mid 2 2 1 1 0

LCX 21 20 (95.2%) 18 (85.7%) 11 (52.4%) 9 (42.9%)
dist 6 6 6 4 2
mid 5 5 5 2 2
prox 10 9 7 ) 5
LM 2 2 (100%) 2 (100%) 0 0
Male 63 60 (95.2%) 55 (87.3%) 42 (66.7%) 35 (55.6%)

Female 38 35(92.1%) 31 (81.6%) 23 (60.5%) 14 (36.8%)

Pre-MI 35 32 (91.4%) 29 (82.9%) 20 (57.1%) 17 (48.6%)

No pre-MI 66 63 (95.5%) 57 (86.4%) 45 (68.2%) 32 (48.5%)
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Figure 3.3: Box and whisker plots of the "RSCA amplitudes in each patient classified by
occluded artery.

3.3.2 Temporal Distribution Analysis
An example of the d;°; (s) temporal evolution for a particular patient
during control and PCI periods is shown in Figure 3.4a. The red trace repre-
sents, for an illustrative patient, the balloon inflation time-span. Different time
instants (tagged with letters) are selected to display in Figure 3.4c the original
T-wave shape. Strong T-wave peak-to-end shape variations accompanied by
dyy . () magnitude changes (ranging from 0 to 10.10 ms) were observed, which
follow an increasing trend as inflation time progresses. In contrast, dyp (s)
magnitude during control remains stationary, ranging from 0 to 1.8 ms. All
J°(¢") MWTPEs corresponding to the d, " (s) series in the control and PCI
stages are shown in Figure 3.4b and Figure 3.4d, respectively. The blue line
represents the reference f"(t") MWTPE. Note that the d,¢ (s) evolution
described above follows the changes in the f*(¢t*) MWTPEs shape. No signifi-
cant changes are found in the control recording, while an increase in width and
a decrease in amplitude of the f*(¢*) MWTPEs are observed in the balloon

inflation period, as reflected in the dy 2 (s) trace in Figure 3.4a.

The dyr , (s) averages across all patients (blue line), denoted as Eff?pe (s)
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Figure 3.4: Example of time course evolution of di%‘ic(s) series and T-wave peak-to-end

shape changes during control and PCI stages from a particular patient. Panel (a) displays

di%‘;e (s) evolution, where the balloon inflation time is highlighted with a red line. The

shape of both the reference f"(t") MWTPE (solid blue) and each s-th f°(¢) MWTPE (red
dashed line) are shown in panel (c), with letters indicating their corresponding time instants
tagged in (a). Panels (b) and (d) show the f°(t°) MWTPEs (red lines) corresponding to
the di?ﬁﬁ(s) series for the control and PCI stages, respectively. The blue line represents
the reference f"(t") MWTPE. Note that the dﬁ%ﬁe (s) value at the end of the occlusion
has already started to decrease. This is a consequence of the 15-second window, centered at
the analyzing point, which enters in the computation of f°(¢°) and then already introducing
parts where the ischemia is reducing

and segregated by occluded coronary artery, aligned to the recording onset
or to the balloon inflation onset, for control and PCI recordings, respectively,
are shown in Figure 3.5. All database recordings were averaged. Note that
the averages have little significance from the 5-th minute onwards, due to the
quick decline in number of available records, Figure 3.5b.

In the 86 recordings showing R;°* > 2, the timing when this level of change
is first reached (evaluating R};°* as in (3.3) but with A}“" computed from the
linear fit of ;"7 (s) just up to a given s) had a median of 15 s [IQR: 15],
ranging from 5 s to 4 min 50 s. Of these, 69 patients reached R;°* > 2 during
the first 30 seconds (80.23%), while only 9 (10.47%) and 8 (9.30%) reached
it between 30 and 60 seconds, and after 60 seconds, respectively. Analyzing
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the time course evolution of the d;;7 (s) maximum in these 86 recordings we
observe that 31.40% of the maximum d; 70 (s) amplitude was already reached
in the first two minutes after balloon inflation, and extra 32.56% was reached
in the following two minutes, while the remaining 36.05% was obtained after
the 4-th minute of occlusion.
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Figure 3.5: Time course of di%ﬁe (s), represented as the average across all patients dy 1, > I

the study population and segregated by occluded artery. Alignment was performed relative
to (a) the recording onset in control records and (b) the onset of the balloon inflation in PCI
records. The upper panels show the number of averaged recordings, P(s) at a given time s.

3.3.3 Spatial Distribution Analysis

The dfu,Tpe (s) and corresponding R}, magnitude was studied in each [-th
lead. The percentage of patients presenting Rld > 2,5,10 in each lead, segre-
gated by occluded artery, is shown in Figure 3.6 by blue, red and orange bars,
respectively.

Ré > 2 reached a prevalence of 60% in all leads of each subset, except for
I being V4 and V5 in LCX and LAD occluded artery subsets, respectively. In
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the RCA subgroup, elevated 7?,2 index reached a higher prevalence in leads
l € {V1-V3,1,aVR, aVF,III} for R}, > 5 and R}, > 10. A similar outcome can
be seen for LAD occlusion in the same chest leads and V6 where the prevalence
increases, unlike the RCA group aVR and III (inferior wall) decreases. Note
that aVR reached the highest values only in the RCA group, which gives an
idea of the location of the damaged ischemic region. Interestingly, for V4
(anterior wall, which corresponding to LAD area) in Rfi > 5 range, low values
were obtained in all occluded artery groups, although it is worth noting that
for LAD subgroup reached the higher prevalence.

RCA artery group LAD artery group LCX artery group
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Figure 3.6: Percentage of patients with R}, > 2 (blue bars), R, > 5 (red bars) and R}, > 10
(orange bars) in each individual lead [ measured at the end of occlusion and segregated by
occluded coronary artery group: (a) RCA, (b) LAD and (c) LCX.

The average lead distributions of the maximum dfu,Tpe for RCA, LAD and
LCX occlusions, Jfl,,Tpe, are shown in Figure 3.7. According to the wall that
the leads looks at and the occluded artery, the highest quTpe values at chest
leads are obtained in V1-V3 in the LAD and RCA groups (V1 in RCA with
the highest values) and in V4-V6 for LCX group. Regarding limb leads, the
highest values in the RCA group are obtained in I, III, and aVR. In LAD group
the highest values are obtained in the augmented leads and the lowest in the
limb leads. In LCX which irrigates the anterior-superior and lateral sides, high
values are obtained similar to their upper chest leads V5-V6 in all limb leads
(aVR, IT and aVF with the highest values).

3.3.4 Classic Local Measurements

The time series of the different T, T}, Ty and ST indices were estimated,
and the corresponding R7°* parameters were obtained at the end of occlusion
to describe how ischemic variations are reflected in each index. Similar to the
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Figure 3.7: Average lead distributions of va,Tpe in each occluded coronary artery, segregated
by group: (a) RCA, (b) LAD and (c¢) LCX. The square represents the mean and the error
bars represent + standard deviation.

dyyr,, index, the R7%* estimator was evaluated using the control recording to
quantify changes of each index in the control stage. The standard deviation in
the first half of the control recording, 0%, had a median of 1.29, 0.65, 1.22 and
0.92, while RY“* had a median of 0.74, 0.64, 0.75 and 0.77 [IQR: 1.29, 0.65,
1.22 and 0.92] for Tq, Tpe, Ty, and ST indices, respectively.

The R7°* values from the d;; - and ST indexes, at the end of the occlusion,
reached higher values. The median R;°* values, were 9.4, 7.7, 2.7, 3.0 and 12.0
for di, | Tq, Tpe, Tw and ST indices, respectively.

» L pe

To describe the prevalence of ischemia-induced changes during PCI, we
analyzed the time instants at which the different indices began to show sig-
nificant variations, that is, at what instant the different threshold values were
exceeded. In this way, it was possible to analyze which indexes showed a more
rapid response to ischemia-induced changes and at what time of occlusion it
occurred. Table 3.3 shows the percentage of recordings where RY°* is larger
than a given threshold « € {1,5,10} at the end of balloon inflation, and the
average time at which the threshold was exceeded.

The dngApe values reached higher levels of sensitivity, measured by R7°%,

than the classic indices in a greater number of patients except for RE3* which
reached 67.3% and the 54.5% for REG* > 5, 10, respectively. The least sensitive
indices values into each thresholds were obtained for the indices T, Tpe and
Ty, with T, being the lowest. For the indices with the highest prevalence
(dir,, and ST), detection in subset R7* > 1 occurred at 17.4 and 14.6
seconds, respectively after the onset of occlusion.

The temporal evolution of each index during ischemia was calculated as the

evolution of the corresponding RY“* along balloon inflation every 5 seconds
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Table 3.3: Classification of RE®* prevalence and time instant in which it was exceeded in
the study population according to the different indices.

% of patients with RF°* | Average time (s) to reach R7°*
1 > 1 > 5 > 10 > 1 >5 > 10
df;??pe 94.1 64.4 48.5 17.4 34.7 51.8
T, 88.1 61.4 41.6 18.7 38.6 46.3
Tpe 81.2 34.7 13.9 14.8 41.2 51.9
Ty 7.2 37.6 16.8 214 38.8 49.9
ST 89.1 67.3 54.5 14.6 33.7 44.2

from the onset of occlusion. It was found that from the first moments of
occlusion the Rf74, REE* and Ry“* showed higher values corresponding to a
stronger and faster response to the induced ischemia. The evolution of RZ“*
values averaged over the total study population are show in Figure 3.8.
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Figure 3.8: Average over patients of the REC time-course aligned to the onset of the balloon
inflation during PCI recording, and numbers of patients averaged at a given time. Dash black
line and the left y-axis correspond to the number of averaged recordings.

Figure 3.9 shows the percentage of patients presenting RY°* > 2,5, 10 for
different occlusion times corresponding to times 1, 2, 3 and 4 min after balloon
inflation. Note that the total number of recordings in each subset decreases
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over time due to the different occlusion times. The most important variations
in the ECG seem to take place in the initial minute of occlusion in the indexes
studied, except for T, and Ty, where only about 50% of patients exceed the
threshold RE* > 2.
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Figure 3.9: Percentage of patients with REC* > 2,5 10 segregated by different occlusion

times group: 1 min, 2 min, 3 min and 4 min after balloon inflation.

3.4 Discussion

This study evaluates the ability of the ventricular repolarization dispersion
index, dﬁfﬁ ., estimated from the peak to the end of the T-wave to character-
ize specifically the ischemia-induced dispersion of repolarization changes, thus
avoiding the influence of ST segment elevation/depression. Using a warping-
based assessment methodology, we measure the T, morphological changes with
respect to control, quantifying time course, lead distribution, and differences
with classic biomarkers. Our main findings were that d;, 7 , restricted to the
T-wave peak-to-end, captures the changes between the peak and end of the
T-wave, thus quantifying changes in ischemia-induced dispersion of repolar-
ization, with impact on the regional differences in the spatial distribution of
dyy,, according to the occluded artery. The i | index better follows the
ischemia-induced ECG variations than those classmal indices that only consider
information from specific ECG samples.
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3.4.1 Time Course and Prevalence Analysis

The study of the time-course evolution of the ;7 = index confirmed its
ability to robustly capture the variations of the T-peak to T-end morphol-
ogy, hypothesized to specifically represent the ischemia-induced dispersion of
repolarization changes, avoiding early T-waves and ischemia-induced ST ele-
vation/depression changes.

A significant increase in the magnitude of ;7 ~ during PCI has been
demonstrated as time elapses. As we actually expected, the ranges of val-
ues at control and during PCI were different: the d;;7? = ranged in a narrow
range in control, and in a wider range during PCI (see Figure 3.5b). Moreover,
the changes observed at the end of balloon inflation quantified using R;“*,
estimated from d,¢ = as described in (3.3), were (on median) 8 times larger
than those obtained during the steady-state test at control recordings. The
latter suggests that, in control conditions (without induced ischemic changes)
the mean and standard deviation of R;°* have small values since they only
reflect normal ECG variability. The low values during the steady-state test
at control recordings indicate a quite stable behavior (note that a value of 1
denotes a change in the second half comparable to the standard deviation in

the first half).

In this work we have used different threshold values over R};°* to quantify
repolarization changes over-passing the threshold. It is important to note that
threshold values for clinical use as risk markers require further experimental
studies, in order to establish the level of normal variations such as changes
induced by respiration, other underlying cardiac diseases, etc.

Different degrees of prevalence, where R}, °* was larger than certain thresh-

olds were reported in Table 3.3, resulting in all cases statistically significant in
paired comparison between the PCI stage and the corresponding control stage,
indicating that this index can be used to quantify ischemia-induced changes on
ventricular repolarization from changes within their normal variations. Of the
86 patients who achieved R;°* > 2, 80.23% did it within the first 30 seconds,
supporting the hypothesis that variations in ventricular repolarization, quan-
tified by dZ?TApe, could begin to appear very soon after the blood supply to a
given part of the heart is compromised.

A greater interquartile range of R},°* was observed for the LAD occluded
patients as compared to patients with other occluded arteries even if those
changes were found not to be statistically significant, possibly due to the small
sample size. A larger study group as well as more information on the extent
of the damaged area would be necessary to obtain relevant conclusions.
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3.4.2 Spatial Analysis

The spatial distribution of dﬁ,f’TApe warping indicates how electrical activity is
affected, as reflected in the T interval, for the different occluded arteries. We
found regional differences in the spatial distribution of dngApE according to the
occluded artery. The vast majority of the highest degrees of prevalence, both
for Ré > 2 and Rld > 5, correspond to the region of the myocardium irrigated
by the arteries as shown in Figure 3.6, where higher prevalence of Ril index in
leads [ € {V1-V3,1,aVR, aVF,III} for RCA group and higher prevalence of Rld
index in leads [ € {V1-V3,V6} and marked decrease in aVR and III (inferior
wall) for RCA group were found.

Regional differences were also found in the maximum d;, = reached, de-
pending on the occluded artery and the wall that the leads look at. Although
the differences found were not strong, these findings suggest a certain capacity
of the dy7? = index to indicate the location of the ischemia, considering also
that occlusions were done at different locations within the major arteries and
there are no reports on the size of the damaged area. The lead distribution
across the LAD and LCX subsets are in line with those reported in [215] using
T-wave repolarization alternans analysis in the same study population.

The discrepancies in the spatial distribution of Rfl and E,lU,Tpe (Figure 3.6
and 3.7) can be attributed to patient-to-patient and lead-to-lead differences
in 0§, which quantifies the stability of the measurement during the control
recording.

3.4.3 Classic Local Measurements

We have demonstrated that the warping-based dfuf’{‘pe index, which takes
into account all the morphological information of the entire interval studied,
from T peak to T end, can better represent the ischemia-induced ECG vari-
ations than those indices that only consider information from specific ECG
samples as Tpe. At the end of occlusion, R7°* values of 37.1, 13.9, 6.0, 5.6
and 27.7 were reached for dEfTApe, Ta, Tpe, Tw and ST, respectively. RL*
achieved higher values than those corresponding to classic indices (see also
Figure 3.8, Average of R7°* time-course). Only Rg{* approached the value of
R;°*, making the ST level the measure based on fidicial points most sensitive
to ischemic changes, as it is already known in routine clinical practice where
it is the index most commonly used. However, the underlying physiological
mechanisms for ST elevation do not need to be the same as for T-peak to T-
end interval morphology changes, as they reflect different physiological effects



72 Chapter 3. Tpe Time-Warping to Track Ischemia-Induced Repolarization Changes

induced by ischemia. For ST segment elevation/depression, the mechanism can
be the injury current generated by ischemia, while for the T interval analysis
the mechanism may be more related to repolarization dispersion generated by
ischemia, which is typically considered a surrogate for arrhythmia risk,

Ty, Tpe and Ty, indices had the lowest values, and therefore, lower sensitiv-
ity. However, it must be taken into account that each index reflects different
ischemia-related phenomena. Comparing R};* with 7?,%(;:, which are indices
characterizing the same area of the T-wave, they reach values of the change
index of 9.4 and 2.7, respectively, showing that d;?{?pe
Tpe, either because it betters reflect the underlying physiological changes, or

because the stability of the measurement is higher or for a combination of both.

According to the data in Table 3.3, df,’fTApe and ST indices were also the most

sensitive, with their corresponding R7“* estimators exceeding the thresholds

in a greater number of patients. The ST marker had the earliest reaction
compared to any other index for all thresholds. However, the temporal dif-
ferences of the indices achieving the threshold are not very wide (< 8 s in all
cases). Again, the more meaningful comparison is between difTApe and T,
having dngApe the largest reaction, with no conclusive results in terms of earlier
appearance.

is more sensitive than

The analysis of percentage of patients presenting R7°* > 2,5,10 for dif-
ferent occlusion times (see Figure 3.9) discloses different degrees of prevalence
of the studied indices when crossing different thresholds, with d,7¢ =~ and ST
reaching the highest values, well in line with previous findings. From an over-
all perspective, it can be seen that, during the first minute, more than 60% of
the total change appears, whereas in the second and third minute changes it
continues to increase but there is a deceleration in the rate of variation. As
time progresses the number of patients with R7°* > 2 increases, with d;f’;*pe
being the most sensitive in all cases, while for RF°* > 5,10, there are others

indices more sensitive than d;; 7 .

3.4.4 Clinical Implications

In this study we have available both control and induced ischemia ECG
recordings. In clinical practice, however, it would be difficult to obtain non-
ischemic control data to compare with, although dZ?TApe can still be computed
with respect to a pre-ischemic ECG, if available, or with respect to a reference
point, like in this study where the reference is taken at the beginning of the

occlusion, thus allowing monitoring of T wave changes. In a scenario with
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available ECG recordings restricted to a stationary ischemia the methodology
can not be applied. When applicable, the establishment of proper thresholds
for de?TApe, under normal or ischemic conditions, remains a challenge. Threshold
values need to be established for detection or alarm triggering, and be applied
to the raw dﬁ}%pe, or Tpe, not requiring a control recording. Note that the
relative R7°* magnitude is used in this study just to characterize how dy7p |
and T, changed during PCI as compared to changes in control, in order to

determine their sensitivity.

Previous studies suggest that the T-peak-to-T-end interval is a strong ven-
tricular arrhythmic marker in ischemic conditions [217]. This interval also
avoids the location of T-onset in ischemia, which is very challenging due to
the ST segment elevation/depression and early T wave modifications induced
by ischemia. The index d{f{‘pe aims to be an alternative to the T, interval in
measuring ventricular repolarization dispersion more robustly. Further studies
need to be designed to establish the proper thresholds to trigger arrhythmia

alarms in clinical practice under ischemic conditions.

In Table 3.2 we can see that men had larger R4 than women. It is known
that women have shorter T-peak-to-T-end interval values than men [218,219],
which may also imply a reduced dynamic range in T}, prolongation induced
by ischemia in women, which would be congruent with the results shown in
Table 3.2.

3.4.5 Limitations

The present study shows the power of dﬁfTApe to monitor T-peak to T-end

morphology changes induced by ischemia, and also that those changes are more
prominently identified than by using other indices such as the T,. interval.
However, the study does not establish that dq‘jfTApe is as surrogate for arrhyth-
mia risk marker under ischemia, since the occlusions were not long enough to
generate arrhythmia. Other studies in animal models or other clinical scenarios
should be tested to evaluate if the methodological sensitivity improvement of

d;f}TApe with respect to Ty translates to clinical superiority.

The proposed methodology is designed to capture morphological variations
of the final part of the T wave that mainly represent an elongation. In this
study we have not found any extreme ischemia-induced T-peak-to-T-end vari-
ations affecting the method hypothesis. However, in addition to possible er-
roneous extraction of the T, interval morphology due to excessive noise and
delineation errors, subjects combining ischemia with other arrhythmia causing
other changes in the T wave final part (as moving from regular to biphasic,
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etc), can lead to misleading results when trying to fit two different morpholo-
gies, not just prolonged T waves. This would prevent interpreting di?{?pe as
suggested in this work.

The extent of ischemic injury was not quantified in this study, limiting
the interpretation of the spatial differences observed according to the occluded
coronary artery. Another important consideration is that the relative index
RE* depends on the variability measured during control recordings. Conse-
quently, its magnitude may be influenced not only by the extent of ischemia-
induced changes but also by the baseline stability of the corresponding ECG
marker, including both its sensitivity to noise and physiological variability. Fi-
nally, although the classical ECG indices and the time-warping-based marker
were derived from the same preprocessed signals and fiducial annotations, and
temporal median filtering was applied to the classical indices to reduce the
influence of outliers and short-term fluctuations, differences in their sensitivity
to noise and physiological variability cannot be completely ruled out. There-
fore, the relative contributions of additional morphological information and
potential differences in robustness to the higher sensitivity observed for the
time-warping-based marker remain to be established.

3.5 Conclusions

In this chapter, the T-wave time-warping based index, d{;%pe, restricted to
the T-peak-to-end interval, was shown to track ischemia-induced morphology
changes of the final part of the T-wave, hypothesized to be a surrogate of re-
polarization dispersion changes. The observed increase in the d;,°¢ = and Ry“*
indexes during ischemia progression suggests its value as surrogate marker for
the ischemia-induced increase of repolarization dispersion. In the next chap-
ter, this warping index is further evaluated in a porcine myocardial infarction
models to assess its potential as ventricular arrhythmic risk marker during
ischemia.
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TIME-WARPING PREDICTS VENTRICULAR
FIBRILLATION IN A PORCINE MYOCARDIAL

INFARCTION MODEL

4.1 Introduction 4.3.1 Changes of dyoh
4.2 Methods During Occlusion
4.2.1 Experimental  Data 4.3.2 Comparison of Indices
Set and Protocol Behavior
4.2.2 ECG Pre-processing 4.3.3 VF Prediction Analysis
4.2.3 Time-Warping Quan- 4.4 Discussion
tification of T}, Inter- 4.4.1 Time-Course of d}z?{: .
val Changes 4.4.2 Association with VF
4.2.4  Statistical Analysis Episodes
4.3 Results 4.4.3 Limitations

4.5 Conclusions

4.1 Introduction

After demonstrating in the previous chapter that T-peak-to-end time-warping
marker, dﬁ;(,:ﬁ,ev can track ischemia-induced changes in ventricular repolariza-
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tion in humans, the next step is to assess whether this marker can also be
associated with arrhythmic risk. VF is a major life-threatening complication
of acute myocardial infarction and represents one of the main mechanisms
leading to SCD [220,221]. In this setting, identification of ischemia-induced
repolarization abnormalities associated with VF susceptibility is essential for
improving arrhythmic risk stratification.

Porcine myocardial infarction models provide an excellent analog to inves-
tigate VRD changes occurring with the development of acute ischemia. In
particular, LAD artery ischemia models in pigs offer a huge value for studying
human ischemia, as the LAD artery supplies a significant portion of the left
ventricle in both pigs and humans, providing valuable insights into the mech-
anisms of the ischemic myocardium in humans. Some earlier studies have also
chosen LAD artery to induce acute myocardial infarction [222-225]. Moreover,
in studies where there is a limited number of experimental animals, only LAD
artery occlusions are sometimes induced to achieve reproducibility of myocar-
dial lesion [190].

Building on the previous chapter, where T-peak-to-end morphology was
shown to be sensitive to ischemia-induced repolarization changes, the present
chapter further explores this repolarization window in the context of arrhyth-
mic risk assessment. In this regard, the T interval was introduced as a surro-
gate measure of VRD in [11] and as a potential predictive index for arrhythmic
risk in [226,227]. Its potential to stratify arrhythmic risk has been evaluated
using an arterially perfused canine ventricular wedge [11], where it was pro-
posed as a measure of transmural dispersion of repolarization. In the context of
acute myocardial infarction, Azarov et al. [217] demonstrated the relationship
between the evolution of the T, index and the development of an arrhythmo-
genic substrate in a porcine myocardial infarction model.

Although dE)’CTApE demonstrated a great ability in quantifying ischemia-induced
VRD changes in a 5-min ischemia model in humans in Chapter 3, the time span
was not large enough to evaluate its potential for arrhythmia risk prediction.
The aim of the study in this chapter was to analyze the time-course of the
T, warping-based dg%ﬁ‘pe VRD index during ischemia progression and to test
whether its evolution could predict impending VF in a porcine myocardial

infarction model.
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4.2 Methods

4.2.1 Experimental Data Set and Protocol

This study uses a closed-chest porcine myocardial infarction model imple-
mented at Lund University (Lund, Sweden). A detailed description of the
experimental protocol can be found in [190]. Myocardial ischemia and infarc-
tion was induced by a 40-minute-long balloon inflation in the LAD coronary
artery in 32 pigs. A 12-lead ECG with a sampling rate of 1024 Hz and ampli-
tude resolution of 1.18 'V per bit was recorded at baseline and during coronary
occlusion period using "Kardiotechnica-04-8”, INCART, St.Petersburg, Russia.

