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Abstract

Cardiovascular disease (CVD), a term used to describe conditions that affect
the heart and blood vessels, is the leading cause of disease burden worldwide.
Chronic heart failure (CHF) stands out as one of the most important and
commonly studied diseases and may be due to structural and/or functional
abnormalities. Certain cardiovascular diseases are associated with dyssyn-
chrony in the transmission of electrical impulses throughout the heart. These
diseases lead to a diminished quality of life.

The study and application of various markers derived from electrocar-
diographic signals (ECG), as well as other available medical recordings, are
highly valuable tools for the early detection of CVD and for assessing the risk
of mortality associated with CVD. The analysis of these markers is crucial
to advance our understanding of the complex interactions between cardiac
function and autonomic regulation, offering possibilities for future research
and use in medical applications.

The main objective of this thesis is to better understand the influence
of the sympathetic nervous system on changes in cardiac repolarization by
calculating ECG markers. One of the investigated markers is called Periodic
Repolarization Dynamics (PRD). PRD quantifies the low-frequency oscilla-
tions (below 0.1 Hz) of the angle between consecutive T waves, the magnitude
of which is influenced by sympathetic activity. Other investigated markers
are related to activation (AT) and repolarization times (RT). By calculating
these times, it is possible to assess ventricular dyssynchrony in ECG leads.

The methods used to calculate PRD are fully described in Chapter 2. The
steps taken to measure the angle dT° between consecutive T waves are de-
tailed together with the modifications made to a previously proposed method

of computation to improve its robustness. Once the time series of the angles
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dT® is obtained, two techniques to measure PRD are presented. The Continu-
ous Wavelet Transform (CWT) technique calculates the pseudo-frequencies
associated with each scale of the wavelet transform. The other technique,
which is associated with a lower computational cost, is called Phase-Rectified
Signal Averaging (PRSA). This technique involves the identification of win-
dows around anchor points identified according to the changes seen in the
dT® series.

The methods used to calculate AT and RT are fully described in Chapter
4. The center of mass of the QRS complex, in the case of AT, and of the T
wave, in the case of RT, is measured for each of the precordial ECG leads
V1-V6. Furthermore, the spatial dispersion of AT (RT) is calculated as the
difference between the last activated (repolarized) lead and the first activated
(repolarized) lead for each recording. Assessment of heart rate variability and
the semiautomated algorithm to remove cardiac pacing stimuli in stimulated
recordings are also described.

Chapter 2 examines the response of the cardiovascular system when ex-
posed to artificial microgravity for 60 days, using a ground-based analogue
known as Head-Down Bed Rest (HDBR). The experiments were conducted
at European Space Agency (ESA) facilities. The effectiveness of two types
of countermeasures to mitigate the harmful effects of artificial microgravity
was tested. One of the countermeasures was based on the physical activities
performed by the volunteers when lying on the bed. The other countermeasure
was based on diet modifications. Chapter 3 analyzes the MUSIC (MUerte
Stubita en Insuficiencia Cardiaca) database, focusing specifically on heart
failure patients who experienced sudden cardiac death (SCD) or pump failure
death (PFD) during follow-up. In both Chapter 2 and Chapter 3, PRD was
measured and used to assess the response of the cardiovascular system to
microgravity exposure and predict mortality due to SCD or PFD. The findings
of Chapter 2 indicate that there is significant sympathetic activation during
the tilt test performed after prolonged exposure to artificial microgravity.
Furthermore, our results show that the activity-based countermeasure is able
to mitigate the adverse effects of microgravity, while the diet-based coun-
termeasure only partially reduces these effects. The findings of Chapter 3
confirm that PRD is a strong predictor of SCD in patients with a history of
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heart failure. The predictive accuracy of PRD is improved when combined
with ECG markers such as the Index of Average Alternans (IAA), which
quantifies the magnitude of T wave alternans, and the Turbulence Slope (TS),
which reflects the rate of increase of the RR interval following the initial heart
rate acceleration.