The animal research study followed the guidelines in the Care and Use
of Laboratory Animals guide by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996) and received approval from the local
animal research ethics committee.

Table 4.1: Pig population and VF distribution.

Group Pigs Subgroup Pigs  Occurrence time of VF
event: mean [range| (min:s)

Non-VF 16 - 16 -
vp g Baly VE 7 2:45 [0:49-7:3]
Delayed-VF 10 21:18 [17:40-30:50]

*one pig in the Delayed-VF group also suffered Early VF.

The pig population is divided as presented in Table 4.1. From the total
study group (32 pigs), 16 pigs did not have a VF event, while a total of 17
VF episodes were annotated in the remaining group. The VF group is further
subdivided according to the VF occurrence time: a first subgroup (Early VF)
is composed of 7 pigs suffering VF within the first 10 minutes of occlusion,
and a second one (Delayed-VF'), composed by the 10 pigs suffering VF after
minute 10 from occlusion. One pig suffered VF twice, one in each of the defined
periods.

These two distinct subsets of VF are in line with the previously reported ar-
rhythmic patterns [228,229], where VF episodes were observed in two different
periods of time, which are believed to have different underlying mechanisms.
On this basis, the present study specifically focused on the delayed arrhyth-
mic phase, otherwise the one which allows for preventive interventions in the
patient management. This choice was also motivated by the objective of char-
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acterizing the progressive evolution of ischemia-induced repolarization changes
before arrhythmia onset, for which VF occurring within the first minutes of
occlusion provides only a limited observation window. Early-VF episodes oc-
curring within the first 10 minutes of occlusion were therefore excluded from
the analysis.

4.2.2 ECG Pre-processing

The ECG pre-processing and spatial transformation followed the general
pipeline described in Chapter 2 and applied in Chapter 3. Briefly, the eight
independent ECG leads were filtered, delineated and transformed using PCA,
with the first principal component used for the subsequent analysis.

In this study, the PCA eigenvectors and eigenvalues were estimated using
the first minute of the baseline period, selecting T wave windows starting and
ending at fixed distances from the corresponding QRS mark following the rules
used in [216]. The resulting T waves in the first PCA-transformed lead were
segmented and further filtered using a bidirectional sixth-order Butterworth
low-pass filter with a 20-Hz cut-off frequency before morphology analysis.

4.2.3 Time-Warping Quantification of T,. Interval Changes

For each pig, ischemia-induced dynamic T peak-to-end waveform changes

over time were quantified by both T, interval and by the time warping index

PCA
W, Tpe*

The dﬁf{?pe computation followed the methodology detailed in Section 2.3
and further evaluated in Chapter 3. In brief, for each recording, a MWTPE
f?(t°) was extracted from each s-th 15-second sliding window (with 10-second
overlap) over the entire record. The reference MWTPE f"(t") was computed
in a 60-second window at the beginning of the baseline stage. Then, temporal
reparametrization (warping) was computed between each MWTPE along the
recording and the reference, yielding the dZ,?TApe series. Figure 4.1 illustrates
the d,° , series estimation procedure.

In order to test the impact of the first part of the T-wave (up to T-peak)
on our hypothesis, we applied the same methodology to the whole T-wave
(dyr index). Since the T-wave onset (T,) is strongly influenced by ischemic
conditions and, therefore, highly exposed to delineation errors, we chose the
end of the QRS complex (QRS,) to mark the beginning of the T-wave. Recall
that 7 € {T, Tpe} in dy 7 refers to the part of the T-wave over which the index

is computed.
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Figure 4.1: Diagram of the method to obtain each MWTPE, the reference MWTPE, and
the dupjfjﬁﬁ series. The MWTPE f°(t°) was extracted from each s-th 15-second windows
(represented by red color), with 5 seconds sliding and 10 seconds overlap the entire record,
while MWTPE f7(t") was estimated from the waves within the first 60 seconds, at the
beginning of the baseline period (blue color). The bottom rightmost graph shown the warping
function y*(¢") (dotted red line) relating optimally the reference f"(t") and studied f°(¢*)
MWTPEs. The green region between v*(¢") and t" denotes the total warping amount,

quantified by di %% .

The T). interval was also estimated for each i-th beat to serve as a com-
parative reference to assess the added value of the d;;7 . A median filter was
then applied to the resulting TgEA series using a 15-second sliding window and

5 seconds of overlap to achieve the same resolution as that of the dE?TApe index.

4.2.4 Statistical Analysis

The dynamic analysis of the ischemia-induced changes was performed by
evaluating the time courses of dy, "y, Tpe™ and di77 every 5 seconds in the base-
line and the occlusion stages, presenting them as running averages and standard
deviations. Average values during the first 5 minutes following recording onset
(0-5), the last 5 minutes before the occlusion onset, the 0-5, 5-10, 10-15, 15-20,
20-25 five minutes intervals after occlusion, and during 15-10, 10-5 and 5-0 five
minutes intervals, prior to a VF episode, were also computed, see Figure 4.3,

top panel, for a schematic representation by arrows of the intervals. These
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values were compared between the group of VF-free pigs (Non-VF group) and
those pigs who suffered Delayed-VF during coronary occlusion (Delayed-VF
group). The Mann-Whitney test was used for comparisons between Non-VF
and Delayed-VF groups. A p-value < 0.05 was used to declare statistical sig-
nificance.

To analyze the relationship between indices and VF-susceptibility, the max-
imum values into the above-mentioned periods were assessed. Receiver operat-
ing characteristic (ROC) curve analysis was used to find the true positive and
false positive rate as the threshold varies. The optimal thesholds were taken
as those that minimize the distance to the upper left corner of the ROC curve.
Then, the Cox regression analysis and Kaplan—Meier survival functions were
used to comparatively analyze their predictive value. All computations were
performed using MATLAB® version R2022a.

4.3 Results

4.3.1 Changes of d'°2 During Occlusion
sLpe

Figure 4.2 shows, for a particular pig from the database, noticeable changes
in the ECG beats and T, waveform during the occlusion, together with their
projection on the first PCA transformed lead. Note that the greatest changes
in the ECG morphology appear on the leads most directly covering the LAD
artery perfused area (V2-V4).

Changes in the T, waveform were captured by the d;%‘?pe index, with an

increasing trend beginning immediately after the start of the occlusion. An
example of the time course of d;;7 (s) during baseline and occlusion for two
particular animals, one who suffered VF and one who did not, is shown in
Figure 4.3. The dashed black line represents the balloon inflation instant and
the dashed red lines indicate the occurrence of the VF episode. Strong intra-
individual differences on the T morphology variations in terms of dy72 (s)
magnitude changes were observed. These differences follow a more emphasized
increasing trend as inflation time progresses for the pig who had VF than for
the one that did not, ranging from 4.92 to 44.51 ms and from 1.94 to 7.52 ms,
respectively, on the pigs in Figure 4.3. In both baseline recordings, dyr (s)
magnitude remains almost stationary, ranging from 0 to 8.67 and from 0 to

3.15 ms, respectively.

Across all the studied pigs, no significant T, morphology changes were
found during baseline, with an inter-recordings median [IQR] value of the intra-
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Figure 4.2: Example of an ECG signal and T). interval waveform changes during coronary
occlusion for a particular pig. Panel (a) shows representative QRST complexes recorded in
8 independent ECG leads and their projection on the first PCA transformed lead at 1, 3, 6,
9, 12, 15, 18, 20th and 21th minutes of LAD-occlusion, followed by ventricular fibrillation
episode. Note that from the 20:21 min onwards the ECG beat shape is lost and the VF
episode starts. Panel (b) shows the MWTPEs at the first PCA lead corresponding to each
s-th window where ECG beat from panel (a) is contained, the blue line represents the reference
F7(t") MWTPE and the red line each s-th given f°(¢°) MWTPE.

recording median of 1.60 [1.33] ms. Six pigs showed a minor trend of change
at the end of the control recording, as illustrated in Figure 4.3, which may
be due to catheter manipulations immediately before occlusion. In contrast,
strong ischemia-induced changes, reflected in T, morphology changes (width
and amplitude changes, together with the presence of T-wave alternans) and
increased dﬁfTApe magnitude were noted during the balloon inflation period in
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Figure 4.3: Example of dE,CTie (s) time course evolution along baseline and occlusion period
for two particular animals, one who suffered a VF event (top) and one who did not (bottom).
The black dashed line represents the onset of balloon inflation and the red dashed line, the
occurrence of the VF episode.

most of the pigs with intra-recording median values reaching 14.58 [17.72] ms.

4.3.2 Comparison of Indices Behavior

The d,r., and T)¢* indices showed similar behavior over time, character-
ized by an increase in their magnitudes from the beginning of the occlusion,
with the greatest changes occurring in the first 5 minutes and remaining rel-
atively stable thereafter. The average time course (blue line) and standard
deviation (red line) of di; 72 . and T;* indices across animals for the Non-VF
and the Delayed-VF groups, both during baseline and occlusion stages, aligned
to the recording onset or to the balloon inflation onset, respectively, are shown
in Figure 4.4. All recordings for each subset were averaged. Note that the
number of available recordings declines as time elapses, at baseline due to the
variable recording duration and at occlusion due to the different VF occurrence
times.

The dy77 . and T)S* indices exhibited similar behavior during baseline for
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Figure 4.4: Average time course of d +

deviation (cyan lines)) relative to the onset of the recording in baseline and to the balloon
inflation onset during occlusion stage for pigs who suffered VF (Delayed-VF group) in panel
(a) and for Non-VF group in panel (b). Purple line and the right y-axis indicate the number
of averaged recordings at each given time. Note that the time span of the Delayed-VF and
Non-VF groups are different for the occlusion stage due to the VF episodes occurrence. At

baseline, the recording time is variable among pigs.

the two groups of pigs, while d,,* showed a wider range of early changes but

there were no significant differences between groups in the 5 minutes prior to
the onset of balloon inflation. The average of d;; 7, Tp¢* and dy7 indices
measured in the first 5 minutes after the baseline recording onset, at the last 5
minutes before the occlusion onset, at the 0-5, 5-10, 10-15, 15-20, 20-25 min-
utes from the occlusion onset and at the 15-10, 10-5 and 5 minutes prior to VF
episode (or 21:18 min if no VF episode is present) are displayed in Figure 4.5.
The median magnitude for each interval and group and p-values of the com-

parison between groups (Mann-Whitney test) is shown in Table 4.2. During
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occlusion, significant differences were found in the magnitude of the d;;7 = and

T,c" indices when comparing VF-susceptible pigs (Delayed-VF group) and
the Non-VF group from the first 5 minutes of balloon inflation, ranged from a
negligible variation immediately before the onset of the occlusion to more pro-
nounced differences as time elapses. Note that, during the first 5 minutes of
ischemia, both dy "7 - (p = 0.037) and T;¢* (p = 0.042) showed significant dif-
ferences between the Delayed-VF and Non-VF groups, whereas no significant
difference was found for d;,* (p = 0.617), highlighting the early discriminative
value of measurements focused on the T, interval.

During the first 5 minutes of ischemia, significant differences between the
Delayed-VF and Non-VF groups were observed for both d"“*w, tpe (p = 0.037)
and Tpe"“* (p = 0.042), whereas no significant difference was found for d*“*w, T
(p = 0.617), highlighting the early discriminative value of indices restricted to
the T interval.

4.3.3 VF Prediction Analysis

The significantly greater increase of dy’r =~ and T/ " magnitude as the
duration of the occlusion progresses in the VF-susceptible pigs compared to
the Non-VF pigs offered a rationale for assessing their values for predicting VF
episodes. Therefore, the association between the maximum amplitude of both
indices (together with that of the d;;°f index as comparative reference) and
the subsequent VF episode at the intervals 0-5, 5-10 minutes (first minutes of
occlusion) and 5-0 minutes before the episode of VF, was studied using the ROC
curve, shown in Figure 4.6 and completed in Table 4.3. Results show improved
detection ability for d;;7 = (AUC=0.85) as compared with T)¢* (AUC=0.79)
within the early 5-10 minutes interval. Taking the threshold that minimizes
the distance to the upper left corner of the ROC curve, results show that difTAps
predicts the presence of VF episodes with Se=90%, Sp=75% for a threshold
set to 20.0 ms, whereas the T,c* index distinguishes between both groups with
a lower accuracy (Se=80%, Sp=69% for a threshold set to 85.4 ms) and for
dyp index there was no significant association between the index magnitude
and the delayed-VF occurrence. For the 1 to 5 minutes interval, lower values
of AUC were obtained for di; 72, Ty and dyp indices (AUC = 0.74, 0.66

w,T
and 0.60, respectively).

The presented analysis showed a significant association between both in-
dices and the trigger of VF episodes at the time span prior to the arrhythmic
window (more clinically relevant than the 5-minute interval before VF). The

Cox regression analysis of d{fﬁpe > 20.0 predicted impending VF episodes with
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Figure 4.5: Box plots distributions of di%‘;e (a), Tpe™ (b) and dpa* (c) for the Delayed-
VF group (red) and Non-VF group (blue), measured in the first five minutes, 0-5, after the
recording onset, at the last five minutes, 5-0, prior the occlusion onset, during occlusion
recording at the 1-5, 5-10, 10-15, 15-20, 20-25 five minutes intervals and at the 15-10, 10-5
and 5-0 five minutes intervals prior to VF episode. The black dashed line represents the
beginning of balloon inflation and * indicates statistical significance for comparison between
groups.

a hazard ratio of 12.5, whereas T;'GCA > 85.4 showed a hazard ratio of 5.5, see
Table 4.4. The Kaplan-Meier survival functions for dy = and T/ ¢ indices
are shown in Figure 4.7. Significant differences in VF occurrence between the
group of pigs with dE?TApe > 20.0 ms and the group with < 20.0 ms were ob-
tained (Long Rank p = 0.002), whereas a p = 0.016 was obtained when the
index Tp¢* was used for classification.

4.4 Discussion

The present study analyzes the behavior of the dg?{?pe index, restricted from
the peak to the end of the T-wave, in a porcine model of prolonged ischemia,
and assesses its VF predictive value as ischemia progresses. Changes in T-peak-
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Figure 4.6: Identification of the optimal dE?T‘zE, TEECA and dE,CTA cut-off values to predict

VF during the occlusion. The ROC curve for three intervals: 0-5 minutes (panel (a)) and
5-10 five minutes intervals (panel (b)) after beginning of the occlusion and 5-0 five minutes
interval prior to VF episode (panel (c)), are presented. The value of the area under the curve
(AUCQC) is reported at the inside of the panels and the location on the ROC of the optimal
thresholds have been marked using color coded arrows.

Table 4.4: Association of dg%‘;e and TESA with the ocurrence of VF episodes.

Risk Hazard ratio

-value
Threshold  (95% CI) p
12.5
dren 20.0 s 0.017
W, Tpe 1.57-99.63
5.9
Trea 85.4 s 0.032
be 1.16-26.25
|,U—& 1.0
0.8 d/li(;’lépe 08 TIP)ECA
% 04 é 04
E 02 E 02
p=0,0021 (long Rank (Mantel Cox)) p=0.0156 (Log Rank (Mantel-Cox) )
10 20 - 30 40 10 20 e 30 40
(a) (b)

Figure 4.7: Kaplan—Meier survival curves for the pigs with dg%;e > 20.0 ms and dE’CTIZG <

20.0 ms (a) and for the pigs with The™ > 85.4 and Tpo ™ < 85.4 (b) at the 5-10 minutes

pe
interval from the balloon inflation onset. The p value (Long Rank) is indicated.
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to-T-end morphology were measured using a time-warping-based morphological
assessment methodology, characterizing its time course and comparing it with
the classical index, T;¢*, and the whole T wave, d,,%* index. Our main finding
is that d;;7 | predicts VF episodes more robustly and strongly than T;¢* index,
whereas d;;f* is not able to discriminate pigs with and without VI episodes.

4.4.1 Time-Course of d;;%

The analysis of the time course of d, 7 = confirmed, as in [230], the ability
to reflect the ischemia-induced changes of repolarization dispersion through the
monitoring of the morphological variations from the peak to the end of the T
wave, avoiding early changes of the T wave under the ischemia-induced ST ele-
vation/depression influence. We demonstrated that d;, = showed a stationary
behavior during baseline, while larger changes were observed during the 40-min
of occlusion. As expected, the intra-recording median value for baseline oscil-
lates in a narrow range while for the occlusion stage, the range is much wider
(with median and IQR value 13 times larger than those obtained at baseline).
The low values at baseline (non-ischemia conditions) indicate a stable dy77
behavior, reflecting just natural ECG beat-to-beat variability.

From the occlusion onset, strong ischemic-induced changes were verified
at the T, waveform, reflected by a well-marked increase trend of the d,‘j}%pe
magnitude as the exposure time to ischemia elapses. The changes were greater
for the VF-susceptible pigs group than for the pigs who did not suffer VF (see
Figure 4.3 and 4.4). It is likely that this marked increase is related to the
differential shortening of the repolarization time of the action potential in the
ischemic myocardium. These findings are in line with those reported in [217],
where they described a marked T, increase during coronary occlusion as a con-
sequence of the shortening of the Q-to-Tpeak interval, QTcpq,y, together with

moderate changes in the Q-to-Tend interval, QTc, along the whole recording.

The spatial lead-wise profile of dﬁmTpe, Le{V1,...,V6, aVL, I, aVR, II, aVF,
IIT}, analyzed under ischemia showed distinct distributions depending on the
occluded artery [230], suggesting a relation with the ischemia location, although
the differences in lead profile were not strong. Moreover, there is a gain in delin-
eation robustness when PCA-transformed lead is used. Additionally, this study
does not include occlusions in arteries other than LAD, mitigating the possible
lead-dependency of results, limited to inter-individual artery tree configuration
variability. We have therefore decided to analyze a unique time-warping based
index computed from the global PCA-transformed lead instead of from specific
leads.
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4.4.2 Association with VF Episodes

Both &7, and T ¢* indices presented an increasing trend as ischemia
progressed. The greatest changes occurred in the first 5 minutes from the
beginning of the coronary occlusion, remaining relatively stable thereafter for
the Non-VF group and with a higher rate of increase for the Delayed-VF group.
The average time course of the d{fTApe index denotes a visibly smoother signal
trend than for T)¢* index, implying an improved robustness of d;?TApe over T)¢*
to quantify ischemia-induced repolarization changes, that could be attributed
to a more accurate representation of the underlying physiological changes, to

higher measurement stability, or to a combination of both factors.

According to the statistical analysis, d77 and T)* indices captured
changes in the T, interval, and their magnitudes were statistically different be-
tween Non-VE and Delayed-VF groups. The fact that d, ¢ and T)¢* indices
presented significant intergroup differences from the first interval (0-5 min) sug-
gests that both indices are sensitive enough to capture the ischemic-induced
VRD changes as soon as blood supply in the artery coronary is compromised.
Furthermore, the p-value of the Mann-Whitney test for mean differences was
smaller for dy°p in the intervals presented in Figure 4.5 and Table 4.2, ex-
cept for a small difference in the 5-minutes interval before VF, supporting the
hypothesis that d}f{fpe is a more robust measure of the changes in the T-peak-
to-T-end interval than the T;¢* index for arrhythmia prediction. In contrast,
dyy increases since the beginning of the exposure to ischemia and reaches a
slightly higher, but not statistically significant, range for the Delayed-VF group
than for the Non-VF group at all intervals. The latter confirmed that the first
part of the T wave (up to T-peak) negatively influences risk markers and is of no
value in discriminating between groups, either because it does not specifically
represent ischemia-induced dispersion of repolarization or because ST-segment

depression/elevation masks morphological changes related to arrhythmic risk.

As above-mentioned, dyp  and T magnitudes increased significantly
for the Delayed-VF group with respect to the Non-VF group, allowing us to
evaluate them as VF predictors. Both indices distinguished between groups
within the last 5 minutes before VF episode interval, always favoring dif’{?pe.
Likewise, and more clinically relevant, di??pe was also able to discriminate
between groups already from the prior interval to the arrhythimic window (5-
10 min interval), and even for the earlier 0-5 min interval. The AUC for dy7p |
was systematically greater than that of the T/ index. In brief, a di77 |
increase beyond the cut-off value of 20.0 ms in the early 5-10 min interval from
the occlusion onset predicted impending VF episodes with 90.0% of Se and
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75.0% of Sp, while a cut-off value of 85.4 ms for T;¢* index achieved 80.0% of
Se and 69.0% of Sp. Moreover, a higher hazard ratio was obtained for dyp |
(12.5) than for T;F* (5.5) by the Cox regression analysis.

We have analyzed and focused on the Delayed-VF episodes, which are be-
lieved to have different underlying mechanisms than the early VF [229], and
they typically occur after patient’s initial interaction with healthcare profes-
sionals. According to speed of infarct progression in pigs, which has been
estimated to be approximately 7 times faster with respect to that of the hu-
mans [231], the analyzed VF in this study corresponds to the arrhythmias
reported in humans after around two hours. Therefore, being able to predict
Delayed-VF does have a potential clinical significance.

4.4.3 Limitations

In this experimental study, only LAD occlusions were induced, therefore
we were not able to evaluate the behavior of d;’f{‘pe with regard to different
localization of ischemia, which are known to have also an effect on arrhythmic
risk. Another potential issue is the fact that the pigs were anesthetized. Hence,
it is crucial to further evaluate the index in high-risk humans population and
to exercise caution when extrapolating our findings in pigs to clinical settings.

Other aspect to mention is the need for a T-wave reference when evaluating
the risk. This reference, here taken at the first 60 s of baseline stage, may
not be available in a clinical setting, requiring alternative ways to obtain it.
They could be extracted from prerecorded control ECG recordings, or, when
not available, average patterns extracted from large patient libraries, as done
in [204].

A further limitation is that Early-VF episodes occurring within the first
10 minutes of occlusion were excluded from the analysis. Consequently, the
present findings specifically apply to the delayed arrhythmic phase and can-
not be extrapolated to VF occurring during the early phase of acute ischemia.
Furthermore, although the anesthetic procedure and the duration and loca-
tion of the LAD occlusion were standardized across animals, other individual-
level data, such as age, sex and weight, as well as the individual extent of
the ischemic territory, were not available for the present analysis. Therefore,
potential between-group differences in these characteristics could not be as-
sessed. Finally, although between-group differences and associations with VF
occurrence were identified, the statistical analyses did not assess whether these
findings were independent of potential confounding factors. No multivariable
adjustment for baseline characteristics or electrocardiographic variables, such
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as age, body weight, resting heart rate or QT ., was performed, and therefore
residual confounding cannot be excluded.

4.5 Conclusions

This chapter showed that the time-warping-based morphology index, df,’f?pe,
restricted from the peak to end of T-wave, captures the changes in ischemia-
induced ventricular repolarization dispersion. The dynamic increases of dZ?TApe
magnitude beyond certain thresholds predict VF episodes better than T;gA
as ischemia progresses in a myocardial infarction porcine model, supporting
further evaluation studies as a non-invasive marker of ischemia-induced ar-
rhythmic risk.
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5.1 Introduction

Ischemia-induced changes in ventricular repolarization play a central role
in the development of ventricular arrhythmias, as shown in the previous chap-
ters. Under ischemic conditions, one key factor that increases vulnerabil-
ity to life-threatening arrhythmias is an increase in dispersion of repolariza-
tion (DOR) [232-234]. Increased DOR reflects greater heterogeneity in repo-
larization timings across myocardial regions, a substrate that facilitates uni-
directional conduction block and reentry, thereby leading to the development
of VF [232,233]. This mechanistic link has been consistently demonstrated
in experimental studies with animal models [233,235-237] employing intracar-
diac recordings, which have established DOR as a robust index of arrhythmic
susceptibility.

Despite its well-established physiological basis and predictive value, the
measurement of DOR requires direct intracardiac recordings, making it inher-
ently invasive and dependent on specialized equipment and expertise. These
constraints limit its applicability to controlled experimental settings or to se-
lected patient populations undergoing invasive electrophysiological procedures,
where direct intracardiac recordings are feasible. Consequently, there is a press-
ing need for non-invasive approaches capable of capturing the same underlying
repolarization heterogeneity with sufficient accuracy and robustness [33,234].
Such alternatives would not only broaden access to arrhythmic-risk assessment
in clinical practice, but also facilitate large-scale studies where invasive mea-
surements are not feasible.

In this context, and as discussed in previous chapters, the T, interval has
emerged as a reliable surrogate [234], with a number of experimental, com-
putational, and clinical studies supporting its role in reflecting the magnitude
of repolarization dispersion [235,238,239] and its dynamics [12], and studying
whether it represents transmural, apico-basal, or a combination of the two types
of gradients [40,226,238]. Importantly, unlike other indices, the applicability of
Tpe under ischemic conditions is less affected by concomitant ST-segment ele-
vation/depression or global T-wave alterations, further underscoring its trans-
lational relevance. However, T relies solely on temporal fiducial points and
therefore does not account for the full morphological information of the T wave.
Moreover, a recent study [240] demonstrated two things undermining Tpe: 1)
Tpe systematically underestimates DOR and (importantly) this underestima-
tion is severalfold greater in ischemia than in normal conditions, and 2) The
size of the ischemic area affects the T,.-DOR relationship (especially when T),
is measured in single leads).
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Building on this rationale, Chapter 3 assessed the time-warping-based in-
dex, d;?{?pe, hypothesized to be a surrogate of repolarization dispersion changes.
In humans, this index was able to effectively track morphology changes in-
duced by five minutes of ischemia during PCI [230]. Subsequently, in Chap-
ter 4, as the time frame was extended, we demonstrated its predictive value
for VF in a 40-minute closed-chest porcine infarction model [241]. Extending
these studies, the present chapter provides a validation framework using an
open-chest porcine infarction model with simultaneous surface ECG and in-
tracardiac recordings, allowing DOR computation. We hypothesize that the
time-warping-based index, dZ?TApe, can serve as a non-invasive, reliable and ro-
bust surrogate of DOR, less sensitive to artifacts and delineation errors than
T)pe, and we test its predictive value for ventricular fibrillation under ischemia.

5.2 Methods

5.2.1 Experimental Protocol

This study was conducted in domestic pigs (n = 55, weight range 31-46 kg)
using an open-chest myocardial infarction model. All experimental procedures
conformed to the Guide for the Care and Use of Laboratory Animals (8th
Edition, National Academies Press, 2011) and to Directive 2010/63/EU on the
protection of animals used for scientific purposes. The protocol was approved
by the local ethics committee of the Institute of Physiology of the Komi Science
Centre, Russian Academy of Sciences (decision October 10, 2016, amendment
May 22, 2019). A detailed description of the surgical preparation has been
previously reported in [191] and is briefly summarized below.

Animals received anesthesia with propofol (Norbrook Laboratories Ltd.,
UK, 1 mg/kg, i.v.), zoletil (Virbac S.A., Carros, France, 10-15 mg/kg, i.m.)
and xylazine (Interchemie, Castenray, Netherlands, 0.5 mg/kg, i.m.), followed
by intubation and mechanical ventilation. Access to the heart was achieved
through a midsternal incision.

Myocardial ischemia was induced by ligation of LCX (n = 10) and LAD
coronary artery (n = 45). Following placement of the coronary ligature (not
tightened) and intramyocardial leads, the thorax was temporarily closed to
allow approximately 30 minutes of stabilization, after which baseline record-
ings were acquired. Ischemia was then induced by tightening the ligature and
the thorax was again reclosed. Recordings were then continuously acquired
throughout the occlusion period until either the end of the 40-minute protocol
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or immediately after spontaneous VF development. At the end of the experi-
ment, animals were euthanized under deep anesthesia by intravenous potassium
chloride.

In summary, intramyocardial electrograms and continuous body surface
ECG were recorded simultaneously throughout the protocol. The first ones
were acquired using a custom-built recording system (resolution: 16 bit, band-
width: 0.05-1000 Hz, sampling rate: 4000 Hz) through three flexible plunge
electrodes, each bearing 16 recording terminals (48 potential recording sites in
total). The electrodes were inserted transmurally in the anterior ventricular re-
gion and drawn through the left ventricular free wall, interventricular septum
and right ventricular free wall at basal, middle and apical levels, depending
on coronary anatomy and surgical access. Intramyocardial electrograms were
recorded in unipolar configuration using Wilson’s central terminal as reference,
while the later were recorded with the KT-07-3/12 system (INCART, St. Pe-
tersburg, Russia, sampling rate: 1028 Hz, dynamic range: +310 mV, 19-bit
ADC, amplitude resolution: 1.18 uV per bit).

5.2.2 Intramyocardial Electrograms Processing

Intramyocardial data analysis was carried out at baseline (5 min before oc-
clusion) and at ten discrete time instants, t € 7, with 7 = {1, 2.5, 5, 10, 15, 20, 25,
30, 35,40} min during coronary ligation, from raw, unaveraged beats. Only
electrograms corresponding to contacts located within the myocardial wall
were considered for analysis; contacts lying in the ventricular cavities or in
the pericardial space were excluded. For each intramyocardial lead [ at each
time instant ¢, end of repolarization time (RT.) was determined as the inter-
val from QRS-complex onset to the point of maximum first derivative of the
intramyocardial electrogram voltage signal (dV/dt) within the T wave. For
each animal and time instant ¢, dispersion of repolarization (DOR) was then
quantified as the difference between maximal and minimal RT's across all leads,

DOR; = mlax{RTi} - mlin{RTi}. (5.1)

The risk of outlier sensitivity from these extreme metrics is mitigated by visual
inspection of the delineation marks and chosen due to the reduced available
data points, preventing the use of other statistically based metrics.
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5.2.3 ECG Processing

The ECG pre-processing and spatial transformation followed the general
pipeline described in Chapter 2 and previously applied in Chapters 3 and 4.
As in Chapter 4, the PCA transformation was learned from T-wave windows
selected during the first minute of the baseline period. The first principal
component (PC1) time series was then used for T-wave segmentation and sub-
sequent morphology analysis. Segmented T waves were additionally low-pass
filtered using a bidirectional sixth-order Butterworth filter with a 20-Hz cut-off
frequency before marker computation.

5.2.4 Quantification of T, Interval Morphology Changes

In this study, dynamic changes in T),. morphology were quantified using the
warping-based index derived from the PC1, dff{‘pe. The full methodological de-
scription was described in Chapter 2 and applied in Chapter 4. In summary,
throughout each ECG recording, 15-second sliding windows (with 10-second
overlap) were selected. Within each s-th window, the dﬁf{?pe index was com-
puted from the temporal reparametrization (warping) between each window
MWTPE f#(t*) and the reference MWTPE f"(t") thereby obtaining a d}%2

W, Tpe
value per each s-th sliding window.

In this study, df;f{‘pe was computed using the signed time-warping-based
formulation, as detailed in Section 2.3.2, allowing the index to retain not only
the magnitude of the temporal reparameterization but also its predominant
direction relative to the reference. Positive and negative values summarize
the net direction of the temporal reparameterization relative to the reference
waveform. Accordingly, positive values reflect that aligning MWTPE f* with
MWTPE f" requires temporal stretching, whereas negative values correspond
to a shrinking with respect to the reference waveform. After computing the
full dE?TApE series, the values corresponding to the set of predefined analysis
time instants, 7, were selected to ensure comparability between ECG and
intramyocardial measures.

An illustrative example of the warping process at two different stages is
shown in Figure 5.1, corresponding to baseline (5 min before occlusion onset)
and to 5 min after ischemia onset. In each case, the left panels show the
original reference and studied MWTPE waveforms and how temporal samples
must be non-uniformly shifted to achieve alignment, whereas the right panels
show the corresponding warping function. Note that the proposed d,‘jfTApe index
does not reflect a simple uniform stretching/shrinking, but the overall amount
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of warping required to match both waveforms.
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Figure 5.1: Time-warping analysis underlining the calculation of dECTi . index for a particular
pig at two moments of the protocol: (a) baseline (at 5 min before occlusion onset) and (b) at
5 min after ischemia onset. In each panel, the left subpanel shows the reference MWTPE f"
(blue) and the study MWTPE f° (red), showing the non-uniform temporal reparemetrization
required for alignment. The right subpanels displays the corresponding optimal warping
function v*(t") (red) relative to the reference ¢” (blue). The green shaded area represents
the amount of warping quantified by di%‘ze index.

The T, interval was additionally computed to provide a classical reference
for comparison with the warping-based index. For each i-th beat in the PCA
transformed lead, Ty (i) was defined as in Section 2.2. A sliding-window me-
dian filter (15-second length, 5-second overlap) was then applied to the T)p.
series to obtain temporal resolution equivalent to that of the dEfTApE
Finally, values corresponding to the predefined time instants, 7, were also
selected.

series.

To enable a complementary, pre-event aligned comparison across animals,
two additional measurements were selected immediately before VF onset in
animals that developed VF. These were taken from the 0-5 min and 5-10 min
intervals preceding the VF episode. In non-VF animals, the same reference
points were aligned to a fixed time (27:10 min from occlusion onset), chosen
as the median time to VF among VF-susceptible pigs, ensuring comparability
across groups.

5.2.5 Statistical Analysis

The analysis of ischemia-induced changes was conducted by assessing the
temporal evolution of d;?{?pe, Tpe and DOR indices throughout the time in-
stants, T, defined above during baseline and coronary occlusion. These values

aligned with the onset of coronary occlusion, as well as those including the two
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pre-event evaluation points described above, were compared between the two
pig groups. Data normality was assessed using the Shapiro-Wilk test. To en-
sure a consistent statistical framework across indices and time points, pointwise
inter-group comparisons were performed using the Mann-Whitney U test, with
significance set at p < 0.05. Data are summarized as median and interquartile
range.

Statistical parametric mapping (SPM) [242] was used to assess whether
the temporal trajectories of the indices differed between groups accounting
for the temporal dependence between consecutive observations and allowing
the identification of time intervals over which inter-group difference exceed
the critical statistical threshold. This analysis was performed over the early
common time window (Baseline, 1, 2.5, 5, 10, and 15 min), thereby avoiding the
unequal temporal coverage resulting from the variable timing of VF occurrence
across animals.

Linear regression analyses were performed individually for each pig to assess
the relationship between d{fTApe and DOR across time, and also between T,
and DOR. From each fit, the slope and coefficient of determination (R?) were
obtained to characterize population-level tendencies and to compare Delayed-

VF and Non-VF groups.

The association between the indices and VF risk was further examined us-
ing ROC curves at each of the 10 predefined time points. Optimal thresholds
for each index were determined as the point minimizing the Euclidean distance
to the upper left corner of the ROC space, and corresponding sensitivity and
specificity values were then reported. Differences between AUCs were assessed
using DeLong’s test for correlated ROC curves. Accordingly, Cox proportional
hazards models and Kaplan—Meier survival analysis were applied to access and
compare their predictive performance, with hazard ratios (HRs) and 95% con-
fidence intervals estimated for the occurrence of time-dependent VF episodes.
All analyses were performed in MATLAB (R2023a, MathWorks, USA).

5.3 Results

5.3.1 VF incidence

From the the total study population, 29 animals developed VF during coro-
nary occlusion, while 26 pigs did not have any VF episode. VF cases were fur-
ther clustered into Early-VF (15 cases) and Delayed-VF episodes (14 cases),
depending on whether they ocurred before of after the 10th minute from is-
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chemia onset, a classification consistent with previously reported studies [229].
No follow up on VF evolution/termination is performed. Details of the distri-
bution are provided in Table 5.1. In line with prior evidence suggesting distinct
underlying mechanisms for each subset [228,229], and considering that ischemic
injury in humans develops several-fold more slowly than in experimental mod-
els [231], only Delayed-VF episodes were included for analyses as those are
more clinically relevant and interesting to be predicting, allowing sufficient re-
action time after occlusion in real-life settings. This approach, consistent with
the study in Chapter 4, led to the exclusion of early VF cases in the analysis.

Table 5.1: Distribution of VF incidence by groups

VF event onset time

Group Subgroup  Pigs mean [range| (min:s)

Barly-VF 15 3:16 [1:00-8:30]
Delayed-VF 14 27:10 [18:00-41:00]

5.3.2 Dynamics of d;j7 , DOR, and T, Along Ischemia

Alterations in the T-peak-to-end waveform were quantified by the dfl’fTApe
index, which showed a decreasing negative trend shortly after the onset of oc-
clusion. An illustrative time course of d;?{?pe throughout baseline and coronary
occlusion is presented in Figure 5.2 for two representative pigs, one that de-
veloped VF and one that remained VF-free. To illustrate the dynamics of the
indices, DOR values from intramyocardial leads and the corresponding d{f{‘pc
values at the predefined T time instants are annotated along the time axis.
During baseline and the first minutes of the ischemia, dlljf?pe values remained
close to zero, while DOR showed the smaller dispersion values. Following coro-
nary occlusion, dg?{?pe magnitude for the pig that developed VF progressively
decreased to more negative values, indicating T-peak-to-end widening from the
reference, whereas DOR values steadily increased during ischemia. In contrast,
both d;?{?pe and DOR showed relatively stable trends for the pigs that did not
develop VF. In this example, d;?{?pe values ranged from -0.5 to -20.9 ms in the
VF pig and from 0.3 to 2.6 ms in the Non-VF pig, while the corresponding

DOR values spanned from 42 to 159 and 42.5 to 110.3 ms, respectively.

Across the entire study cohort, all three indices (dy; , DOR and Tpe)
remained relatively stable at baseline, with median [IQR] values centered at
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Figure 5.2: Representative time course of d,lf,CT‘; . index during baseline and coronary occlusion

for two pigs, one that developed VF (top panel) and one that remained VF-free (bottom
panel). The black dashed line marks the onset of occlusion, and the red dashed line the
occurrence of VF event. At the predefined study instants ¢t € T (blue dashed lines), both the
dg%ie (purple) and the DOR (dark red) values (both in ms) are indicated.

zero for dyp - and low dispersion for DOR and Ty indices, see Table 5.2.
A few animals exhibited slight drifts at the predefined time point of 5 min-
utes before occlusion onset, likely related to technical manipulations preceding
occlusion. In contrast, pronounced ischemia-induced changes were observed
after coronary ligation, with dZ?TApe values progressively shifting toward more
negative magnitudes, while DOR and T, showed a marked increase. Median
[IQR] values at two representative time points during the occlusion, early (5
min) and later (20 min) after occlusion onset, are given in Table 5.2, reflecting
substantial repolarization changes across most animals.

5.3.3 Comparison Between VF and Non-VF Groups

From the beginning of coronary occlusion, all three indices exhibited simi-
lar but opposite trends, with dngApe decreasing while DOR and T, increased.
In the Delayed-VF group, dg?{?pe values progressively shifted toward more neg-
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Table 5.2: Values of the indexes across the cohort, median [IQR] (ms) in baseline and occlusion
period

. Occlusion
Index  Baseline 5 min 920 min
drea 0 [4.1] -3.3 [14.5]  -5.31 [20.3]

w,Tpe
DOR  80.8 [40.4] 122.5 [51.7] 146.0 [56.2]
Tpe 56.0[9.5] 59.0 [16.0]  62.0 [27.0]

ative magnitudes, while DOR and T, values steadily increased, in contrast to
the relatively stable patterns observed in Non-VF animals. Figure 5.3 depicts
the distribution of d;; |, DOR and Ty values at baseline (5 min before oc-
clusion onset) and throughout coronary occlusion at predefined time instants,
T, for both the Delayed-VF and Non-VF groups. For comparative purposes,
two additional measurements were included, either immediately preceding VF
onset (taken from 0-5 and 5-10 min intervals before VF event or before 27:10
in the animals without VF). The corresponding median [IQR] values and
Mann-Whitney p-values are summarized in Table 5.3.

At baseline, all three indices exhibited comparable distributions between
Delayed-VF and Non-VF pigs, with no significant differences. However, during
occlusion, group separation rapidly emerged. Significant differences in d{fTApe
were already present at 1 min after coronary occlusion (p = 0.026) and per-
sisted at subsequent time points, with median values becoming progressively
more negative in the Delayed-VF group. Note that negative dﬁf{?pe values in-
dicate an expansion of the T,. interval relative to the reference waveform,
requiring a temporal shrinking for alignment, thus concordant with T,. pro-
longation and increased DOR. For DOR, differences reached significance from
2.5 min onwards (p = 0.014) and remained elevated in the Delayed-VF group
throughout ischemia. Importantly, and in contrast to the earlier changes in
d;?{?pe and DOR, T, index reached significance only at 5 min, remaining sig-
nificant thereafter at most time points, except at 20 and 30 min. Notably, at all
time instants but 10 min, d{f{‘pe yielded smaller p-values than T)., indicating
greater sensitivity of dﬁf{‘pe to the ischemia-induced changes in the T wave. The
divergence between groups was particularly emphasized at 5, 10, and 15 min-
utes, which were selected as representative time points for subsequent survival

and risk prediction analyses.

Importantly, taking the VF onset as reference, d;7 , DOR and Tp. dis-
played marked inter-group divergence at the times from 0-5, and 5-10, min
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Figure 5.3: Boxplots distribution of dE,CTie, DOR and Tye values at predefined time points,
shown for the delayed-VF group (red) and the Non-VF group (blue). Specific time points were
at baseline (5 min before occlusion onset), during coronary occlusion (at 1, 2.5, 5, 10, 15, 20,
25, 30, 35, and 40 min), and immediately before VF onset (at points from 0-5 and 5-10 min
intervals prior to VF). In Non-VF pigs, these two additional reference measurements were
taken with respect to 27:10 min from occlusion onset. BO and BVF denote before occlusion
onset and before VF onset, respectively. * indicates statistical significance for comparison
between groups.

before VF, see Table 5.3.

The complementary SPM analysis, shown in Figure 5.4, identified signifi-
cant temporal clusters for all three indices. Specifically, DOR and T, values
were higher in the Delayed-VF group than in the Non-VF group (p = 0.006 and
0.002, respectively) and d;?{?pe values were lower in the Delayed-VF group (p <
0.001). This analysis confirmed sustained temporal differences between groups
while accounting for temporal dependence across consecutive time points.



5.3 Results 105

p < 0.001

SPM(t)

Figure 5.4: SPM results for the comparison between Delayed-VF and Non-VF groups over the
time window (5 min before occlusion, 1, 2.5, 5, 10, and 15 min after occlusion onset) for dquT‘?m,
DOR and Tpe. The solid black curve represents the SPM(t) statistic, and the dashed red
lines indicate the critical threshold for statistical significance. Significant temporal clusters
are highlighted in gray, with the corresponding cluster-level p-values reported in each panel.
BO denotes before occlusion onset.

5.3.4 Delayed-VF Risk Prediction Value of d;;; , DOR and T).

ROC analysis was performed to assess the predictive performance of df,’fTApe,

DOR and T, indices at representative ischemic time points ¢ € {5, 10, 15} min-
utes after occlusion, as shown in Figure 5.5 and detailed in Table 5.4. At 5
minutes, d;, 72 = showed a numerically higher AUC than DOR and Ty indices,
whereas at 10 and 15 minutes the three indices reached comparable discrimi-
natory capacity, with DOR reaching the highest performance (Table 5.4). De-
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Long’s test for correlated ROC curves indicated that AUC differences were not
statistically significant at 5, 10, and 15 minutes. Overall, these results highlight
the ability of the three indices to discriminate VF susceptibility, with dgjfTApe
showing earlier sensitivity while DOR and T). maintained stable performance

at later stages.

5 min 10 min 15 min
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Figure 5.5: ROC analysis for delayed-VF risk prediction of d55* | DOR and Tpe indices at

w,Tpe
t of 5 (a), 10 (b), and 15 (c) minutes after coronary occlusion. Optimal cut-off values for
delayed-VF prediction are marked on the plot. The AUC is also indicated.

Survival analyses were conducted to further evaluate the prognostic value
of d, % ., DOR and Ty.. Figure 5.6 shows the Kaplan-Meier curves stratified
by the optimal cut-off values identified in the ROC analysis, while Table 5.5
summarizes the corresponding Cox regression outcomes. At 5 minutes after oc-
clusion, d;?{?pe values below 8.0 ms were associated with a markedly increased
of delayed-VF risk (HR = 11.95, 95% CI: 2.60-54.97, p = 0.0015), compared
to pigs with higher values. This association is less marked for T}, and surpris-
ingly also for DOR at that time point. At 10 and 15 minutes, all three indices
showed comparable associations with increased VF risk (HR range 7.65-10.21;
p-values from 0.0028 to 0.0088), see Table 5.5. Kaplan—Meier survival curves
stratified by these thresholds diverged significantly between groups at 5, 10,
and 15 minutes, with log-rank p-values of 0.0001, 0.0007, and 0.0007 for dE,?TApe,
0.0092, 0.0004, and 0.0019 for DOR, and 0.0016, 0.002 and 0.0019 for T,
respectively. These results are consistent with the Cox regression results sum-
marized in Table 5.5.

5.3.5 Linear Regression Analysis Between Indices

Linear regression analyses were also conducted to evaluate the direct asso-
ciation between df,’fTApe and DOR, and between T, and DOR, measured in time
instants t € 7. Slopes and coefficients of determination (R?) obtained for each
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Figure 5.6: Kaplan-Meier survival curves for VF occurrence based on thresholds derived from
ROC analysis. Panels (a—c) show survival probabilities stratified by df,,CT’;E at 5, 10, and 15
minutes after coronary occlusion, respectively. Panels (d—f) and (g-i) depict the corresponding
results at the same time points for DOR and T\e, respectively. Threshold values are indicated
within each plot, and Log-Rank p-values are reported.

animal were summarized at the group level (Table 5.6). For the overall popula-
tion, the median [IQR] slope with a low median [IQR] R? reflects considerable
variability, see Table 5.6. When stratified by VF susceptibility, the Delayed-
VF group exhibited a more consistent negative relationship (higher absolute
slope values) with also higher R? values, whereas the Non-VF group showed
negligible association with low slope and R? values. Interestingly, R? between
dyyr,, and DOR is higher than the one between Ty and DOR, suggesting that
dngApe tracks repolarization heterogeneity more faithfully.
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Table 5.5: Cox regression results for delayed-VF stratification by di%’; ., DOR and T}, indices
at 5, 10, and 15 minutes after occlusion, including ROC-derived thresholds, hazard ratios,
95% CI, and p-values

Risk Hazard

Index Time ¢ Threshold  ratio 95% CI  p-value
5 min -8.0 11.95 2.60-54.97 0.0015

dg}??pe 10 min -7.1 8.81 1.92-40.41 0.0051
15 min -7.9 8.81 1.92-40.41 0.0051

5 min 122.5 5.86 1.28-26.81 0.0227

DOR 10 min 146.4 9.53 2.07-43.81 0.0038
15 min 148.0 7.65 1.67-35.08 0.0088

5 min 64.0 6.25 1.68-23.21 0.0062

Tpe 10 min 64.0 10.21 2.22-46.9 0.0028
15 min 64.0 7.65 1.67-35.1 0.0088

Bold values indicate significance, p < 0.05.

Table 5.6: Slope and R? for dg%;e vs. DOR and Tpe vs. DOR; median [IQR] across pigs

Group dyir,, and DOR Tpe and DOR
Slope R? Slope R?

All population -1.81 [5.08] 0.07 [0.43] 0.89 [2.97] 0.06 [0.27]
Delayed-VF  -2.72 [3.63] 0.33 [0.49] 2.12[1.99] 0.16 [0.35]
Non-VF  -0.80 [5.60] 0.01 [0.28] 0.06 [3.19] 0.04 [0.22]

5.4 Discussion

In this chapter we analyze the performance of the warping-based index
d;?;pe as a non-invasive surrogate of ventricular repolarization dispersion, through
its direct comparison with invasively measured DOR in an open-chest porcine
model of acute myocardial infarction, with the classical T, interval included
for benchmarking. Our main findings were that all three indices discriminated
between the Delayed-VF and Non-VF groups after the onset of coronary oc-
clusion, with dfu?{‘pe providing a stronger and earlier separation than T,.. Risk
analysis demonstrated that these indices also provided significant predictive
ability for VF occurrence at multiple time points. In addition, regression anal-

ysis showed that the relationship between dﬁf{?pe and DOR was more consistent
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in VF-susceptible animals. This association was stronger than the correspond-
ing relationship between Tp. and DOR, underscoring the value of dyp  as
delayed-VF non-invasive risk predictor in contrast to the invasive nature of

DOR.

5.4.1 Ischemia-Induced Changes in d;;; , DOR and T,

The time course of df;%pe index observed in this study is well aligned with
prior observations in a similar study [241]. By concentrating on T-peak—to-end
morphology, we show that the index ;7 = correlates with the ischemia-induced
changes in repolarization dispersion as measured by DOR. At baseline, dﬁfTApe,
DOR and T, remained relatively stable along time, just reflecting the spon-
taneous variability, together with the measurement inaccuracies, of repolar-
ization dispersion across beats. Following coronary occlusion, however, these
indices showed systematic changes over time: d;?{?pe progressively decreased
to more negative values, in parallel to an increase of the T,. interval rela-
tive to baseline, whereas DOR and T, increased steadily, denoting greater
dispersion of repolarization across myocardial regions. The trends were partic-
ularly pronounced in animals that later developed VF, indicating that ischemia
accentuates repolarization heterogeneity in a manner linked to arrhythmic sus-
ceptibility. Comparable time-dependent patterns have been reported in porcine
infarction models [235-237], where ischemia augments repolarization dispersion

and predisposes to VF.

The growing differentiation between the Delayed-VF and Non-VF groups
(see Figure 5.3) aligns with the established role of increased repolarization dis-
persion in creating an arrhythmogenic substrate. Enhanced heterogeneity facil-
itates unidirectional block and re-entry, thereby predisposing the myocardium
to malignant rhythms under ischemic stress [211,217,234]. DOR, quantified
from intracardiac electrograms, has long been regarded as a robust invasive
marker of such electrical instability. The way d;;7 = tracked ischemia-induced
changes in repolarization, highly correlated with DOR, supports its mecha-
nistic link to repolarization heterogeneity and underscores its potential as a
physiologically grounded non-invasive surrogate of the invasive DOR.

Notably, dffﬁpe not only differentiated the Delayed-VF and Non-VF groups
more strongly, but also did so earlier than T).. We attribute this to its sensitiv-
ity to distributed morphological changes throughout the T, interval, whereas
Tpe captures only the information condensed in a single duration measure. This
advantage echoes our previous findings, where dﬁf{‘pe outperformed T, during
ischemia in a closed-chest porcine model [241], thus reinforcing the value of
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dyyr,, to specifically represent the DOR induced by ischemia.

The overall temporal pattern observed in this study was further supported
by the complementary SPM analysis (see Figure 5.4), which identified sustained
inter-group differences in the temporal evolution of the indices, while account-
ing for temporal dependence between consecutive time points. Importantly,
the significant dZ’C{?pe cluster showed the same direction of change as that ob-
served throughout the study, reinforcing the association between lower values
in Delayed-VF animals and greater repolarization dispersion during induced

ischemia.

5.4.2 Prognostic Value of d;;7 , DOR and T, for VF Episodes

The evaluation of VF prediction in this open-chest porcine model revealed
that the three indices consistently discriminated between delayed-VF suscepti-
ble and non-susceptible animals across representative time points. ROC analy-
sis demonstrated significant discriminatory capacity, with d;?ﬁpe achieving even
higher sensitivity at 5 minutes, while maintaining comparable performance
with DOR and T, at later stages. These findings indicate that ischemia-
induced modifications of the T,. waveform morphology conveys comparable
discriminatory ability to that of directly measured DOR, reflecting transmu-
ral, apico-basal or a global dispersion of the cardiac repolarization.

Survival analyses further strengthened this evidence. Cox regression models
confirmed significant associations of these indices with delayed-VF risk, with
hazard ratios ranging from 5.86 to 11.95 across time points (Table 5.5), while
Kaplan—-Meier survival curves (Figure 5.6) showed clear separation between
groups stratified by the ROC-derived thresholds at 5, 10, and 15 minutes. The
observation that predictive capacity was sustained across multiple time points
underscores the robustness of these indices, with dijf?pe generally outperform-
ing Tpe while retaining the notable advantage of being derived from the surface
ECG. This performance suggests that dﬁf{*pe can serve not only as a surrogate
of DOR but also as a practical tool for arrhythmic risk assessment under is-
chemic conditions.

The correlation between d;; 72 - and Ty across the temporal series of each
animal was also computed. As expected, both indices showed a strong inverse
association, with a median [IQR] correlation of R = —0.88 [0.22] across all
pigs. This high inverse correlation confirms that both indices track related
ischemia-induced repolarization changes but not exactly equal. In practice, this
difference is reflected in the earlier and stronger separation between Delayed-VF
and Non-VF animals observed for d;?{?pe, suggesting that the warping-based
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marker captures additional temporal-morphological information beyond that
summarized by Tpe.

Importantly, linear regression analyses provided complementary insight into
supporting the hypothesis of a mechanistic coherence between indices. Al-
though overall linear relationships were modest for non-VF susceptible ani-
mals, compatible with a reduced range of variations in the index values, VF-
susceptible animals exhibited a stronger and more consistent negative rela-
tionship between dg?{?pe and DOR, reflected by higher R? values compared to
Non-VF pigs. This inverse association further reinforces that increases in DOR
are associated with d;;71 = becoming more negative. In contrast, the linear as-
sociation between T, and DOR was weaker, showing smaller absolute slopes
and lower R? on average. This pattern suggests that in animals predisposed
to VF, d;;0 | faithfully reflects the heterogeneity of repolarization dispersion
captured by intracardiac DOR, highlighting its potential as a physiologically
grounded non-invasive index closely aligned with intracardiac DOR.

These findings can be better interpreted in light of previous work on ischemia-
related repolarization markers. Progressive T, prolongation has been linked
to increased arrhythmic vulnerability during acute ischemia in animal mod-
els [217,235], supporting its role as a marker of repolarization heterogene-
ity [236,237]. It has also been shown that T,. underestimates DOR, par-
ticularly under ischemic conditions, with the mismatch further modulated by
ischemic area size, especially in single-lead measurements [240]. Viewed to-
gether, these observations help explain why, in the present study, both d,‘fTApe
and T, tracked related ischemia-induced repolarization changes, while the
warping-based index showed a stronger relationship with DOR and an earlier
discrimination of VF susceptibility. This advantage may also be facilitated by
the use of a PCA-derived global lead, which provides a more spatially integrated
representation of repolarization than single-lead measurements. This interpre-
tation is also consistent with broader evidence across different clinical settings,
including ischemic heart disease [243,244], heart failure [245,246], Brugada
syndrome [188,247], and hypertension [248], indicating that T, prolongation
is associated with arrhythmic risk, but that its prognostic value is moderate
and should be interpreted together with other markers rather than in isola-
tion [249]. In this context, the present work does not challenge the relevance
of Tpe, but builds upon it by showing that incorporating the full morphology
of the same interval may provide a more sensitive non-invasive representation
of the evolving arrhythmogenic substrate than relying on fiducial points alone.

Findings in this chapter also align well with those presented in Chapter 3
using PCI in humans, where d{fﬁpe was validated as a sensitive marker of tran-
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sient ischemia-induced repolarization changes [230], and in Chapter 4 using a
closed-chest porcine infarction model, where it demonstrated predictive value
for delayed-VF occurrence [241]. The present work provides validation of d,, 1 |
as a surrogate for the invasive DOR measurements in an open-chest infarction
model. These findings gain further translational relevance from the fact that
ischemic injury develops several-fold slower in humans compared with experi-
mental models [231], providing a clinically feasible window for monitoring and

intervention.

5.4.3 Limitations

The present findings should be interpreted in light of some limitations. The
number of animals included was relatively small, which may affect the statis-
tical power, although the consistency across multiple analyses supports the
robustness of the observations. In addition, the open-chest porcine model al-
lowed unique simultaneous recordings of surface ECG and invasive DOR, but
it departs from clinical conditions and may not fully capture the dynamics
of ischemia in closed-chest or chronic settings. Although the thorax was re-
closed during ECG recordings and precordial leads V4-V6 were repositioned
to minimize thoracotomy-related effects, potential alterations in surface ECG
morphology cannot be completely ruled out. Another consideration is that all
animals were under anesthesia, which may alter electrophysiological responses
compared to conscious states, and thus caution is needed when extrapolat-
ing these results to human scenarios. Additionally, although Early-VF cases
were not included in the present analyses, a dedicated evaluation of this sub-
group may provide complementary information and should be addressed in
future work. Accordingly, the present findings are restricted to Delayed-VF
and should not be extrapolated to Early-VF episodes, which may involve dis-
tinct underlying mechanisms.

The invasive DOR measurement also presents certain methodological limi-
tations. During ischemia, substantial alterations in unipolar EGM morphology
may make the identification of the maximum first derivative (dV/dt) within the
T wave difficult or ambiguous, potentially affecting the accuracy of local repo-
larization time estimates. Although delineation marks were visually inspected,
measurement uncertainty cannot be completely excluded. Furthermore, the
limited spatial coverage provided by the intramyocardial electrodes does not
encompass the entire ventricular myocardium, including the endocardial and
epicardial surfaces. Consequently, the calculated DOR reflects repolarization
dispersion within the sampled regions and may underestimate the dispersion
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across the entire myocardium. Finally, post-repolarization refractoriness dur-
ing ischemia may cause myocardial refractoriness to persist beyond electrical
repolarization. Therefore, DOR derived from repolarization times should not
be interpreted as a direct measure of the spatial dispersion of refractoriness.

Previous studies in ischemia induced during PCI in humans [230] show re-
gional markers differences function of the occluded artery. Here, the analysis
using a spatially integrated global PCA lead prevents a detailed spatial anal-
ysis, which will also require larger subpopulations at the different occluded
arteries, worth to be considered in future studies.

From a methodological perspective, the computation of dfu?{‘pe relies on
accurate ECG preprocessing, including delineation and PCA transformation,
which could introduce variability across implementations if not standardized.
Furthermore, the need of a reference waveform, while appropriate in this con-
trolled experimental setup, might be less straightforward in clinical practice
where a stable reference segment is not always available. Alternative ap-
proaches, such as deriving references from patient-specific control recordings or
from population-based templates, warrant further exploration in translational
studies.

5.5 Conclusions

This chapter extended the previous evaluation of T-peak-to-end morphol-
ogy by testing its relationship with invasive measurements of DOR in an open-
chest porcine infarction model. The warping-based index dgfﬁ,e may be a po-
tential non-invasive surrogate of ventricular repolarization dispersion measured
by the invasive DOR, showing comparable predictive performance for delayed-
VF occurrence under ischemic conditions, while performing earlier and more
robustly than the classical T, index. These results call for further validation
in human cohorts to establish clinical applicability and evaluate its potencial
role in arrhythmic risk stratification under ischemic conditions.
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6.1 Introduction

This chapter shifts the focus from ischemia-induced repolarization changes
to congenital repolarization abnormalities by evaluating T-wave morphology
in type 2 long-QT syndrome (LQT2). LQT?2 is caused by pathogenic variants
in the KCNH2 gene and represents one of the most prevalent and clinically
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significant subtypes [26, 86, 114]. It is characterized by disorders of myocar-
dial repolarization that are associated with an increased propensity to atypical
polymorphic ventricular tachycardia called TdP [250,251], which can manifest
as syncopal episodes or lead to a SCD [86, 250, 251]. The need to properly
identify high-risk patients has prompted a growing body of research focused on
improving risk prediction and early intervention beyond conventional clinical
and electrocardiographic parameters.

As discussed in Chapter 1, QT, prolongation remains the pathophysiolog-
ical hallmark for diagnosis and clinical risk stratification in LQTS. However,
approximately 25-50% of genetically affected and asymptomatic individuals
may present borderline or even normal QT, durations at rest [75, 95, 252],
underscoring the limitations of relying solely on the QT interval for risk as-
sessment. In LQT2, arrhythmic vulnerability is therefore not fully explained by
repolarization delay itself, but is also linked to the temporal and spatial hetero-
geneity of the repolarization dynamics [26,27]. This view, supported by both
experimental models and clinical observations [27,45,127,253], has prompted
the search for complementary markers capable of capturing the underlaying
complexity of repolarization dynamics beyond what QT, duration alone can
convey.

In LQT2, the resulting dysfunction of the rapid delayed rectifier potassium
current [26] (Ig, ) leads to delayed ventricular repolarization, which manifests
electrocardiographically as low-amplitude, asymmetric, notched, flattened, or
bifid T-waves [80,127,254]. Although these genotype-specific T-wave abnor-
malities are qualitatively recognized and may offer insights beyond QT,, they
remain difficult to quantify and have not yet been systematically integrated
into clinical risk stratification [80]. Clinically, the occurrence of arrhythmic
events in LQT2 despite borderline or normal QT [127] further draw attention
to this gap and supports the need for complementary approaches that capture
the arrhythmogenic substrate beyond conventional QT,. measurements.

Although several existing T-wave-based biomarkers aimed at enhancing
risk stratification are commonly categorized as morphology-based markers for
LQTS, most of them rely on temporal measurements derived from ECG fiducial
points [94, 95, 255, 256], and therefore do not fully capture the morphological
complexity of the T-wave. In order to overcome these limitations, biomarkers
such as the morphology combination score (MCS) [200,201] and others based
on information provided by the vectorcardiogram have been evaluated [256,
257]. Separately, a previous study demonstrated the value of the warping-based
approach evaluated in this thesis, in quantifying T-wave morphology variations
with respect to a population-based reference T-wave (TMV index) [204], which
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provides a global assessment of T-wave morphology and is the metric adopted in
the study presented in this chapter. We hypothesized that a global assessment
of T-wave morphology using the TMV index may uncover relevant differences
in repolarization dynamics beyond what conventional QT-based or fiducial-
point-based markers can reveal. Therefore, the aim of this study was to assess
the association between the TMV index and the risk of cardiac events in a
cohort of LQT?2 patients.

6.2 Materials and methods

6.2.1 Patient Cohort

The study population comprised individuals diagnosed with LQT?2 recruited
at the cardiogenetic clinics of the tertiary care academic hospitals in Lund,
Gothenburg and Linkdping (Sweden). Inclusion criteria were patients (1) car-
rying a pathogenic or likely pathogenic genetic variant in KCNH2 (LQT2), as
confirmed by standard genetic testing according to clinical routines, and (2) at
least 16 years old, in order to avoid potential variability in T-wave morphol-
ogy typically observed in pediatric and adolescent populations. Patients with
multiple LQTS-related genetic variants (>1) were not included in this study.
Eight independent standard leads (I, II, and V1-V6) were collected during a
10-second resting recording in the supine position and digital ECG files were
exported from either GE MUSE ECG database (GE Healthcare, Chicago, IL,
USA) or Cardiolex ECG database (Cardiolex Medical AB, Solna, Sweden).
Signals were acquired at a sampling frequency of 500 Hz and with an ampli-
tude resolution of 4.88 ©V. The earliest ECG ever recorded at or after the
age of 16 was used for analysis. The study received the Local Ethical Review
Board approval 2024-05551-02 (Lund, Sweden), in accordance with national
and international ethical and deontological standards.

The reference cohort consisted of 23,962 middle-aged adults with no his-
tory of cardiovascular disease, selected from the UK Biobank (UKB) [258]. A
reference library of normal T-wave morphologies, clustered by sex, heart rate,
and lead, was previously derived from standard 10-second, 8-independent-lead
resting ECGs available from the UKB database, as described by Ramirez et
al. [204] Data access for this component of the study was granted under UKB
application 8256. All participants provided informed consent, and the study
received institutional ethics approval.
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6.2.2 Data Collection and End Points

Study data corresponding to the first cohort (LQT2 patients) were collected
and managed using REDCap electronic data capture tools hosted at hospitals
in Lund, Gothenburg and Linképing (Sweden) [259,260]. Clinical data included
demographic information, ECG findings, ongoing treatments (including QT-
prolonging medications), and clinical events documented both retrospectively
(before inclusion into the registry) and prospectively throughout long-term
follow-up. Beta-blocker use was specifically collected to enable time-dependent
analysis of its potential impact on cardiac outcomes.

The primary endpoint was defined as the first lifetime occurrence of a car-
diac event (CE), defined as the occurrence of syncope (a sudden, transient loss
of consciousness with rapid recovery) or the composite endpoint ventricular
arrhythmia (VA). Accordingly, the first lifetime CE was ascertained from the
complete medical record and could occur either before or after the first digi-
tal ECG used for TMV computation. Each patient contributed a single event
time corresponding to the first lifetime CE. VA includes documented episodes
of TdP, sustained VT, appropriate intervention by implantable cardioverter
defibrillator (ICD), aborted cardiac arrest (ACA) requiring external defibrilla-
tion, or LQTS-related SCD (abrupt in onset and without an identifiable cause,
whether witnessed or unwitnessed). VA was considered as a secondary end-
point.

6.2.3 ECG Signal Processing and Characterization

The ECG pre-processing pipeline for the clinical LQT2 cohort followed
the general filtering and delineation procedures and PCA transformation de-
scribed in Chapter 2. Specifically, in this cohort, the PCA transformation was
derived from the T-waves contained within each 10-second ECG recording.
Then, from each 10-second ECG recording, the median beat was extracted for
each of the 8 independent leads and the PC1 (Panel A in Figure 6.1 shows
the median beat in lead I). QRS and T-wave onset and end timings were
then annotated using a wavelet-based delineation method [195]. In order to
match the T-wave segmentation strategy used in the UK biobank cohort, the
T-wave segmentation window was subsequently adjusted by moving the T-wave
boundaries (T, and Tys¢) forward in time from the end of the QRS complex,
QRS,sf, by an offset linearly proportional to the RR interval (in ms), defin-
ing Ton = QRS,5; + 40 msxRR /1000 and moving the T,z ahead from the
delineation mark by 40 msxRR/1000. Finally, each isolated T-wave was fur-
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ther filtered using a sixth-order bidirectional low-pass Butterworth filter with
a cut-off frequency of 20 Hz to eliminate residual high-frequency content.

6.2.4 Quantification of T-Wave Morphology Changes

To assess T-wave morphology changes, we used TMV index, a dynamic
time-warping-based algorithm previously validated for quantifying morphol-
ogy changes relative to reference repolarization patterns [204]. TMV reflects
the signed average time-warping required to optimally align each point of the
T-wave under study to a representative normal reference T-wave, thus provid-
ing a geometry-aware measure of morphological variation. In brief, each me-
dian T-wave, f*(t%), derived from each 10-second ECG recording as described
above, was compared with its corresponding sex-, heart-rate- and lead-matched
average reference waveform, f(¢"), derived from the UKB population cohort
(Panel C in Figure 6.1). Similarly to di7, TMV is defined as detailed in
Section 2.3.2.

Note that (t") (solid red line in panel D of Figure 6.1) is the optimal
warping function that reparametrizes the time dimension of the patient’s T-
wave to best match its corresponding reference waveform f(¢"). In this study,
TMYV is additionally reported with T-wave- and derivative-based weighting
variables, as described in Section 2.3.5, which have recently shown improved
robustness against to noise [198]. TMYV is depicted as the average green dashed
line area in panel D of Figure 6.1. TMV is additionally reported as a signed
index (see Section2.3.2), whose sign follows the net amount of warping. A
positive (negative) sign indicates that aligning the wave under study with the
reference one predominantly requires stretching (shrinking) the waveform, and
larger absolute TMV values indicate greater deviation from normal T-wave
morphology. Figure 6.1 summarizes the processing pipeline used to compute
the TMV index for each patient. All outcome and risk analyses were performed
exclusively in the LQT2 cohort.

Given prior reports linking lower T-wave amplitude with increased ar-
rhythmic risk [127] and showing genotype-dependent, circadian modulation
of beat-to-beat T-wave amplitude variability in LQTS [27], we included a sim-
ple amplitude metric computed directly from the median beat of each 10-
second ECG recording. T-wave amplitude, T 4,,,, was defined as the abso-
lute difference between the signal amplitude at the automatically-annotated
T-wave peak (wavelet-based method [195]) and the mean voltage of an iso-
electric segment of the same beat. The isoelectric segment was defined as a
window of 10 msxRR /1000 within the PR interval whose end was positioned
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Figure 6.1: Diagram of the method to obtain the time-warping-based index, TMV. The color
blue across panels corresponds to the healthy general condition, and the red one to LQT2.
A, illustrative median ECG beat derived from the 10-second ECG recording in lead I for a
particular patient. B, a median T-wave (red line) extracted from panel A for an individual
patient together its corresponding sex-, heart rate—, and lead-specific normal reference wave
(blue line) derived from the UKB cohort represented by panel C. The green dashed lines
illustrate temporal pointwise differences that would be necessary to optimally match f° wave
with f” wave. D, warping function (¢") (solid red line) that optimally relates the reference
ST(t") and studied f°(t°) waves. TMYV index representing the total amount of warping is
depicted by the green dashed line area between ~(t") and ¢".
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15 msxRR/1000 before QRS onset. If the window extended beyond the PR
segment, it was truncated to remain within PR. Similarly, considering prior
literature on morphology-based risk markers, we also included the Morphology
Combination Score (MCS) [261] as a benchmark comparator. MCS was ob-
tained from the QT Guard Plus software (GE Healthcare) using each median
beat. This algorithm computes MCS from T-wave flatness, asymmetry, and
notching, according to the methodology proposed by Andersen at al. [261] and
further explored in subsequent studies [76,200,201].

To further evaluate the added value of the warping-based index, standard
clinical measurements were extracted from each available ECG recording to
serve as comparative references. RR and QT intervals were measured in mil-
liseconds, and QT values were corrected for heart rate using Bazett’s formula.

In addition to the full-T-wave TMYV indices, the same unweighted and
weighted warping-based versions were computed over the T-peak-to-end in-

terval, yielding the corresponding T-wave peak-to-end morphology variation
(TPEMYV) indices.

The workflow was fully automated (median-beat annotatin and TMV com-
putation). Visual inspection of annotated median beats and the TMV graphical
output was then performed as a verification step of the automated output (no
manual re-annotation was required).

6.2.5 Statistical Analyses

All data were first assessed for distributional normality using the Shapiro-
Wilk test. Continuous variables are summarized as mean + standard deviation
(SD) or as median and interquartile range [IQR], depending on distribution.
Categorical variables are presented as absolute frequencies and percentages.
Group comparisons were performed using the student’s t-test or Mann-Whitney
U test for continuous variables, and the x? or Fisher’s exact test for categorical
variables, as appropriate.

The TMV index was initially evaluated as a continuous variable in Cox
regression analysis, but did not show a statistically significant association with
cardiac events. However, exploratory Kaplan-Meier analyses stratified by TMV
quartiles showed that the differences in event-free survival were not uniform
across the distribution, with the largest separation observed for the lowest quar-
tile. This pattern suggested a potentially non-linear association and motivated
the use of a dichotomized analysis. Therefore, we dichotomized TMV using
the population’s 25th percentile as cut-off value. Kaplan—Meier survival curves
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were generated to assess cumulative event-free survival, and differences between
groups were evaluated using the log-rank test. The association with clinical
events was evaluated using Cox proportional hazards regression to estimate
hazard ratios (HRs) and 95% confidence intervals (CIs) for the first lifetime
occurrence of age-dependent CE, using age as the time scale [114,262] (birth
as time origin), with follow-up censored at the age of 60 years, in line with
previous LQTS studies [110,263] and assuming no population-scale changes
in the distribution of TMV values throughout the lifespan. Consistent with
these genotype-based LQTS studies, LQTS is considered a congenital chan-
nelopathy in which the underlying electrophysiological substrate, reflecting the
peculiarities of the ion currents specific for the affected individual, is genetically
determined and present from birth. Accordingly, the first available adult ECG
has been commonly used as a representative marker of the genotype-related re-
polarization phenotype and tested for its association with events that occurred
prior to the index ECG and during follow-up.

Multivariable Cox models adjusted for QT,, sex, and MCS were also per-
formed. The proportional hazards assumption was assessed using standard
graphical diagnostics (log-minus-log plots) and time-dependence checks (intro-
duction of a time-dependent covariate into the model). Model discrimination
was summarized using Uno’s C-index for the Cox models. Model calibration
was assessed at time 50 years using internal bootstrap validation with 400
resamples and comparing predicted and observed event risk, and an optimism-
corrected calibration to reduce overfitting-related bias from using the same
dataset for model development and evaluation. Beta-blocker therapy was not
included in the main multivariable models and was considered only in sensitiv-
ity analyses due to its potential confounding effect and time-varying nature. All
statistical analyses were two-tailed and considered significant if p-value < 0.05.
Analyses were performed using MATLAB R2024b and IBM SPSS Statistics for
Windows 29.0.1.0 (IBM Corporation, Armonk, NY, USA).

6.3 Results

6.3.1 Clinical and Demographic Characteristics

A total of 54 patients with congenital LQT2 were included in the study.
Table 6.1 summarizes the demographic variables, baseline ECG intervals (RR,
QRS, QT,), and treatment status up to age 60 years. The cohort had a median
age at first ECG of 35 years and a balanced sex distribution. At baseline, rest-
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ing heart rate was in the low-normal range, QRS duration was within normal
limits with no evidence of intraventricular conduction delay, and QT was mod-
erately prolonged with inter-individual variability, consistent with the LQT2
phenotype. The vast majority was treated with beta-blockers.

Table 6.1: Clinical characteristics of LQT2 patients

Characteristics LQT?2 patients (n=54)
Demographic

Male, No. (%) 25 (45.45)

Age at first ECG, years 35 [21-47]

Age at end of follow-up 52 [37-66]
Electrocardiography

RR, ms 951 [843-1110]

QRS, ms 88 [82-96]

QT,, ms AT2 [449-499)
Treatment (up to age 60), No. (%)

B-blockers 46 (85)

ICD 15 (28)

Pacemaker 7 (13)
Cardiac events lifelong (No. (%))* 32 (58)

Syncope 28 (51)

Documented VA 11 (20)
Cardiac events, before 60 y.o. (No. (%)) 25 (46)

Of those Documented VA 10 (18)

Data are presented as No. (%) or median [Q1-Q3]. Documented VA included TdP,
VT, appropriate ICD therapy, ACA and SCD.

Abbreviations: VA, ventricular arrhythmias; TdP, Torsades de pointes; VT, ventric-
ular tachycardia; ICD, implantable cardioverter-defibrillator; ACA, aborted cardiac
arrest; SCD, sudden cardiac death.

*Syncope and documented VA are not mutually exclusive; patients with both are
counted in both rows but only once in CE (>1 event).

6.3.2 T-wave Morphology

Analysis of the TMV and its weighted versions across PC1 and eight inde-
pendent leads revealed a consistent pattern, with statistical significance emerg-
ing from the derivative-weighted TMV in lead I in this cohort. By contrast,
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the corresponding TPEMYV indices, evaluated using the same unweighted and
weighted formulations, did not yield statistically significant findings in PC1 or
any of the eight independent leads. Therefore, descriptive ECG-derived metrics
and clinical outcome analyses are reported for this lead-I derivative-weighted
TMYV marker, hereafter refered to simply as TMV. The simple amplitude met-
ric, T gmp, showed a median [Q1 Q3] of 0.17 [0.12 0.23] mV across the cohort.
Beyond amplitude, the distribution of the TMV index across LQT2 patients
ranged from -32.81 to 24.78 ms, with median [Q1 Q3] of -12.96 [-18.41 -7.81]
ms. Note that, since the warping indices are signed, negative values indicate a
temporal compression (shrinkage) of the repolarization phase required to align
the patient waveform with the reference waveform, reflecting a broader or de-
layed repolarization phase in the original signal. When comparing by sex, TMV
did not differ between males and females, with median [Q1 Q3] values of -12.64
[-20.27 -8.12] ms in males and -13.68 [-17.01 -6.92] ms in females (p = 0.808).
The cohort’s 25th percentile (Ql= -18.41 ms) was used as cut-off to evaluate
associations of the TMV index with relevant clinical and electrocardiographic
variables.

As summarized in Table 6.2, demographic profiles were comparable be-
tween patients with low TMV and those with higher TMV, with no differences
in sex distribution or age at the first ECG. Baseline RR and QRS did not
differ between groups, with comparable resting heart rates and uniformly nar-
row QRS complexes. In contrast, QT, was higher in the LQT2 subjects with
lower TMV. Regarding treatment, beta-blocker use did not differ significantly
between groups, ICD implantation was significantly more frequent in the low-
TMYV group, whereas pacemaker use was similar in both groups. Among T-
wave metrics, the MCS index was significantly higher in the low-TMV group,
while T 4,,, index showed no between-group difference.

6.3.3 Association of ECG Markers with Cardiac Outcomes

At least one cardiac event occurred in 32 patients experiencing at least one
cardiac event; 28 patients had syncope and 11 had documented VA (categories
not mutually exclusive). Neither T 4,,, nor MCS demonstrated a significant
association with the risk of CE (T 4,,p: HR 0.53, 95% CI 0.00-7.10, p = 0.240;
MCS: HR 1.25, 95% CI 0.67-2.38, p =0.489). Both analyses yielded wide confi-
dence intervals and concordant non-significant results, indicating no predictive
value in this cohort. In contrast, patients with low TMV (< -18.41 ms) were
more likely to experience cardiac events, either syncope or VA, than those with
higher TMV (93% vs 43%, Table 6.2). Importantly, this pattern remained sta-
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Table 6.2: Characteristics of LQT2 patients based on cut-offs of the 25th percentile (Q1) of
the TMV index

Characteristics T™V < Q1 T™V > Q1 p-value
Number 14 40
Demographic
Male, No. (%) 7 (50) 18 (45) 0.762
Age at first ECG, years 28 [18-44] 37 [24-51] 0.235
Electrocardiography
RR, ms 951 [819-1112] 950 [866—-1098| 0.569
QRS, ms 88 [82-90] 88 [82-97] 0.504
QT,, ms 508 [498-517] 463 [442-480] 0.003
T wave
MCS 1.89 +0.58 1.24 +£0.41 < 0.001
T Amp, (mV) 0.16 +0.05 0.18 +0.08 0.413
Treatment (up to age 60), No. (%)
B-blockers 14 (100) 31 (78) 0.092
ICD 8 (57) 7 (18) 0.012
Pacemaker 2 (14) 5 (13) 1.000
CE lifelong (No. (%))* 13 (93) 19 (48) 0.004
Syncope 11 (79) 17 (43) 0.030
Documented VA 6 (43) 5 (13) 0.024
CE, before 60 y.o. (No. (%)) 13 (93) 17 (43) 0.001
Of those Documented VA 6 (43) 4 (10) 0.013

In this cohort, Q1 (25th percentile) of TMV corresponds to -18.41 ms.

Data are presented as No. (%) or median [Q1-Q3|. Documented VA included TdP, VT,
appropriate ICD therapy, ACA and SCD.

Abbreviations: VA, ventricular arrhythmias; TdP, Torsades de pointes; VT, ventricular
tachycardia; ICD, implantable cardioverter-defibrillator; ACA, aborted cardiac arrest;
SCD, sudden cardiac death; MCS, Morphology Combination Score; CE, Cardiac events.
Bold values indicate significance, p < 0.05.

*Syncope and documented VA are not mutually exclusive; patients with both are counted
in both rows but only once in CE.
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Figure 6.2: Probability of cardiac-event-free survival over lifetime censored at age of 60 in
LQT?2 patients dichotomized by the 25th percentile cut-off of the lead I-derived TMV index:
time to first cardiac event (panel A) and time to first ventricular arrhythmia (panel B).

tistically significant when considering VA alone, as shown by the comparison
of VA proportions between groups (43% vs 10%).

6.3.4 Cardiac Events

Figure 6.2 (panel A) shows Kaplan-Meier survival curves for time to first
CE, comparing LQT2 patients below the 25th-percentile TMV cutoff (purple
line) with the remainder of the cohort (blue line). Patients in the lowest-
quartile group exhibited markedly reduced event-free survival compared to the
rest of the cohort, with an early and sustained separation of curves. The
log-rank test indicated a significant difference between groups (p < 0.001).
Accordingly, TMV < -18.41 ms was associated with increased risk in the uni-
variate model (HR 3.505, 95% CI 1.673 - 7.341; p < 0.001). In multivariable
analyses, the association remained significant after adjustment for QT, and
after additional adjustment for sex and MCS. Full multivariable estimates are
provided in Tabla 6.3, while the univariate analysis of the remaining ECG leads
in which no significant findings were found is presented in Table 6.4. Across
those leads, TMV showed similar risk estimates, however not reaching statisti-
cal significance. Model discrimination for the univariable TMV Cox model was
modest (Uno’s C-index = 0.61 (95% CI 0.533 - 0.693)) and increased slightly
in the fully adjusted model (TMV + QT, + sex + MCS; Uno’s C-index = 0.65
(95% CI 0.539 - 0.754)). Internal bootstrap calibration suggested reasonable
agreement between predicted and observed risk at the 50-year time horizon
after optimism correction. The mean absolute calibration error was 4.3%, with
higher deviation at the extremes.
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Table 6.3: Risk of cardiac events and ventricular arrhythmias in LQT2 patients: Cox regres-
sion analysis dichotomized by the 25th percentile of the TMV index derived from lead I.

Adjustment HR 95% CI p-value
Cardiac events
Univariable 3.505 1.673-7.341 < 0.001
QT, 2.92 1.111-7.676 0.030
QT and sex 3.375  1.256-9.067  0.016

QT,, sex, and MCS 4.061 1.369-12.046 0.012

Ventricular arrhythmias

Univariable 4.978 1.4-17.705 0.013
QT, 3.035 0.625-14.728  0.168
QT and sex 3.116  0.629-15.430 0.164

Bold values indicate significance, p < 0.05.

Table 6.4: Risk of cardiac events in LQT?2 patients: Cox regression analysis dichotomized by
the 25th percentile of the TMV index derived from leads PC1, II and V1-V6.

Lead HR 95% CI p-value
PC1 2.09 0.97-4.,47 0.059
1I 1.78 0.81-3.89 0.149

V1 1.96 0.92-4.20 0.830
V2 1.82 0.83-4.00 0.135
V3 1.13 0.50-2.54 0.722
V4 1.60 0.71-3.61 0.255
V5 1.88 0.85-4.15 0.119
V6 1.88 0.88-4.02 0.105

As a sensitivity analysis, we additionally included beta-blocker therapy in
the fully adjusted model (TMV + QT, + sex + MCS) and the association
remained significant (HR 4.137, 95% CI 1.405-12.183; p = 0.010).

6.3.5 Ventricular Arrhythmias

Figure 6.2 (panel B) shows the Kaplan-Meier curve for time to first VA,
where the TMV < -18.41 ms group also had lower VA-free survival, with a
similar early divergence maintained across the recorded clinical history (log-
rank p = 0.006). In the univariate Cox model, low TMV (< -18.41 ms) was
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associated with increased risk of VA (HR 4.978, 95% CI 1.4 - 17.705; p =
0.013). In multivariable models, estimates were directionally similar but did
not reach statistical significance: adjusted HRs ranged from 2.623 to 3.116,
but all 95% CIs crossed 1.0 (smallest p = 0.164). Corresponding hazard ratios
and confidence intervals are reported in Tabla 6.3.

6.4 Discussion

The present study assesses the association of the TMV index with cardiac
events in patients with LQT2. Changes in T-wave morphology in each of the 8
independent leads were quantified by means of a time-warping-based method
that quantifies morphological variations with respect to a healthy population-
based reference T-wave. Our main findings are that the TMV index in lead I
was significantly associated with an increased risk of cardiac events in LQT2
patients. More negative values of TMV index, reflecting broader T-waves
and greater morphological dissimilarity from the normal T-wave pattern, were
linked to the occurrence of CE after adjustment for QT prolongation, and the
association remained significant in models further adjusted for sex and MCS,
a T-wave morphology index earlier studied in the context of type 2 LQTS or
interventions involving IKr (human ether-a-go-go-related gene, hERG) channel
inhibition. When ventricular arrhythmia was considered as the endpoint, the
association was significant in the univariate model but did not persist after
multivariable adjustment.

While many studies have explored T-wave morphology in LQTS, only a few
have successfully provided prognostic information beyond subtype classification
or comparison with healthy controls. Among them, visually assessed abnormal-
ities, such as flat or notched T-waves, have shown associations with increased
cardiac risk in LQT2 carriers with normal QT, [254]. A more quantitative
approach was proposed by Sugrue et al., who identified the T-wave center of
gravity x-axis in lead I (computed over the last 25% of wave) as an independent
predictor of breakthrough cardiac events in LQT2 patients, showing prognos-
tic value beyond QT in that subgroup [78]. In line with this lead-dependent
pattern, TMV association with cardiac events emerged in lead I, whereas other
leads did not reach statistical significance (see Table 6.4) suggesting that re-
polarization vector alignment and cohort-specific factors influence lead-specific
detectability. In addition, this concordance with lead I may reflect that TMV,
although computed over the full T wave, can be dominated by late or terminal
repolarization mismatches relative to the reference, and may therefore capture



6.4 Discussion 129

tail-weighted integral properties of the T wave, as summarized by the lead-I
center-of-gravity metric. More recently, the three-dimensional T-wave vector
magnitude has been shown to identify high-risk LQT2 mutation carriers with
normal QT [127]. Most of these approaches are constrained to subsets of pa-
tients without QT prolongation. In contrast, our approach is the first to apply
a warping-based method to this context, capturing subtle morphological vari-
ations across the full T wave and showing an association with higher risk in
LQT2 patients that is independent of QT duration. Specifically, we applied a
single TMV cut-off (< -18.41 ms) to categorize patients in this cohort, which
captured the most pronounced T-wave morphological changes associated with
increased risk.

Survival analysis revealed a consistent trend: patients with wider T-waves
and more pronounced T-wave morphological changes, as indicated by more
negative TMV values, had significantly lower event-free survival compared to
the rest of the cohort, reflecting a higher vulnerability to cardiac events when
the T-wave morphology differs largely from the normal pattern. Moreover,
Cox regression analyses point to the same risk profile, further supporting the
consistency of the TMV index. The association persisted after adjustment for
QT,, suggesting that TMV captures relevant information not fully conveyed
by QT prolongation alone. The association persisted after adjustment for sex
and remained significant with additional adjustment for MCS, indicating that
TMYV provides additional information not conveyed by these covariates.

Unlike the ischemic settings examined in the preceding chapters, restricting
the analysis to the T-peak-to-end interval did not yield statistically significant
findings in this LQT2 cohort. This suggests that, although late or termi-
nal repolarization mismatches may contribute substantially to the full-T-wave
TMYV, the relevant morphology-related information was not retained when the
T-peak-to-end interval was analyzed in isolation.

Although MCS values were significantly higher in the low-TMV group (Ta-
ble 6.2), indicating morphological abnormalities that covary with TMV, MCS
itself was not associated with cardiac events in this cohort. This pattern sug-
gests that between-group contrasts can arise from correlated morphology fea-
tures without translating into independent prognostic signal at the patient
level. In other words, MCS appears to track with TMV cross-sectionally but
does not carry sufficient information to inform risk on its own in this co-
hort, likely reflecting a smaller effect size and lower sensitivity of MCS, which
would require a larger cohort to detect its association with outcomes. By con-
trast, TMV remained associated with outcomes after multivariable adjustment,
MCS included, indicating that TMV captures the information not included in
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MCS. Conceptually, the warping-based approach may better summarize tem-
porally dispersed repolarization changes that are less accessible to composite
asymmetry /notch/flatness aggregates. Separately, T-wave amplitude values
were overall low across the cohort, consistent with the low-amplitude T-wave
phenotype often described in LQT2. However, associations with cardiac events
were consistently non-significant, indicating limited precision that may reflect
the small sample size. Taken together with the TMV results, these findings
suggest that neither T 4,,, nor MCS had discriminant value here, whereas a
full-T-wave, warping-based measure captured morphology information relevant
to risk in LQT2 within our dataset.

A plausible mechanistic rationale for the observed findings is that loss-of-
function of the rapid delayed rectifier potassium current (I, ) from KCNH2
mutations amplifies temporal and spatial heterogeneity of repolarization, man-
ifesting as T-wave morphology changes. Such changes may not be fully cap-
tured by QT, duration alone. By applying a full-T-wave, morphology-aware
alignment, as provided by the warping-based strategy, the TMV index quanti-
fies pointwise timing variations relative to a population reference and thereby
reflects broader or temporally dispersed repolarization patterns characteristic
of LQT2. This provides a concise morphological summary that complements
the QT, and helps to discriminate patients with significantly lower event-free
survival within this genotype, including those with borderline or moderately
prolonged QT,.

A possible explanation for the lack of statistical significance in the adjusted
models for VA is the limited number of events available for analysis (10 events
before age 60), which reduces statistical power and inflates confidence inter-
vals. The inclusion of prespecified covariates (QT,, sex, MCS) may also have
attenuated estimates by distributing shared prognostic information. Further
confirmation in larger cohorts, containing more VA events, will be essential in
subsequent studies.

While the role of sex in modulating arrhythmic risk among LQT?2 patients
has previously been suggested by Cortez et al., who reported that abnormal T-
wave morphology conferred higher risk in women with normal QTc¢ but not in
men [127], Sugrue et al. did not report sex-stratified results in their analysis of
morphology-based ECG markers in a size-comparable cohort [78]. In our study,
TMV distributions did not differ by sex (Table 6.2), suggesting a relatively
homogeneous morphological substrate between males and females. Moreover,
including sex as a covariate did not alter the association between TMV and
cardiac events, indicating that the prognostic value of TMV was independent
of sex in our models. We did not perform sex-specific risk analyses due to
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the limited cohort size and number of events, so these observations should be
interpreted with caution and more robustly evaluated in larger, sex-balanced
cohorts.

Despite extensive explorations of ECG metrics to refine risk stratification
in LQTS, progress toward routine use of morphology-based markers has been
limited by variability in measurement protocols and challenges in validation
and standardization. Within this context, TMYV offers a single-lead measure of
full T-wave morphological variations relative to a large and consistent popula-
tion template, thereby facilitating straightforward large-scale comparison with
normal patterns and enabling prespecified dichotomization for clinical analy-
ses. From a clinical perspective, TMV may serve as a valuable complement
to existing risk stratification tools in LQT2 patients, including those with bor-
derline or prolonged QT, values. As TMV index is computable directly from
T-wave morphology and does not rely on specific fiducial points, it may be
well suited for automated implementation in digital ECG platforms. Future
studies should aim to validate these findings in larger, prospective cohorts and
evaluate whether warping-index-based classification improves clinical decision-
making or risk prediction models.

6.4.1 Limitations

This study has limitations that should be acknowledged. First, this single-
cohort study has a retrospective nature and is intended to be exploratory
(hypothesis-generating); therefore, the findings should be interpreted accord-
ingly. Second, the UKB cohort used to derive the reference T-wave morpholo-
gies was not age-matched to the LQT2 cohort. Since aging affects T-wave mor-
phology and duration, age-related differences between the two populations may
have influenced the estimated TMV values. Third, the overall LQT2 cohort
size was limited, which restricted the ability to perform subgroup risk analyses
and may have reduced power to detect weak associations. Accordingly, strati-
fied analyses by sex or by QT, interval range (e.g., normal vs. prolonged) were
not conducted due to the relatively low number of events across both groups.
Thus, no formal sex-related risk interaction analysis was performed either. In
addition, the high concentration of events in the lowest TMV quartile leaves
few event-free individuals in that stratum, which may reduce the stability of
adjusted estimates and contribute to wide confidence intervals. Consequently,
validation in larger cohort is needed to confirm its clinical utility and gener-
alizability and to enable a robust assessment of model performance (including
discrimination and calibration).
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6.5 Conclusions

This chapter extended the evaluation of time-warping-based T-wave mor-
phology markers to congenital repolarization abnormalities by assessing their
association with arrhythmic risk in a cohort of LQT2 patients. T-wave mor-
phology abnormalities quantified by the TMV index showed a statistically sig-
nificant association with the risk of cardiac events in a cohort of LQT?2 patients,
which included those with prolonged or borderline QT values, after adjust-
ment for QT sex, and MCS. This marker reflect repolarization abnormalities
not captured by QT, duration and may complement current risk stratification
strategies. Further validation in prospective, multicenter cohorts is warranted
to support their potential integration into clinical clinical practice.
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7.1 Introduction

This chapter further extends the evaluation of T-wave morphology markers
to Brugada syndrome (BrS), a primary electrical disease in which arrhythmic
risk stratification remains particularly challenging. BrS is a genetic disorder
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that affects the ion channels of the cardiac myocites, resulting in distinctive
abnormal electrocardiographic patterns and a high predisposition to malignant
ventricular arrhythmias and SCD [158]. Risk stratification and management of
patients with BrS remains a major clinical challenge due to the lack of accepted
biomarkers of SCD risk. To date, recovered SCD or arrhythmogenic syncope
are considered the most robust risk indicators in these patients [28,29].

Together with the depolarization hypothesis, repolarization disorders repre-
sent one of the two main explanations regarding the pathophysiological mech-
anisms behind the Brugada pattern [153], which remain controversial. Hetero-
geneity in ventricular restitution properties has been linked to the development
of repolarization dispersion gradients, which, when pronounced, increase the
risk of malignant ventricular arrhythmias [264], so its evaluation in the context
of patients with BrS seems relevant. However, direct APDR dynamics evalu-
ation remains impractical due to its invasive nature, driving the development
of indirect non-invasive alternatives. A T-wave morphology-based APDR in-
dex quantifying the variations in the overall morphology of the T-wave with
heart rate, T-wave morphology restitution (TMR) index [203], has recently
been reported and linked with SCD in chronic heart failure and the general
population.

The TMR index therefore provides a restitution-based assessment of the
T-wave morphology changes, which may be relevant in the context of the re-
polarization hypotesis in BrS. However typical Brugada electrocardiography
patterns, including the presence of coved ST segment elevation (type 1 Bru-
gada pattern) or saddle-back ST elevation (type 2 Brugada pattern), largely
distorts the T wave initial part. In addition, as initial chapters have shown,
the dispersion of ventricular repolarization reflected in the T, interval, when
captured by a warping-based index computed in a spatially transformed PCA
lead, d;%p .» has also potential for arrhythmia risk prediction, avoiding the ear-
lier part of the T wave. Taken together, these results suggest the exploration
of this technique for risk stratification in BrS patients. For this reason, in this
chapter, TMR index is evaluated not only over the complete T wave, but also
after restricting the analysis to the T, interval, TPEMR index. This restricted
analysis allows the variations in the terminal part of the ventricular repolariza-
tion to be assessed with heart rate, while reducing the influence of the earlier
ST segment.

Beyond restitution-based analysis, ventricular repolarization changes quan-
tified through warping-based morphology indices have also shown value when
evaluated with respect to a population reference. As shown in the previous
chapter, the TMV index allows T-wave morphology differences to be quanti-
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fied relative to a reference population, providing a complementary approach to
the assessment of arrhythmic risk [192,204]. This motivates its evaluation in
BrS, where altered ventricular repolarization may be reflected not only in the
dynamic response of T-wave morphology to heart rate, but also in morphology
differences with respect to normal reference patterns. Therefore, in this chap-
ter, TMYV is also assessed over the complete T wave and after restriction to the
Tpe interval.

This chapter aims to evaluate TMR and TMV indices in BrS, both over
the complete T wave and restricted to the T interval, TPEMR and TPEMYV,
respectively, testing whether they can discriminate between control and BrS
patients and between symptomatic (BrS-S) and asymptomatic (BrS-A) BrS
patients.

7.2 Methods

7.2.1 Data Set

The study population comprised 156 subjects: 115 patients with BrS and
41 healthy control subjects. ECG recordings were collected using a continuous
12-lead ECG Holter monitor (Spiderview Plus, Livanova-Sorin Group, ELA
Medical, Montrouge, France) with a 2.5 ¢V amplitude resolution (16-bit) and
a sampling frequency of 1000 Hz. The median recording duration was 23.97
h, ranging from 18.98 to 25.15 h. Recordings were acquired using a modified
configuration with high-positioned precordial leads, commonly used in BrS,
simultaneously recorded at the second, third, and fourth intercostal spaces
(IC) on the right (V1gic, Vlsic, V1) and left (V2q1c, V2310, V241¢) sides
of the sternum. This study was approved by the Ethics Committee of the
Hospital Clinic of Barcelona (Reg. HCB/2020/0306) in accordance with ethical
standards and deontological guidelines.

The BrS cohort was grouped according to the presence or absence of sponta-
neous type-I Brugada pattern, as BrS-1 or BrS-II, respectively. From BrS pop-
ulation, patients who experienced cardiac-related syncope and/or SCD events
before ECG recording, as well as those who suffered major events during fol-
low up (VF and/or ventricular tachyarrhythmias), or met clinical criteria for
ICD implantation, were classified as symptomatic BrS patients, group (BrS-
S), while patients with no events were labeled as asymptomatic BrS patients,
group (BrS-A).

For the computation of TMV index, the same UK Biobank-derived reference
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library described in Section 6.2.1 was used. This reference population was used
to obtain sex-, heart rate-, and lead-specific normal T-wave patterns from 10-
s, 8-independent-standard-lead resting ECG recordings against which the BrS
patterns were compared.

7.2.2 ECG Pre-Processing

ECG preprocessing followed the general strategy described in Chapter 2,
including the common filtering procedure used throughout this thesis. Then, a
wavelet-based single-lead ECG delineator [195], specifically adapted to improve
delineation in the presence of typical Brugada ECG patterns as implemented in
[265], and followed by a multilead delineation selection rule [196], was applied.
Next, spatial PCA transformation was derived from the 6 chest leads, learning
the transformation coefficients from the correlations in the T wave segment to
emphasize this wave. The ECG segments used to derive the transformation
were selected from periods with heart rates between 60 and 70 bpm. Finally,
standard leads and the PC1 transformed lead were delineated, each T-wave
segmented and further low-pass filtered (20 Hz cut-off) for subsequent analysis.

7.2.3 Quantification of the T,. Morphology Restitution

T-wave peak-to-end morphology restitution index, TPEMR, was measured
for each patient using the method described in [241] for the time-warping quan-
tification index, d;?ﬁ .» and normalizing by the intrasubject RR range used for
dyyv, derivation. Initially, the beats are clustered in bins based on their RR
interval, and a histogram with 10-ms bins was generated with data from the
entire 24-hour recording. Subsequently, the two more extreme RR intervals
bins containing at least 500 beats were considered. From those bins, the one
closer to the median bin was selected together with its symmetric bin with
respect to the median, labeled as RR; and RRs as shown in Figure 7.1a, were

selected.

A mean warped T-wave peak-to-end (MWTPE), as detailed in Section
2.3.4, was computed for each of the two selected bins, and dE?TAp _ was computed
as the temporal reparametrization between both MWTPEs: the one from bin
RR; and the analogously defined from bin RRg (see Figure 7.1b). Biphasic
T-waves were discarded for the MWTPE estimation. If positive and negative
T waves were present in the same bin, only the dominant class within that
bin was considered to compute the MWTPEs. The amount of warping needed
to eliminate the time differences between them is quantified by the warping-
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based index d;?;‘; . between these two MWTPEs, reflecting the variations on
repolarization dispersion between T waves belonging to RR; and RRs bins.

In order to attenuate the undesired effects of T wave delineation errors,
dE)’CTAp . was computed using the T-wave- and derivative-weighted implementa-
tion described in Section 2.3.5, which has recently shown improved robustness.
The di,’cﬁ . index, illustrated in Figure 7.1c, where the sum of the green and
yellow areas represent the original unweighted estimation, while the yellow area
represents the derivative-weighted estimation, measures the amount of warping
needed to fit the two MWTPEs.

The TPEMR index was then calculated by dividing the absolute value of
dyyr,, by the RR range:

.|

TPEMR = ——.
R ARR

(7.1)

where ARR = RRy — RR; (Figure 7.1a).
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Figure 7.1: Estimation of the T-wave peak-to-end morphology restitution index, TPEMR.
(a) Histogram of RR intervals; the orange bar indicates the median RR interval, while blue
and red bars denote the two bins defining the maximum intra-subject RR range, ARR. (b)
MWTPEs corresponding to the RR values highlighted in panel (a). (c) Estimation of the
df;%‘:e index obtained by time-warping of the two MWTPESs, where the sum of the green and
yellow areas represent the original unweighted estimatation, while the yellow area represents
the derivative-weighted estimation. The TPEMR index is calculated as |dy . | normalized

by ARR.

To complement the morphology-based restitution assessment, the duration-
based AT, marker, previously proposed to quantify restitution dispersion from
dynamic changes in the surface-ECG T, interval [12], was also evaluated as a
benchmark using the same RR; and RRy bins:
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RR1 RR2
o | Tpe - Tpe

be ARR

where T?em and T};‘GRQ denote the median T, duration of the beats included
in the corresponding RR bins.

In addition to the PCA-transformed lead, both TPEMR and AT,. were
independently computed in Vl1gic and V291¢, using the corresponding lead-
specific MWTPEs, warping indices, and median T, durations.

AT (7.2)

7.2.4 Quantification of the T,. Morphology Variation

The TMV analysis performed in Chapter 6 was extended in this chapter to
the T\, interval and to 24-hour Holter recordings, yielding the T, morphology
variation index, TPEMYV. Initially, for each lead, each beat was grouped into
a RR interval bin, B, = [0.20 + 0.05b : 0.25 + 0.05b] s, with b € {0,1,...,32},
and an additional bin Bss containing beats with RR > 1.85 s (see Figure 7.2).
Within each bin, beats presenting biphasic T waves were discarded. If beats
with positive and negative T waves were present in the same bin, only the beats
whose T waves belonged to the dominant polarity class within that bin were
retained. A preliminary median beat was then computed from the remaining
beats and used as a reference template to further refine beat selection. The
correlation between each beat and this median beat was calculated, and only
beats with a correlation > 0.8 were retained for the final estimation. For each
RR bin, a MWTPE was then computed as detailed in Section 2.3.4.

For each patient, RR bin, and analyzed lead, the median RR interval of the
beats contained in the bin was used to select the corresponding normal reference
waveform from the UK Biobank-derived reference library. This reference wave-
form was matched by sex, heart rate, and lead, as described in Section 7.2.1.
The TPEMYV value for each bin was then obtained by computing the warping-
based index between the RR-bin- and lead-specific patient MWTPE and the
corresponding reference MWTPE, as illustrated in Figure 7.2. The result-
ing TPEMV values quantify the morphology differences between the patient-
specific T, interval and the corresponding normal reference pattern for each
available RR bin.

Since BrS recordings were acquired using high-positioned chest leads, while
the UK Biobank reference library was derived from the standard chest leads,
TPEMYV was computed only for the Brugada leads corresponding to the stan-
dard chest configuration, i.e., those located at the fourth intercostal space.
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Figure 7.2: Diagram of the method to obtain the time-warping-based index, TPEMV. Beats
from the 24-hour Holter ECG recording were assigned to RR interval bins, Bs, according to
their corresponding RR value. For each RR bin and analyzed lead, a patient-specific MWTPE
was computed from the beats retained within that bin. The median RR interval of the beats in
the bin was used, together with sex and lead information, to select the corresponding normal
reference waveform from the UK Biobank-derived reference library. The TPEMYV index was
then obtained by the time-warping of the patient-specific MWTPE and its matched reference
waveform. The resulting warping function quantified the morphology variation between both
Tpe segments, with the shaded area in green representing the amount of warping used to
compute TPEMV.
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These leads, hereafter denoted as V1, and V24, were compared with the
corresponding standard V1 and V2 reference waveforms from the UK Biobank
library, respectively. This ensured that morphology variation was quantified
only between comparable chest lead configurations.

In addition to the warping-based indices, classical ECG markers were com-
puted within the same RR bins to provide reference measurements for com-
parison. For each b-th RR bin defined for the TPEMV computation, the T,
interval, Tpe, and T-wave width, T,, were obtained as the median of the
corresponding values within each bin. Additionally, given the coexistence of
repolarization and depolarization hypotheses in BrS, QRS width, QRS,, was
also computed as a depolarization-related reference marker.

The same procedures described above in both Sections 7.2.3 and 7.2.4 were
repeated using the complete T wave, yielding the corresponding TMR and
TMYV indices, respectively.

7.2.5 Statistical Analysis

Statistical analyses were performed to evaluate differences in the proposed
morphology-based markers between control subjects (CG) and patients with
BrS, between symptomatic (BrS-S) and asymptomatic (BrS-A) BrS patients,
and between BrS-1 and BrS-II patients.

For TPEMR, AT,., and TMR, comparisons were performed using one
value per subject and analyzed lead. For TPEMV and TMV, comparisons were
performed independently for each RR bin and analyzed lead. The same analysis
was applied to the classical ECG markers used for comparison, including T).,
Ty, and QRS,.

Data normality was assessed using the Shapiro-Wilk test. For two-group
comparisons, normally distributed variables were compared using Student’s
t-test, whereas non-normally distributed variables were compared using the
Mann-Whitney U test. Categorical variables were compared using Fisher’s ex-
act test. Continuous data are summarized as median and interquartile range,
and categorical data as absolute frequencies and percentages. Statistical sig-
nificance was set at p < 0.05.
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7.3 Results

7.3.1 Clinical and Demographic Characteristics

The clinical and demographic characteristics of the study population are
summarized in Table 7.1. The final dataset included 41 control subjects and
115 patients with BrS. Within the BrS cohort, 35 patients were classified as
symptomatic and 80 as asymptomatic, while 37 patients presented spontaneous
type-1 Brugada pattern and 78 did not.

Compared with controls, patients with BrS were significantly older and
included a higher proportion of males. The ARR used for restitution anal-
ysis was significantly larger in controls than in BrS patients, 430 [336-499]
vs 359 [299-455] ms (p=0.024), whereas no significant differences were ob-
served between the BrS subgroups. Within the BrS cohort, symptomatic and
asymptomatic patients showed no significant differences in age or sex, although
symptomatic patients had a higher prevalence of spontaneous type-I pattern.
Patients with spontaneous type-I pattern were older, more frequently male,
more often symptomatic, and had a higher proportion of ICD than those with-
out spontaneous type-I pattern. Syncope and major events were also numeri-
cally more frequent in BrS-I patients, although these differences did not reach
statistical significance.

7.3.2 T-wave Morphology Restitution Markers

Analysis of the original, T-wave-weighted, derivative-weighted implemen-
tations of the morphology restitution and variations indices yielded broadly
similar results, with the derivative-weighted versions providing the clearest
overall pattern of group differences across the different comparisons and ana-
lyzed leads. Therefore, all morphology-based results presented hereafter corre-
spond to the derivative-weighted TPEMR, TMR, TPEMV and TMYV indices,
refereed to simply by their respective acronyms.

As shown in Figure 7.3, compared with CG, patients with BrS showed
higher TPEMR values in the PCA-transformed lead (0.009 [0.013] vs 0.005
[0.006], p = 0.014), whereas no significant difference was observed in either
Ve or V291¢. Similarly, ATpe was higher in BrS in the PCA-transformed
lead (0.019 [0.030] vs 0.012 [0.014], p = 0.043), with no significant differences in
the two individual leads. No significant differences in TMR were found between
CG and BrS in any of the three analyzed leads. The corresponding median
values and interquartile ranges are reported in Table 7.2.
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Table 7.1: Clinical and demographic characteristics of the study population.

Overall cohort

Characteristic CG BrS p-value
N 41 115

Age, years 25.0 [22.8-32.7] 53.1 [41.8-63.6] < 0.001
ARR 430 [336-499] 359 [299 455] 0.024

Male, n (%) 17 (41.5) 74 (64.3) 0.016

BrS-I, n (%) - 37 (32.2)

BrS-S, n (%) - 35 (30.4)

Syncope, n (%) - 5 (13.0)

SCD, n (%) - 5(4.3)

ICD, n (%) - (25 2)

Major events, n (%) - 0 (8.7)

By clinical presentation

Characteristic BrS-A BrS-S

N 80 35

Age, years 52.9 [41.7-61.6] 54.1 [41.9-65.7] 0.555

ARR 369 [299-459] 339 [299-419] 0.287

Male, n (%) 50 (62.5) 24 (68.6) 0.673

BrS-I, n (%) 20 (25.0) 17 (48.6) 0.017
By spontaneous type-I pattern

Characteristic BrS-11 BrS-1

N 78 37

Age, years 49.8 [38.3-61.1] 58.0 [50.7-65.2]  0.005
ARR 359 [299-481] 339 [279-419] 0.157

Male, n (%) 44 (56.4) 30 (81.1) 0.012
BrS-S, n (%) 18 (23.1) 17 (45.9) 0.017
Syncope, n (%) 7 (9.0) 8 (21.6) 0.077

SCD, n (%) 3 (3.8) 2 (5.4) 0.656

ICD, n (%) 12 (15.4) 17 (45.9) 0.001
Major events, n (%) 4 (5.1) 6 (16.2) 0.074

Continuous variables are reported as median [Q1-Q3], and categorical vari-
ables as absolute frequency and percentage. Bold values indicate signifi-
cance, p < 0.05.
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Figure 7.3: Box plot distributions of TPEMR (a), ATpe (b), and TMR (c) for CG (blue)
and BrS patients (red), shown for the PCA-transformed lead, V1aic, and V221c. * indicates
statistical significance, p < 0.05.

BrS-I patients showed higher TMR values than BrS-1I patients in the PCA-
transformed lead (0.019 [0.013] vs 0.013 [0.011], p = 0.006), V1gic lead (0.014
[0.015] vs 0.012 [0.011], p = 0.028), and V23¢c lead (0.019 [0.011] vs 0.015
[0.008], p = 0.039). No significant differences between BrS-I and BrS-II were
observed for TPEMR or ATpe (Figure 7.4 and Table 7.2).
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Figure 7.4: Comparison of TPEMR (a), ATpe (b), and TMR (c) distributions between BrS-I
(purple) and BrS-II (green) patients in the PCA-transformed lead and the V1aic and V2aic
leads. * and ** indicate statistical significance at p < 0.05 and p < 0.01, respectively.

Figure 7.5 shows the distributions obtained for BrS-A and BrS-S patients.
No significant differences between BrS-A and BrS-S patients were observed for
TPEMR, ATpe, or TMR in the PCA-transformed, Vl1gig, or V251 lead, as
also summarized in Table 7.2.

7.3.3 T-wave Morphology Variation Markers

As shown in Figure 7.6, TPEMYV values in V14c were significantly lower
in BrS than in CG in 14 of the 15 analyzed RR bins, covering the range from
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Figure 7.5: Box plot distributions of TPEMR (a), ATpe (b), and TMR (c) for BrS-A (purple)
and BrS-S (green) patients in the PCA-transformed lead and the V1aic and V22ic leads. No
statistically significant differences were observed between groups.

650 to 1350 ms. The BrS group showed predominantly more negative values
and broader distributions across these intervals. In contrast, the distributions
largely overlapped in V24¢, with no significant differences between groups.
Differences in TMV were more limited and lead-dependent: BrS showed more
negative values only in the 650-700 ms bin in V14, whereas values were less
negative in five bins covering 600-700 and 750-900 ms in V24i¢, as summarized
in Table 7.3.

BrS-I patients exhibited more negative TPEMYV values than BrS-II patients
in both analyzed leads. In V¢, significant differences were observed in 4 of 15
RR bins, distributed across 600-700, 1100-1150, and 1250-1300 ms, whereas
significant differences in V241¢ extended continuously from 1050 to 1350 ms,
comprising 6 of 15 bins. For TMV, BrS-I patients also showed more negative
values in Vl1gc in 6 of 15 bins, corresponding to 850-900 and 1000-1250 ms,
while no significant differences were observed in V24c. These findings are
summarized in Table 7.3.

Figure 7.7 shows the TPEMYV distributions obtained for BrS-A and BrS-S
patients. In Vl1yc, a significant difference was confined to the 1200-1250 ms
RR bin, with BrS-A showing more negative values, whereas no significant dif-
ferences were observed in V241¢. For TMV, BrS-S showed more negative values
in three non-contiguous RR bins in V14IC, corresponding to 700-750, 850-900,
and 1050-1100 ms, while no significant differences were found in V24IC. Over-
all, differences between symptomatic and asymptomatic patients were limited
and did not show a consistent pattern across RR intervals, as summarized in
Table 7.3.
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Table 7.3: Summary of significant group differences for morphology variation markers. For each comparison, the direction of the
median difference, the RR intervals showing statistical significance, and the number of significant bins are reported. A dash indicates

that no statistically significant RR intervals were identified

Marker/lead Comparison Main finding Significant RR intervals (ms)  Sig. bins
TPEMYV Vg BrS vs CG BrS more negative than CG 650-1350 14/15
TPEMV Vlge BrS-S vs BrS-A BrS-A more negative 1200-1250 1/15
TPEMV Vlge BrS-I vs BrS-11 BrS-I more negative 600-700, 1100-1150, 1250-1300 4/15
TPEMYV V24c BrS vs CG Overlapping distributions - 0/15
TPEMV V24¢ BrS-S vs BrS-A  Overlapping distributions — 0/15
TPEMYV V24 BrS-I vs BrS-II BrS-I more negative 1050-1350 6/15

TMV Vi BrS vs CG BrS more negative 650-700 1/15

TMV Vi BrS-S vs BrS-A BrS-S more negative 700-750, 850-900, 1050-1100 3/15

TMV Ve BrS-I vs BrS-11 BrS-I more negative 850-900, 1000-1250 6/15

TMV V24c BrS vs CG BrS less negative 600-700, 750-900 5/15

TMV V241c BrS-S vs BrS-A  Overlapping distributions - 0/15

TMV V2y1c BrS-1 vs BrS-11 Overlapping distributions - 0/15
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Figure 7.6: Distributions of TPEMYV across the analyzed RR intervals for CG (blue) and BrS

patients (red) in Vlac (a) and V241c (b). *, **, and ***  indicate p < 0.05, p < 0.01, and
p < 0.001, respectively.

7.3.4 Classical Repolarization and Depolarization-related ECG Mark-
ers

Compared with CG, patients with BrS showed higher T, values in V1gc
across 14 of the 15 analyzed RR bins, covering the range from 650 to 1350
ms. In contrast, no significant differences in T, were observed in V24c. The
results for T,, were lead-dependent: BrS patients showed higher values in 7
of 15 bins in V¢, whereas lower values were found in 6 bins in V24c. The
most consistent differences were observed for QRS,, which was higher in BrS
across all RR bins in Vlgc and in 12 of 15 bins in V24c. These results are
summarized in Table 7.4.

As shown in Figure 7.8, BrS-I patients exhibited higher T, values than
BrS-II patients in both analyzed leads. Significant differences were observed
in 6 of 15 RR bins in V1yc, distributed across 800-900, 1050-1200, and 1250—
1300 ms, and in 5 bins in V241¢, covering the continuous range from 1050 to
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Table 7.4: Summary of the group comparisons for Tpe, Tw, and QRS,; in V1yc and V241¢. The direction of the median difference,
the RR intervals showing statistical significance, and the number of significant bins out of the 15 analyzed bins are reported. A dash
indicates that no statistically significant RR intervals were identified.

Marker/lead Comparison Main finding Significant RR intervals (ms) M“Mm
BrS vs CG BrS higher 650-1350 14/15

Tpe, Vlac BrS-T vs BrS-11 BrS-1 higher 800-900, 1050-1200, 1250-1300 6/15
BrS-S vs BrS-A Overlapping distributions - 0/15

BrS vs CG Overlapping distributions - 0/15

Tpe, V2410 BrS-I vs BrS-11 BrS-I higher 1050-1300 5/15
BrS-S vs BrS-A BrS-S lower 800-850 1/15

BrS vs CG BrS higher 750-850, 900-950, 1000-1150, 1200-1250 7/15

Tw, Vlc BrS-I vs BrS-11 BrS-I higher 1100-1150 1/15
BrS-S vs BrS-A BrS-S higher 650-800 3/15

BrS vs CG BrS lower 600-650, 750-1000 6/15

Tw, V240 BrS-I vs BrS-11 BrS-1 lower 800-1100 6/15
BrS-S vs BrS-A Overlapping distributions — 0/15

BrS vs CG BrS higher 600-1350 15/15

QRS,, V1isc  BrS-I vs BrS-11 BrS-1 higher 600-1050 9/15
BrS-S vs BrS-A Overlapping distributions - 0/15

BrS vs CG BrS higher 600-700, 800-1300 12/15

QRS,;, V24¢  BrS-I vs BrS-II BrS-1 higher 900-1050, 1100-1300 7/15
BrS-S vs BrS-A BrS-S higher 950-1050, 1100-1150 3/15
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Figure 7.7: Comparison of TPEMV values between BrS-A (blue) and BrS-S (red) patients

over the analyzed RR intervals in V14ic (a) and V24 (b). * indicates statistical significance
at p < 0.05.

1300 ms. For T,,, BrS-I patients showed higher values only in the 1100-1150
ms bin in Vlgg, whereas lower values were observed from 800 to 1100 ms
in V241c. BrS-I patients also showed higher QRS, values in both leads, with
significant differences in 9 of 15 bins in V1yc and 7 of 15 bins in V241c.

Differences between BrS-A and BrS-S patients were less extensive. No sig-
nificant differences in T\, were observed in V14i¢, while BrS-S patients showed
lower values only in the 800-850 ms bin in V24¢. For T, BrS-S patients
exhibited higher values in three consecutive bins from 650 to 800 ms in V1,
with no differences in V24¢. No significant differences in QRS,; were found
in V1yc, whereas higher values in BrS-S patients were observed in three bins
between 950 and 1150 ms in V24;¢. The complete results for the three markers
are summarized in Table 7.4.
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Figure 7.8: Box plot distributions of Tpe for BrS-I (blue) and BrS-II (red) patients across
the analyzed RR intervals in V14IC (a) and V241c (b). * indicates statistical significance at
p < 0.05.

7.4 Discussion

In this study, ventricular repolarization and depolarization were character-
ized in patients with BrS by evaluating morphology restitution and variation
indices over both the complete T wave and the T, interval, together with con-
ventional repolarization and depolarization-related ECG markers. Overall, the
morphology-based markers showed limited and lead-dependent discriminatory
ability. The main findings were that TPEMR and AT),. showed differences
between patients in BrS and CG groups only in the PCA-transformed lead,
with TPEMR reaching higher significance than AT, reproducing the warp-
ing superiority behavior observed in previous chapters and highlighting the
ability of the PCA-transformed lead to capture repolarization information dis-
tributed across the precordial leads. TMR was associated with the presence
of a spontaneous type-I pattern across all three analyzed leads. Among the
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population-referenced indices, TPEMYV showed the most consistent differences
between BrS and CG in V14c and between BrS-I and BrS-II in both analyzed
leads, while TMV provided less consistent and more lead-dependent results.
Importantly, none of the morphology-based indices consistently differentiated
BrS-S from BrS-A patients. The classical T). interval largely reproduced the
patterns observed for TPEMV, whereas T, showed a more heterogeneous lead-
dependent behavior. Finally, QRS,; exhibited the most consistent overall dif-
ferences, with higher values in BrS than in CG and in BrS-I than in BrS-II,
while the clearest differences related to clinical presentation were localized in
V2410 at intermediate-to-long RR intervals.

The higher TPEMR and ATpe values observed in patients with BrS sug-
gest a greater rate-dependent variation in terminal ventricular repolarization
than in CG (see Figure 7.3 and Table 7.2). However, this comparison should
be interpreted with caution because ARR was significantly larger in CG than
in BrS. Given the nonlinear behavior of restitution, the wider RR range in
controls may have contributed to the lower normalized restitution values ob-
served in this group. Importantly, these differences were detected only in the
PCA-transformed lead and not in either Vl1grc or V291¢. Since the PCA lead
integrates information from the six precordial leads while emphasizing their
dominant repolarization component, this finding suggests that the alterations
captured by TPEMR may be spatially distributed and not consistently pro-
jected onto individual right precordial leads. The absence of significant dif-
ferences in TMR between BrS and CG is consistent with the possibility that
restricting the analysis to the T, interval may improve the detection of BrS-
related dynamic changes by reducing the contribution of the earlier ST-T re-
gion, whose morphology is markedly influenced by the characteristic Brugada
pattern.

A different behavior was observed according to the presence of a sponta-
neous type-I pattern. BrS-I patients exhibited higher TMR. values in all three
analyzed leads, whereas neither TPEMR nor AT, differed significantly be-
tween BrS-I and BrS-1II (see Figure 7.4 and Table 7.2). This suggests that the
increased morphological variation with heart rate associated with the sponta-
neous type-I phenotype may predominantly involve the complete ST-T com-
plex rather than its terminal portion alone. Such an interpretation is compat-
ible with the intrinsically dynamic nature of the Brugada ECG pattern and
with invasive studies reporting altered repolarization restitution in patients
exhibiting a type-1 Brugada ECG and regional repolarization heterogeneity in
BrS [156,266], and also with the prolongation of the late depolarization effects
on the initial part of the ST-T complex with the coved ST-segment signature
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in type-I. However, none of the restitution markers differentiated BrS-S from
BrS-A patients (see Figure 7.5 and Table 7.2). Taken together, these find-
ings suggest that changes in T-wave morphology with heart rate were more
clearly associated with the spontaneous type-I pattern than with the presence
of symptoms in this cohort.

The comparison with population-matched reference waveforms provided a
clearer distinction when the analysis was restricted to the T interval. TPEMV
showed consistent differences between BrS and CG in V14, whereas TMV
presented only isolated and lead-dependent differences (see Figure 7.6 and Ta-
ble 7.3). This suggests that the terminal part of the T-wave contains morphol-
ogy information associated with the Brugada phenotype that may be partly
obscured when the complete T wave is analyzed. The contrasting results be-
tween adjacent right precordial leads further indicate that this information is
strongly dependent on its spatial projection. Moreover, the separation between
BrS and CG across almost the entire RR range in V141¢ suggests that this dif-
ference was not restricted to a particular heart-rate range. Since TPEMYV is
a signed marker, its more negative values in BrS reflect the direction of the
time-warping and not a lower morphology variation. Within the BrS cohort,
the continuous differences between BrS-I and BrS-II at longer RR intervals
in V241¢ suggest that the morphology alterations associated with the sponta-
neous type-I pattern may become more evident at slower heart rates in this
lead, in line with the recognized bradycardic and vagotonic accentuation of
the Brugada phenotype [267]. However, neither TPEMV nor TMV consis-
tently differentiated BrS-S from BrS-A, and the isolated significant bins did
not support a consistent RR-related pattern.

The classical T)e interval showed a broadly similar behavior to TPEMV,
suggesting that the warping-based marker reflects physiologically meaningful
alterations in terminal repolarization (see Figure 7.8 and Table 7.4). Impor-
tantly, TPEMYV extends the classical measurement by characterizing morphol-
ogy differences and their variation across RR ranges, thereby providing comple-
mentary information beyond T). duration alone. Neither marker consistently
differentiated BrS-S from BrS-A, in agreement with the conflicting evidence
reported for Ty, in BrS: longer values have been associated with recurrent or
major arrhythmic events [188,247,268], whereas no such association was found
in a larger cohort [269]. Differences in clinical endpoints, lead selection, and
the use of isolated rather than RR-stratified measurements may partly explain
these discrepancies.

The most consistent differences were observed for QRS,;, with higher values
in BrS than in CG and in BrS-I than in BrS-II across multiple RR intervals
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(see Table 7.4). As expected, these patterns are consistent with the recognized
presence of ventricular conduction abnormalities in the Brugada phenotype. In
particular, previous studies have similarly associated prolonged QRS duration
in V2 with symptoms and arrhythmic vulnerability [270,271], while more recent
evidence has shown abnormal rate-dependent QRS prolongation in BrS [272].
In our cohort, the only symptom-related differences were localized in V241¢
at intermediate-to-long RR intervals, suggesting that their expression may de-
pend on both lead location and heart rate. However, these findings should be
interpreted considering that QRS,; was measured separately in each lead and
may be influenced by QRS-end delineation inaccuracies in the right precordial
leads.

Taken together, these findings are consistent with a combined contribution
of repolarization and depolarization abnormalities in BrS. Morphology-based
markers were more closely related to the Brugada phenotype and spontaneous
type-1 expression, whereas QRS,; showed the clearest, although localized, dif-
ferences associated with symptoms. This complementary pattern is consistent
with evidence that both conduction delay and repolarization heterogeneity con-
tribute to the arrhythmogenic substrate in BrS [156]. The marked dependence
on lead and RR interval further suggests that these abnormalities are spatially
localized and dynamically modulated rather than uniformly expressed on the
surface ECG.

7.4.1 Limitations

The interpretation of these findings should take into account some aspects
of the study design. The relatively limited sample size, particularly within
the BrS subgroups, may have reduced the statistical power and stability of
some comparisons. The BrS and control groups differed in age and sex distri-
bution, and the subgroup sizes were unequal, which may have influenced the
comparisons. No adjustment was performed for potential confounding factors,
particularly age, so some of the observed between-group differences may partly
reflect these demographic imbalances. For the population-referenced morphol-
ogy variation indices, the UK Biobank reference waveforms were matched by
sex, heart rate, and lead, but not by age. In addition, these reference ECGs
were acquired at rest in the supine position, whereas the BrS and control
recordings were obtained under ambulatory daily-life conditions. Differences
in age, body position, and activity may therefore have contributed to the ob-
served morphology differences relative to the reference waveforms. In addition,
the bin-wise analysis across RR intervals was exploratory and involved mul-
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tiple comparisons, for which no correction was applied, potentially increasing
the probability of false-positive findings, particularly for isolated significant RR
bins, while the number of available beats varied among subjects and RR bins.
Automated delineation of the QRS end, T-wave peak, and T-wave end may
be challenging in the right precordial leads of patients with BrS, potentially
increasing measurement variability and contributing to some lead-dependent
differences. Therefore, these results should be interpreted cautiously. Finally,
classification based primarily on previous symptoms does not provide the same
prognostic information as a prospective time-to-event analysis, and validation
in an independent prospective cohort is therefore warranted.

7.5 Conclusions

This chapter investigated ventricular repolarization and depolarization in
Brugada syndrome using morphology restitution and variation indices together
with conventional ECG markers. Overall, the morphology-based markers showed
limited and lead-dependent discriminatory ability. TPEMR differentiated BrS
from CG only in the PCA-transformed lead, whereas TMR was associated
with the spontaneous type-I pattern across all three analyzed leads. Among
the morphology variation indices, TPEMYV provided the most consistent char-
acterization of both the Brugada phenotype and spontaneous type-I expres-
sion, while TMV showed fewer and more lead-dependent differences. None of
the morphology-based indices consistently differentiated BrS-S from BrS-A. In
contrast, QRS,; showed the broadest overall differences and the clearest, al-
though localized, separation between BrS-S and BrS-A in V24c. Thus, these
findings suggest a complementary role for T-wave morphology analysis in the
non-invasive phenotypic characterization of BrS, particularly regarding spon-
taneous type-1 expression, while validation in larger independent cohorts is
needed to establish their potential clinical utility.



CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 Discussion of Main Achievements 8.1.3 T-Wave Morphology
8.1.1 Methodological Markers in  Cardiac
Framework for T-wave Channelopathies
Morphology Assessment 8.1.4 Overall Contribution
8.1.2 T-Peak-to-End Mor- to  Arrhythmic Risk
phology in Ischemia- Stratification
Induced Arrhythmic Risk 8.2 General Conclusions

8.3 Future Work

The main objective of this thesis was to evaluate quantitative ECG-based
markers that characterize T-wave morphology for ventricular arrhythmic risk
assessment. This objective was motivated by the need to move beyond con-
ventional fiducial-point-based measurements, which may capture only a lim-
ited part of the information contained in ventricular repolarization, particu-
larly when repolarization abnormalities are expressed as complex morpholog-
ical changes rather than as isolated interval prolongation or shortening. To
address this limitation, the thesis focused on time-warping-based markers able
to quantify morphology differences between T waves and to provide a comple-
mentary, morphology-aware description of ventricular repolarization.

The work was developed across complementary scenarios in which malig-
nant ventricular arrhythmias represent a major clinical concern, including my-
ocardial ischemia and infarction, LQTS, and BrS. Within this frameworks, the
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thesis aimed to assess whether T-wave morphology markers could improve the
non-invasive characterization of arrhythmogenic substrates, provide additional
information beyond classical ECG indices, and support ventricular arrhythmic
risk assessment in different clinical and experimental settings.

8.1 Discussion of Main Achievements

The main achievements of this thesis can be grouped into three comple-
mentary contributions: first, the adaptation of a time-warping methodology to
quantify T-peak-to-end morphology changes for arrhythmic risk assessment;
second, the evaluation of this marker in human and porcine models of myocar-
dial ischemia and infarction; and third, the assessment of full T-wave morphol-
ogy markers in cardiac channelopathies, including LQTS and BrS.

8.1.1 Methodological Framework for T-wave Morphology Assessment

A first achievement of the thesis was the design of a ECG processing strat-
egy that integrated a time-warping methodology into a framework for Tp.
morphology analysis in ventricular arrhythmic risk assessment. This strategy
included signal preprocessing, fiducial detection and delineation, spatial trans-
formation through PCA, segmentation into analysis windows and definition
of the corresponding reference for morphology comparison, and the computa-
tion of morphology markers based on time-warping analysis. This framework
made it possible to quantify differences between T waves not only in terms of
duration, but also in terms of the time-warping required to align their morphol-
ogy. In this context, the use of signed and unsigned warping markers, together
with T-wave peak-to-end restricted formulations and population-reference ap-
proaches, provided a flexible methodological basis for the studies developed in
this thesis.

8.1.2 T-Peak-to-End Morphology in Ischemia-Induced Arrhythmic Risk

A central contribution of the thesis was the evaluation of T-wave peak-to-
end morphology in ischemic conditions. In the human PCI model, the time-
warping-based index restricted to the T-wave peak-to-end interval, di’fﬁpe, was
shown to track ischemia-induced morphology changes during transient coro-
nary occlusion. This restriction was important because it focused the analysis

on a region closely related to ventricular repolarization dispersion while re-



8.1 Discussion of Main Achievements 157

ducing the influence of ST-segment deviations, which are prominent during
ischemia and may interfere with markers computed over the entire T wave.
The study showed that the changes captured by the marker during PCI clearly
exceeded the variability observed in control recordings, supporting its ability to
distinguish ischemia-induced repolarization alterations from normal short-term
ECG variability. Prevalence analysis further indicated that these alterations
were present in a large proportion of patients and appeared early after coronary
occlusion, suggesting that T-peak-to-end morphology is rapidly affected when
the myocardial blood supply is compromised.

Compared with classical local measurements, the main advantage of the
warping-based marker was not simply an earlier response, but a stronger and
more sensitive quantification of ischemia-induced changes over the analyzed
interval. This was particularly relevant when compared with the conventional
Tpe interval, since both markers characterize the same region of the T wave,
but dfffﬁpe uses the morphology of the whole T-peak-to-end segment rather
than the distance between two fiducial points. Although ST-segment deviation
also showed high sensitivity, it reflects injury-current mechanisms rather than
repolarization dispersion, reinforcing the complementary nature of the pro-
posed marker. The spatial analysis additionally suggested regional differences
according to the occluded artery, with changes tending to appear in leads re-
lated to the affected myocardial area, although these findings were exploratory
and limited by the available information on the extent and location of ischemic
injury. The observed increase in the warping index during ischemia progression
suggested that T-wave peak-to-end morphology captures relevant changes in
repolarization heterogeneity.

The same marker was subsequently evaluated in a closed-chest porcine my-
ocardial infarction model, where the longer observation period after coronary
occlusion allowed the temporal evolution of the marker to be related to VF
occurrence. In this setting, dynamic increases in the magnitude of d{j}f’f‘pe were
associated with delayed-VF episodes and showed better predictive performance
than the classical T)¢* interval as ischemia progressed. Beyond confirming that
T-peak-to-end morphology changes increased during coronary occlusion, this
study showed that the temporal profile of the marker differed between animals
that developed delayed-VF and those that did not. While both di7? = and
TESA increased after occlusion, the warping-based index displayed a smoother
and more stable evolution, with greater changes in the delayed-VF group
and significant intergroup differences already in the early ischemic intervals.
This supported the interpretation that the morphology-based marker captured
ischemia-induced repolarization alterations related to arrhythmic vulnerability
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more robustly than the classical T), interval.

The comparison with the warping marker computed over the whole T wave
further reinforced the relevance of restricting the analysis to the T-peak-to-end
interval in this setting. Although whole T-wave morphology also changed dur-
ing ischemia, it did not discriminate between delayed-VF and non-VF animals,
suggesting that the early part of the T wave and the influence of ST-segment
deviations may mask the repolarization changes most closely related to ar-
rhythmic risk. In contrast, dﬁfTApe consistently provided higher discrimination
and stronger risk association than TgSA, including comparisons between time
intervals aligned with VF occurrence. This result extended the findings from
the human PCI study by showing that the morphology changes captured by
the warping marker were not only sensitive to ischemia, but also relevant to
arrhythmic risk prediction under evolving infarction conditions. Moreover, the
focus on delayed-VF episodes gave the analysis potential translational rele-
vance, since these arrhythmias are more closely related to the post-occlusion
phase in which clinical intervention may still be possible.

A further step was provided by the analysis using an open-chest porcine
infarction model, in which simultaneous body-surface ECG and intramyocar-
dial recordings allowed the warping-based marker to be compared with invasive
measurements of DOR. This chapter strengthened the physiological interpre-
tation of the marker by showing that dgf{‘pe may be a potential non-invasive
surrogate of the invasive DOR measurement. Unlike the previous porcine study,
where the association with delayed-VF supported the prognostic value of the
marker, this model provided a direct mechanistic reference by measuring repo-
larization dispersion from intramyocardial recordings. The parallel temporal
changes observed for d;%pe and DOR, together with the increasing separation
between Delayed-VF and Non-VF animals, supported the interpretation that
the T)pe morphology changes captured on the ECG are related to the increase

in repolarization dispersion during ischemia.

The agreement between both indices was further supported by individ-
ual linear regression analyses across time, which showed that the warping-
based marker was not merely associated with the occurrence of VF, but also
tracked the invasive DOR index across the ischemic process. Importantly,
this relationship was stronger than that observed for the classical T, interval,
indicating that the morphology-based analysis provided additional temporal-
morphological information beyond what T, interval can convey. Moreover, its
predictive performance for delayed-VF occurrence was comparable to that of
DOR, while performing earlier and more robust than the classical T,. index.
This finding is particularly relevant because DOR is an invasive measurement,
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whereas d;;;  can be measured from the surface ECG, making it a more fea-
7
sible candidate for non-invasive risk assessment.

Taken together, the ischemia studies support a coherent progression: the
marker detects ischemia-induced repolarization changes in humans, identifies
animals at higher risk of VF during myocardial infarction, and shows potential
as a non-invasive surrogate of invasive DOR. This sequence provides a stronger
physiological and translational basis for T-peak-to-end morphology analysis
than any of the individual studies alone, moving from sensitivity to ischemia,
to arrhythmic risk association, and finally to mechanistic validation against
invasive DOR.

8.1.3 T-Wave Morphology Markers in Cardiac Channelopathies

The thesis also extended the evaluation of time-warping-based T-wave mor-
phology markers to cardiac channelopathies, including LQTS and BrS. In
LQT2, the TMV index quantified T-wave morphology abnormalities by com-
paring each patient’s T wave with a sex-, heart-rate-, and lead-matched normal
reference. This approach was particularly relevant in LQT2, where arrhythmic
risk is not fully explained by repolarization duration and where abnormal T-
wave morphologies may carry additional clinical information. By quantifying
the time-warping required to align each patient’s T wave to a matched refer-
ence, TMV provided an integrated descriptor of morphology abnormality from
a single-lead, full T-wave, reference-based analysis.

The results showed that TMV in lead I was significantly associated with the
risk of cardiac events in LQT2 patients, even after adjustment for QT sex, and
MCS. Patients with lower TMV values showed worse event-free survival, sup-
porting the hypothesis that T-wave morphology abnormalities reflect clinically
relevant repolarization features. Importantly, the association persisted after
accounting for QT,, indicating that the marker did not simply reproduce the
information contained in repolarization duration. The fact that analogous risk
analyses using T 4,,, and MCS were not significantly associated with cardiac
events in this cohort further suggested that the time-warping-based marker
captured morphology-related risk information not fully represented by exist-
ing descriptors of T-wave shape. Overall, these findings support the potential
of time-warping-based T-wave morphology analysis as a complementary ap-
proach to current risk stratification in LQT2, while also emphasizing the need
for larger independent studies to confirm its prognostic value and define its
incremental contribution.

In BrS, the time-warping framework was extended to characterize both
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the T-wave morphology changes with heart rate and its differences with re-
spect to normal population references. Overall, the morphology-based markers
showed limited and lead-dependent discriminatory ability. The evaluation of
morphology restitution showed that TPEMR, discriminated patients with BrS
from control subjects in the PCA-transformed lead, whereas TMR was asso-
ciated with the presence of a spontaneous type-I pattern across all analyzed
leads. These findings suggest that restricting the analysis to the T). interval
may improve the detection of dynamic repolarization differences between BrS
and controls, while changes associated with spontaneous type-I expression may
involve the complete ST-T complex.

Among the population-reference repolarization morphology markers, TPEMV
provided the most consistent characterization of the Brugada phenotype and
spontaneous type-I expression. Differences between BrS and controls were ob-
served across most RR intervals in V1gc, while differences between BrS-1 and
BrS-II patients were found in both analyzed leads and were particularly ev-
ident at longer RR intervals in V24c. In contrast, TMV showed fewer and
more lead-dependent differences. None of the morphology-based markers con-
sistently differentiated symptomatic from asymptomatic patients. The broader
differences observed for QRS,, including localized symptom-related differences
in V241c, were consistent with the complementary contribution of repolariza-
tion and depolarization abnormalities to the Brugada phenotype. Overall, the
marked dependence of the findings on lead location and RR interval suggests
that these abnormalities are spatially localized and dynamically modulated
rather than uniformly expressed on the surface ECG.

8.1.4 Overall Contribution to Arrhythmic Risk Stratification

Overall, the main achievement of this thesis is the demonstration that time-
warping-based analysis of T-wave morphology can provide complementary in-
formation for ventricular arrhythmic risk assessment in different contexts. The
markers evaluated here should not be interpreted as replacements for estab-
lished clinical indices, but rather as additional descriptors of repolarization
abnormalities. Their value lies in their ability to quantify morphology changes
that may remain partially hidden when the analysis is reduced to fiducial inter-
vals such as QT or T)p.. This morphology-based perspective may help to better
characterize the electrical substrate underlying ventricular arrhythmias and to
support the development of more individualized risk stratification strategies.
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8.2 General Conclusions

The main conclusions of this thesis are:

1. Time-warping-based analysis provides a quantitative framework to char-
acterize T-wave morphology beyond conventional fiducial-point measure-
ments. By estimating the temporal deformation required to align T
waves, these markers capture morphology differences that are not fully
described by classical duration- or amplitude-based indices.

2. The T-wave peak-to-end restricted warping marker, dff{‘pe, is sensitive to
ischemia-induced repolarization changes. Its restriction to the final part
of the T wave allows morphology changes related to repolarization to be
assessed while reducing the influence of ST-segment deviations during
ischemia.

3. In human transient coronary occlusion and porcine myocardial infarction
models, dyp  showed consistent relevance for the characterization of
ischemia-induced repolarization abnormalities. In the porcine infarction
model, dynamic changes in this marker were associated with delayed-VF
occurrence and provided stronger arrhythmic risk information than the
classical T} interval.

4. The comparison with invasive DOR measurements supported the poten-
tial role of d, ~as a non-invasive surrogate descriptor of ventricular
repolarization dispersion under ischemic conditions. This finding pro-
vides mechanistic support for the use of T-wave peak-to-end morphology
analysis in the assessment of ischemia-induced arrhythmic risk.

5. In LQT2, complete T-wave morphology abnormalities quantified by the
TMYV index were associated with cardiac events even after adjustment for
established clinical and electrocardiographic markers. This suggests that
TMYV may provide complementary risk information beyond QT duration
in LQT2, although larger independent cohorts are needed to confirm its
prognostic value.

6. In BrS, T-wave morphology restitution and variation markers identified
repolarization abnormalities associated mainly with the Brugada pheno-
type and spontaneous Type-I expression. TPEMR differentiated patients
with BrS from controls only in the PCA-transformed lead, whereas TMR,
and TPEMYV showed associations with the spontaneous type-I pattern.
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However, none of the morphology-based markers consistently differenti-
ated symptomatic from asymptomatic patients, and their performance
depended markedly on the specific lead and RR interval bin. Together
with the broader differences observed for QRS,, these findings support
the complementary assessment of repolarization and depolarization ab-
normalities in BrS. They also suggest that morphology-based repolar-
ization markers may be more useful for phenotypic characterization than
for clinical risk stratification in this cohort. Nevertheless, their associa-
tion with clinical outcomes and their potential prognostic value require
futher evaluation in larger independent cohorts with prospective clinical
follow-up.

Taken together, the results of this thesis support the use of time-warping-
based T-wave morphology markers as complementary non-invasive tools
for the characterization of ventricular repolarization abnormalities and
arrhythmic risk across ischemic and cardiac channelopathies. Depending
on the electrophysiological mechanisms under investigation, these mark-
ers may be derived either from the entire T wave or specifically from the
T-peak-to-end interval.

8.3 Future Work

Future research lines derived from the development of this thesis are de-

scribed in the following:

e In ischemic conditions, future studies should determine whether

PCA
dw,Tpe

can support clinically useful risk stratification in human populations. The
human PCI study demonstrated its ability to monitor transient ischemia-
induced repolarization changes, while the porcine infarction models showed
its association with delayed-VF and its relationship with invasive DOR.
A natural continuation is to evaluate this marker in human cohorts with
acute coronary syndromes, myocardial infarction, or other ischemic sce-
narios where arrhythmic outcomes and clinical follow-up are available.

The spatial information contained in T-wave morphology changes should
be further investigated. The human PCI study suggested regional dif-
ferences according to the occluded artery, whereas the porcine infarction
studies mainly relied on a spatially transformed PCA lead. Future anal-
yses should confirm the value of using the PCA lead for marker compu-



8.3 Future Work 163

tation and further investigate the spatial distribution of T, morphology
changes across ECG leads in relation to the site of occlusion.

e Future work should address the selection of reference waveforms for mor-
phology comparison. In the controlled experimental studies included in
this thesis, reference T waves could be obtained from baseline or control
recordings. However, in clinical practice, a stable pre-event reference may
not always be available. Alternative approaches for defining the reference
waveform should therefore be explored, including patient-specific previ-
ous recordings, disease-specific templates, or population-based references,
as implemented in the TMV index.

e In LQT?2, full T-wave morphology marker should be validated in larger
and independent cohorts. The TMV index showed association with car-
diac events beyond QT duration and other available electrocardiographic
descriptors, but the study was retrospective and based on a limited num-
ber of patients and events. Larger multicenter cohorts are needed to con-
firm its prognostic value, evaluate its stability across subgroups defined
by sex, genotype, treatment, and QT, range, and determine whether it
improves current risk stratification strategies.

e In BrS, morphology-based repolarization markers should be validated in
larger independent cohorts with prospective clinical follow-up. Futures
studies should confirm the lead- and RR-dependent patterns, and assess
whether their combination with QRS,; improves phenotypic characteriza-
tion and provides additional value for clinical risk stratification. Futures
studies should also included control groups with comparable age and sex
distributions to reduce potential demographic confounding.

e The robustness and standardization of the complete processing pipeline
should be further assessed. The computation of time-warping-based
markers depends on signal quality, preprocessing, delineation, lead se-
lection, PCA transformation, window segmentation, and reference defi-
nition. Systematic evaluation of these factors would help determine the
most reliable implementation of the methodology and reduce variability
across different study settings

e The physiological interpretation of the warping-derived markers should
be further explored. The comparison with invasive DOR. provided an im-
portant step toward mechanistic validation, but additional studies com-
bining surface ECG, intramyocardial recordings, imaging information,
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and computational electrophysiological models could clarify how the ob-
served morphology changes relate to spatial and temporal heterogeneity
of ventricular repolarization.

Future studies could further explore the information provided by the
time-warping framework beyond the indices used in this thesis. In par-
ticular, the local profile of the warping function within the T wave or
the T, interval could be analyzed to determine whether specific regions
of the repolarization waveform contribute differently to arrhythmic risk.
In addition, future work could investigate the joint contribution of time-
warping and residual amplitude differences after alignment, either as com-
plementary markers or as part of combined morphology-based model.
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El objetivo principal de esta tesis ha sido evaluar marcadores cuantitativos
basados en el ECG que caractericen la morfologia de la onda T para la eval-
uacién del riesgo de arritmias ventriculares. Este objetivo surgié de la necesi-
dad de ampliar las mediciones convencionales basadas en puntos fiduciales, las
cuales pueden captar solo una parte limitada de la informacion contenida en la
repolarizacion ventricular, especialmente cuando las anomalias de la repolar-
izacién se manifiestan como cambios morfolégicos complejos en lugar de como
una simple prolongacién o acortamiento de los intervalos. Para abordar esta
limitacién, la tesis se centré en marcadores basados en time-warping capaces
de cuantificar las diferencias morfolégicas entre ondas T y de proporcionar
una descripcion complementaria de la repolarizacién ventricular que tenga en
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cuenta la morfologia.

El trabajo se desarrollé en escenarios complementarios donde las arritmias
ventriculares malignas representan una preocupacion clinica importante, in-
cluyendo la isquemia y el infarto de miocardio, LQT2 y BrS. En este contexto,
la tesis tuvo como objetivo evaluar si los marcadores de la morfologia de la onda
T podian mejorar la caracterizacién no invasiva de los sustratos arritmogéni-
cos, aportar informacion adicional a la proporcionada por los indices clasicos
del ECG y contribuir a la evaluacién del riesgo de arritmias ventriculares en
diversos entornos clinicos y experimentales.

9.1 Discusion de las principales aportaciones

Las principales aportaciones de esta tesis pueden agruparse en tres contribu-
ciones complementarias: en primer lugar, la adaptacion de una metodologia
basada en time-warping para cuantificar los cambios en la morfologia del inter-
valo del pico al final de la onda T con fines de evaluacién del riesgo arritmico; en
segundo lugar, la evaluacién de este marcador en modelos humanos y porcinos
de isquemia e infarto de miocardio; y en tercer lugar, la evaluaciéon de mar-
cadores de la morfologia completa de la onda T en las canalopatias cardiacas
LQT2 y BrS.

9.1.1 Marco metodolégico para la evaluacion de la morfologia de la
onda T

Un primer logro de la tesis fue el disefio de una estrategia de procesamiento
de ECG que integra una metodologia de time-warping en un marco para el
andlisis de la morfologia del intervalo T, en la evaluacién del riesgo de ar-
ritmias ventriculares. Esta estrategia incluye el preprocesamiento de la senal,
la deteccién y delimitaciéon de puntos fiduciales, la transformacién espacial
mediante PCA, la segmentacién en ventanas de andlisis y la definicién de la
referencia correspondiente para la comparacién morfolégica, asi como el cél-
culo de marcadores morfolégicos basados en el andlisis de time-warping. Este
marco permitié cuantificar las diferencias entre ondas T no solo en términos de
duracion, sino también en funcién del time-warping necesario para alinear sus
morfologias. En este contexto, el uso de marcadores basados en time-warping
con y sin signo, junto con formulaciones restringidas al intervalo entre el pico
y el final de la onda T y enfoques basados en referencias poblacionales, pro-
porciond una base metodoldgica flexible para los estudios desarrollados en esta
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tesis.

9.1.2 Morfologia del intervalo entre el pico y el final de la onda T en
el riesgo arritmico inducido por isquemia

Una contribucién fundamental de la tesis fue la evaluacién de la morfologia
del intervalo entre el pico y el final de la onda T en condiciones de isquemia. En
el modelo humano de PCI, se demostré que el indice basado en time-warping,
restringido al intervalo entre el pico y el final de la onda T, d,EfTApe, permitia
seguir los cambios morfolégicos inducidos por la isquemia durante la oclusién
coronaria transitoria. Esta restriccion resulté importante porque centrd el
andlisis en una regiéon estrechamente relacionada con la dispersion de la re-
polarizacién ventricular, al tiempo que reducia la influencia de las desviaciones
del segmento ST, las cuales son pronunciadas durante la isquemia y pueden
interferir con los marcadores calculados sobre la onda T completa. El estudio
mostré que los cambios detectados por el marcador durante la PCI superaban
claramente la variabilidad observada en los registros de control, lo que respalda
su capacidad para distinguir las alteraciones de la repolarizacién inducidas por
isquemia de la variabilidad normal del ECG a corto plazo. Asimismo, el andli-
sis de prevalencia indicé que dichas alteraciones estaban presentes en una gran
proporcién de pacientes y aparecian poco después de la oclusién coronaria, lo
que sugiere que la morfologia del intervalo entre el pico y el final de la onda
T se ve afectada rapidamente cuando el riego sanguineo del miocardio se ve
comprometido.

En comparacion con las mediciones locales clésicas, la principal ventaja del
marcador basado en warping no fue simplemente una respuesta mas temprana,
sino una cuantificacién mas robusta y sensible de los cambios inducidos por la
isquemia a lo largo del intervalo analizado. Esto resulté especialmente relevante
al compararlo con el intervalo convencional T, dado que ambos marcadores
caracterizan la misma region de la onda T, pero el pardmetro dEJ?TApe utiliza la
morfologia de todo el segmento comprendido entre el pico y el final de la onda
T, en lugar de la distancia entre dos puntos fiduciales. Aunque la desviacién
del segmento ST también mostré una elevada sensibilidad, esta refleja mecan-
ismos de corriente de lesion mas que la dispersién de la repolarizacién, lo que
refuerza el cardcter complementario del marcador propuesto. El andlisis es-
pacial sugirio, ademads, la existencia de diferencias regionales en funcién de la
arteria ocluida, observandose una tendencia a que los cambios aparecieran en
las derivaciones correspondientes a la zona miocardica afectada; no obstante,
estos hallazgos tuvieron un caracter exploratorio y estuvieron limitados por la
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informacién disponible sobre la extensién y localizacion de la lesion isquémica.
El incremento observado en el indice de warping durante la progresién de la
isquemia sugirié que la morfologia del segmento entre el pico y el final de la
onda T permite captar cambios relevantes en la heterogeneidad de la repolar-
izacién.

Posteriormente, se evalué el mismo marcador en un modelo porcino de
infarto de miocardio con térax cerrado, donde el periodo de observacién més
prolongado tras la oclusién coronaria permitio relacionar la evolucién temporal
del marcador con la aparicién de VF. En este contexto, los aumentos dindmicos
en la magnitud de dﬁ)’CTApE se asociaron con episodios de VF tardia y mostraron
una mejor capacidad predictiva que el intervalo clasico T;eCA a medida que
progresaba la isquemia. Ademaés de confirmar que los cambios en la morfologia
del segmento entre el pico y el final de la onda T aumentaban durante la
oclusién coronaria, este estudio demostré que el perfil temporal del marcador
diferia entre los animales que desarrollaron VF tardia y aquellos que no lo
hicieron. Si bien tanto dy,; = como T)¢* aumentaron tras la oclusién, el indice
basado en warping mostré una evolucién mas suave y estable, con cambios mas
pronunciados en el grupo con VF tardia y diferencias significativas entre grupos
ya desde los intervalos isquémicos iniciales. Esto respaldé la interpretacién de
que el marcador basado en la morfologia captaba de forma mé&s robusta que
el intervalo T), clasico las alteraciones de la repolarizacién inducidas por la
isquemia relacionadas con la vulnerabilidad arritmica.

La comparaciéon con el marcador de warping calculado sobre la onda T
completa reforzé atin mas la relevancia de limitar el andlisis al intervalo entre
el pico y el final de la onda T en este contexto. Aunque la morfologia de
la onda T en su totalidad también varié durante la isquemia, no permitio
distinguir entre los animales que presentaron VF tardia y los que no, lo que
sugiere que la porcion inicial de la onda T y la influencia de las desviaciones
del segmento ST podrian enmascarar los cambios en la repolarizacién mas
estrechamente vinculados al riesgo arrftmico. Por el contrario, dy = mostré
de forma consistente una mayor capacidad de discriminacion y una asociacion
mas fuerte con el riesgo que T;’ECA, incluidas las comparaciones entre intervalos
temporales alineados con la apariciéon de la VF. Este resultado amplia las
conclusiones del estudio realizado en humanos sometidos a PCI, al demostrar
que los cambios morfolégicos detectados por el marcador de warping no solo
eran sensibles a la isquemia, sino también relevantes para predecir el riesgo
arritmico durante la evolucién del infarto. Ademads, centrar el andlisis en los
episodios de VF tardia le otorgd una potencial relevancia traslacional, dado
que estas arritmias estdn més estrechamente relacionadas con la fase posterior
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a la oclusiéon, momento en el que todavia es posible realizar una intervencion
clinica.

Un paso adicional fue el anédlisis realizado en un modelo porcino de infarto
a térax abierto, en el que el registro simultdneo de ECG de superficie y elec-
trogramas intramiocardicos permitié comparar el marcador basado en warping
con las mediciones invasivas de DOR. Este capitulo reforzé la interpretacion fi-
siolégica del marcador al demostrar que d;?TApe podria actuar como un marcador
sustituto no invasivo de la medicién invasiva de DOR. A diferencia del estudio
porcino anterior, donde la asociacién con la VF tardia respaldé el valor pronos-
tico del marcador, este modelo proporcioné una referencia mecanistica directa
al medir la dispersién de la repolarizacion a partir de registros intramiocardi-
cos. Los cambios temporales paralelos observados en d{f;pe y la DOR, junto
con la creciente separacion entre los animales que presentaron VF tardia y
los que no, respaldaron la interpretacion de que los cambios en la morfologia
del intervalo T). captados en el ECG estan relacionados con el aumento de la
dispersién de la repolarizacién durante la isquemia.

La concordancia entre ambos indices se vio respaldada adicionalmente por
andlisis de regresion lineal individuales a lo largo del tiempo, que mostraron
que el marcador basado en warping no solo estaba asociado a la apariciéon de
VEF, sino que también seguia la evolucion del indice invasivo DOR durante el
proceso isquémico. Es importante destacar que esta relacién fue més fuerte que
la observada para el intervalo clasico Ty, lo que indica que el andlisis basado
en la morfologia aportd informacién temporal y morfolégica adicional a la que
puede aportar dicho intervalo. Asimismo, su capacidad predictiva respecto a la
aparicion tardia de VF resulté comparable a la del DOR, mostrando a la vez un
comportamiento mas precoz y robusto que el indice cldsico T).. Este hallazgo
es especialmente relevante dado que la DOR es una medida invasiva, mientras
que el pardmetro dﬁf{‘pe puede obtenerse a partir del ECG de superficie, lo
que lo convierte en un candidato mas viable para la evaluacién no invasiva del
riesgo.

En conjunto, los estudios de isquemia respaldan una progresion coherente:
el marcador detecta cambios en la repolarizacién inducidos por la isquemia
en humanos, identifica a animales con mayor riesgo de VF durante el infarto
de miocardio y muestra potencial como un indicador subrogado de la DOR
medida de forma invasiva. Esta secuencia proporciona una base fisioldgica y
traslacional mas sélida para el andlisis de la morfologia del intervalo entre el
pico y el final de la onda T que cualquiera de los estudios individuales por si
solo, avanzando desde la sensibilidad a la isquemia, pasando por la asociacion
con el riesgo arritmico hasta, finalmente, la validacién mecanistica frente a la
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DOR invasiva.

9.1.3 Marcadores de la morfologia de la onda T en canalopatias cardia-
cas

La tesis también amplio la evaluacién de los marcadores de morfologia basa-
dos en time-warping a las canalopatias cardiacas LQT2 y BrS. En el caso del
LQT?2, el indice TMV cuantificé las anomalias morfolégicas de la onda T com-
parando la onda T de cada paciente con una referencia normal ajustada por
sexo, frecuencia cardiaca y derivacion. Este enfoque resulté especialmente rel-
evante en el LQT2, donde el riesgo arritmico no se explica totalmente por la
duracion de la repolarizacién y donde las morfologias anémalas de la onda T
pueden aportar informacién clinica adicional. Al cuantificar el time-warping
necesario para alinear la onda T de cada paciente con una referencia empare-
jada, el TMV proporcioné un descriptor integrado de la anomalia morfolégica
a partir de un andlisis basado en referencias, utilizando la onda T completa y
una unica derivacién.

Los resultados mostraron que el indice TMV en la derivacién I se asocié de
forma significativa con el riesgo de eventos cardiacos en pacientes con LQT2,
incluso después de ajustar por QT,., sexo y MCS. Los pacientes con valores
de TMV mas bajos presentaron una peor supervivencia libre de eventos, lo
que respalda la hipotesis de que las anomalias en la morfologia de la onda T
reflejan caracteristicas de la repolarizacién clinicamente relevantes. Es impor-
tante destacar que la asociacién persistié tras tener en cuenta el QT,, lo que
indica que el marcador no se limitaba a reproducir la informacién contenida
en la duracién de la repolarizacion. El hecho de que anélisis de riesgo analo-
gos basados en T 4,,,, y MCS no mostraran una asociacion significativa con los
eventos cardiacos en esta cohorte sugirié, ademas, que el marcador basado en
warping capturaba informacion de riesgo relacionada con la morfologia que no
estaba totalmente representada por los descriptores existentes de la forma de
la onda T. En conjunto, estos hallazgos respaldan el potencial del anélisis de la
morfologia de la onda T basado en time-warping como un enfoque complemen-
tario a la estratificacion de riesgo actual en el LQT?2, al tiempo que subrayan la
necesidad de realizar estudios independientes de mayor tamano para confirmar
su valor pronéstico y definir su contribucién incremental.

En BrS, la metodologia de time-warping se extendid para caracterizar tanto
los cambios en la morfologia de la onda T con la frecuencia cardiaca como los
cambios con respecto a una referencia de poblacién normal. La evaluacion de
la restitucién morfolégica revelé que el TPEMR permitié distinguir a los pa-
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cientes con BrS de los sujetos de control utilizando la derivacién transformada
mediante PCA, mientras que el TMR se asoci6 con la presencia de un patrén
espontaneo de tipo I en todas las derivaciones analizadas. Estos hallazgos sug-
ieren que limitar el andlisis al intervalo T, podria mejorar la deteccién de
diferencias dinamicas en la repolarizacion entre pacientes con BrS y los con-
troles, al tiempo que los cambios asociados a la expresién espontanea del patrén
de tipo I podrian involucrar el complejo ST-T completo.

Entre los marcadores de morfologia de la repolarizaciéon basados en referen-
cias poblacionales, la TPEMV proporcioné la caracterizaciéon méas consistente
del fenotipo de Brugada y de la expresién espontanea de tipo 1. Se observaron
diferencias entre los pacientes con BrS y los controles en la mayoria de los inter-
valos RR de la derivacién V1, mientras que se hallaron diferencias entre los
pacientes con BrS-I y BrS-II en ambas derivaciones analizadas y fueron partic-
ularmente evidentes en los intervalos RR maés largos en V241¢. Por el contrario,
la TMV mostré menos diferencias y una mayor dependencia de la derivacién.
Ninguno de los marcadores basados en la morfologia permitié diferenciar de
manera consistente a los pacientes sintomaticos de los asintomaticos. Las difer-
encias mas amplias observadas para QRS,, incluidas las diferencias localizadas
relacionadas con los sintomas en la derivacién V241¢, fueron consistentes con la
contribucién complementaria de las anomalias de la repolarizacién y la despo-
larizacién al fenotipo de Brugada. En conjunto, la marcada dependencia de los
hallazgos respecto a la ubicacion de la derivacion y al intervalo RR sugiere que
estas anomalias estan localizadas espacialmente y moduladas dindmicamente,
en lugar de expresarse de manera uniforme en el ECG de superficie.

9.1.4 Contribucion general a la estratificacion del riesgo arritmico

De forma general, la principal aportacion de esta tesis fue la demostracion
de que el anélisis de la morfologia de la onda T basado en time-warping puede
aportar informacién complementaria para evaluar el riesgo de arritmias ventric-
ulares en diversos contextos. Los marcadores evaluados en esta tesis no deben
interpretarse como sustitutos de los indices clinicos establecidos, sino més bien
como descriptores adicionales de las anomalias en la repolarizacién. Su valor
reside en su capacidad de cuantificar cambios morfolégicos que pueden quedar
parcialmente ocultos cuando el andlisis se limita a intervalos de tiempo como
el QT, o el Tpe. Este enfoque basado en la morfologia podria contribuir a una
mejor caracterizacién del sustrato eléctrico subyacente a las arritmias ventric-
ulares y a favorecer el desarrollo de estrategias de estratificacion del riesgo mas
personalizadas.
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9.2 Conclusiones generales

Las principales conclusiones de esta tesis son:

El andlisis basado en time-warping proporciona un marco cuantitativo
para caracterizar la morfologia de la onda T de forma mas amplia que
mediante las mediciones convencionales basadas en puntos fiduciales. Al
estimar la deformacion temporal necesaria para alinear las ondas T, es-
tos marcadores captan diferencias morfolégicas que no quedan comple-
tamente descritas por los indices cldsicos basados en la duracién o la
amplitud.

El marcador de warping restringido al intervalo entre el pico y el final de la
onda T, d{fﬁpe, es sensible a los cambios de la repolarizacion inducidos por
la isquemia. Su restriccion a la parte final de la onda T permite evaluar
cambios morfolégicos relacionados con la repolarizacién, reduciendo al
mismo tiempo la influencia de las desviaciones del segmento ST durante
la isquemia.

En la oclusion coronaria transitoria en humanos y en los modelos por-
cinos de infarto de miocardio, d{fﬁpe mostré una relevancia consistente
para la caracterizacién de las alteraciones de la repolarizacion inducidas
por la isquemia. En el modelo porcino de infarto, los cambios dindmicos
de este marcador se asociaron con la apariciéon de VF tardia y propor-
cionaron informacién sobre el riesgo arritmico mas sélida que el intervalo
Tpe clésico.

La comparacion con las medidas invasivas de DOR respaldé el papel
potencial de dgf?pe como descriptor subrogado no invasivo de la dispersion
de la repolarizacién ventricular en condiciones isquémicas. Este hallazgo
proporciona respaldo mecanistico al uso del anélisis de la morfologia del
intervalo entre el pico y el final de la onda T en la evaluacién del riesgo

arritmico inducido por la isquemia.

En LQT?2, las alteraciones de la morfologia de la onda T completa cuan-
tificadas mediante el indice TMV se asociaron con eventos cardiacos in-
cluso después de ajustar por marcadores clinicos y electrocardiograficos
establecidos. Esto sugiere que TMV puede aportar informacién comple-
mentaria sobre el riesgo mas alla de la duracion del QT en LQT2, aunque
se necesitan cohortes independientes de mayor tamano para confirmar su
valor prondstico.
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6. En BrS, los marcadores de restitucion y variaciéon de la morfologia de
la onda T identificaron alteraciones de la repolarizaciéon asociadas prin-
cipalmente con el fenotipo de Brugada y la expresién espontdanea del
patrén tipo I. TPEMR diferencié a los pacientes con BrS de los controles
solo en la derivacién transformada mediante PCA, mientras que TMR
y TPEMYV mostraron asociaciones con el patrén tipo I espontdneo. Sin
embargo, ninguno de los marcadores basados en la morfologia diferencié
de manera consistente a los pacientes sintomaticos de los asintomaéticos,
y su comportamiento dependié notablemente de la derivacién y del in-
tervalo RR analizados. Junto con las diferencias més amplias observadas
para QRS,, estos hallazgos respaldan la evaluacién complementaria de
las alteraciones de la repolarizacion y la despolarizaciéon en BrS. También
sugieren que los marcadores de repolarizacién basados en la morfologia
pueden ser mas utiles para la caracterizacion fenotipica que para la es-
tratificacién clinica del riesgo en esta cohorte. No obstante, su asociacién
con los resultados clinicos y su posible valor pronéstico requieren una
evaluacién adicional en cohortes independientes de mayor tamano con
seguimiento clinico prospectivo.

7. En general, los resultados de esta tesis respaldan el uso de marcadores
de la morfologia de la onda T basados en time-warping como herramien-
tas no invasivas complementarias para la caracterizacién de anomalias de
la repolarizacion ventricular y del riesgo arritmico, tanto en condiciones
isquémicas como en canalopatias cardiacas. Dependiendo de los mecan-
ismos electrofisiolégicos estudiados, estos marcadores pueden obtenerse a
partir de la onda T completa o especificamente del intervalo entre el pico
y el final de la onda T.

9.3 Trabajo futuro

Las futuras lineas de investigacién derivadas del desarrollo de esta tesis se
describen a continuacién:

e En condiciones isquémicas, los estudios futuros deberian determinar si
dyyr,, puede contribuir a una estratificacion del riesgo clinicamente ttil
en poblaciones humanas. El estudio de pacientes sometidos a PCI de-
mostrd su capacidad para monitorizar los cambios de la repolarizacién
inducidos por isquemia transitoria, mientras que los modelos porcinos de

infarto mostraron su asociacién con la VF tardia y su relacién con la
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DOR invasiva. Una continuacién natural seria evaluar este marcador en
cohortes humanas con sindromes coronarios agudos, infarto de miocardio
u otros escenarios isquémicos en los que se disponga de informacién sobre
eventos arritmicos y seguimiento clinico.

La informacion espacial contenida en los cambios de la morfologia de
la onda T deberia investigarse con mayor profundidad. EI estudio de
pacientes sometidos a PCI sugirié diferencias regionales segtin la arteria
ocluida, mientras que los estudios porcinos de infarto se basaron princi-
palmente en una derivacién transformada espacialmente mediante PCA.
Los anélisis futuros deberian confirmar el valor del uso de la derivacién
de PCA para el cédlculo del marcador e investigar con mayor detalle la
distribucién espacial de los cambios en la morfologia del T). entre las
derivaciones del ECG en relacién con la localizacién de la oclusion.

Los trabajos futuros deberian abordar la seleccién de las ondas de refer-
encia para la comparacién morfolégica. En los estudios experimentales
controlados incluidos en esta tesis, las ondas T de referencia podian obten-
erse a partir de registros basales o de control. Sin embargo, en la practica
clinica, puede no disponerse siempre de una referencia estable previa al
evento. Por tanto, deberian explorarse enfoques alternativos para definir
la onda de referencia, incluidos registros previos especificos del paciente,
plantillas especificas de la enfermedad o referencias poblacionales, como
las implementadas en el indice TMV.

En LQT2, el marcador de la morfologia de la onda T completa deberia
validarse en cohortes independientes y de mayor tamaifio. El indice TMV
mostré asociacion con eventos cardiacos tras considerar la duracién del
QT y otros descriptores electrocardiograficos disponibles, pero el estudio
fue retrospectivo y se basd en un nimero limitado de pacientes y eventos.
Se necesitan cohortes multicéntricas de mayor tamafio para confirmar
su valor prondstico, evaluar su estabilidad en subgrupos definidos por
sexo, genotipo, tratamiento y rango de QT,, y determinar si mejora las
estrategias actuales de estratificacién del riesgo.

En BrS, los marcadores de repolarizacién basados en la morfologia de-
berfan validarse en cohortes independientes de mayor tamano y con un
seguimiento clinico prospectivo. Los estudios futuros deberian confirmar
los patrones dependientes de la derivacion y del intervalo RR, y eval-
uar si su combinacién con QRS,; mejora la caracterizacion fenotipica y
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aporta valor adicional para la estratificacion clinica del riesgo. Los estu-
dios futuros también deberian incluir grupos control con distribuciones
comparables de edad y sexo para reducir posibles factores de confusién
demogréficos.

e La robustez y la estandarizacién del proceso completo de procesamiento
deberian evaluarse con mayor profundidad. El calculo de los marcadores
basados en time-warping depende de la calidad de la senal, el preproce-
samiento, la delineacién, la seleccién de derivaciones, la transformacién
mediante PCA| la segmentacion en ventanas y la definicion de la referen-
cia. Una evaluacion sistematica de estos factores ayudaria a determinar
la implementacién mas fiable de la metodologia y a reducir la variabilidad
entre diferentes escenarios de estudio.

e La interpretacion fisiolégica de los marcadores derivados del warping de-
beria investigarse con mayor profundidad. La comparacién con la DOR
invasiva constituyé un paso importante hacia la validacién mecanistica,
pero estudios adicionales que combinen ECG de superficie, registros in-
tramiocardicos, informacién de imagen y modelos electrofisiolégicos com-
putacionales podrian aclarar como se relacionan los cambios morfolégicos
observados con la heterogeneidad espacial y temporal de la repolarizacién
ventricular.

e Los estudios futuros podrian explorar con mayor profundidad la infor-
macioén proporcionada por la metodologia de time-warping ademas de la
contenida en los indices utilizados en esta tesis. En particular, podria
analizarse el perfil local de la funcién de warping dentro de la onda T o
del intervalo T\, para determinar si regiones especificas de la onda de re-
polarizacién contribuyen de forma diferente al riesgo arritmico. Ademas,
los trabajos futuros podrian investigar la contribucién conjunta del time-
warping y de las diferencias residuales de amplitud tras el alineamiento,
ya sea como marcadores complementarios o como parte de un modelo
combinado basado en la morfologia.
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Anatomical overview of the heart showing the four chambers,
valve system and main blood flow pathways. Regions in red rep-
resent oxygenated blood circulation, whereas blue regions rep-
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