Chapters 4 and 5 focus on comparing different cardiac stimulation tech-
niques, including right ventricular pacing at the apex (RVAP) or septum
(RVSP), left ventricular septal pacing (LVSP), left bundle branch pacing
(LBBP) and His bundle pacing (HBP), with LBBP and HBP being selec-
tive or non-selective. The analyzed ECG recordings include high-frequency
(1,000 Hz) and ultra-high-frequency (5,000 Hz) recordings obtained at some
of the following times: before intervention, immediately after, the day after
intervention and one year after intervention. The aim is to determine to what
extent the different pacing techniques resemble the characteristics of spon-
taneous rhythm in patients with no conduction disorders that require pacing
as an antibradycardia treatment. For that, several variables representative
of ventricular activation dyssynchrony and of irregularities in ventricular
repolarization are measured. Indices quantifying AT and RT and their spatial
interventricular and intraventricular dispersions are proposed. The PRD index
and other QT-based and T-wave-based indices are also measured. Our results
show that physiological stimulation techniques, such as LBBP and HBP, pro-
duce ventricular electrical responses that are close to electrical activity under
spontaneous rhythm, whereas techniques based on pacing the ventricular
myocardium, such as RVAP or RVSP, do not achieve comparable spontaneous
responses. Furthermore, our findings confirm that LBBP offers an effective
alternative to HBP when activation and repolarization of the left ventricle are
evaluated.

Chapter 6 presents the conclusions. The main contributions of the the-
sis are highlighted, indicating that the thesis develops robust and efficient
methodologies to measure the characteristics of ventricular depolarization
and repolarization from ECG recordings. The PRD marker is shown to reflect
a microgravity-induced increase in sympathetic modulation of ventricular
repolarization by quantifying the magnitude of the oscillations in the angle

between consecutive T waves. Furthermore, the predictive capacity of PRD to
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stratify CHF patients for the risk of SCD and PFD, alone and in combination
with other ECG markers, is corroborated. In addition, this thesis compares
different cardiac pacing techniques and shows that physiological pacing tech-
niques targeting the cardiac conduction system are capable of mimicking
ventricular activity under spontaneous rhythm, as indicated by similarities
in ECG depolarization and repolarization, particularly when focusing the
analysis on the left ventricle.

Keywords: Periodic Repolarization Dynamics, PRD, activation time,
repolarization time, microgravity, heart failure, HF, sudden cardiac death,
SCD, pump failure death, PFD, ultra-high-frequency recordings, UHF-ECG,
cardiac pacing, right ventricular pacing, RVP, left bundle branch pacing,
LBBP.



Resumen y conclusiones

Las enfermedades cardiovasculares (ECVs), término utilizado para denominar
las enfermedades que afectan al corazén y los vasos sanguineos, son la
principal causa de fallecimiento en todo el mundo. La insuficiencia crénica
cardiaca es una de las principales, ademds de ser una de las méas estudiadas,
y puede estar debida a anormalidades estructurales o funcionales. Algunas
ECVs estan asociadas a la disincronia en la transmisién del impulso eléctrico
a lo largo del corazén. Estas enfermedades conllevan una peor calidad de
vida.

El estudio y uso de diferentes biomarcadores procedentes de la sefial
electrocardiografica (ECG), como de otros registros médicos disponibles, es
de gran utilidad para una deteccién temprana de ECVs, y para determinar el
riesgo de fallecer por alguna condicién cardiovascular. El anélisis de estos
marcadores permiten tener una mayor comprension de las interacciones com-
plejas que existen entre las funciones cardiacas y la regulacién autonémica,
ofreciendo posibilidades para una mayor investigacion futura y para uso en
aplicaciones clinicas.

El principal objetivo de esta tesis es entender mejor la influencia del
sistema nervioso simpatico sobre los cambios que se producen en la repolar-
izacién cardiaca, mediante el cdlculo de diferentes marcadores. Uno de ellos
es la dindmica de repolarizacién periddica (PRD, Periodic Repolarization
Dynamics). El marcador PRD mide las oscilaciones de baja frecuencia (menor
a 0.1 Hz) de los cambios en el dngulo entre ondas T consecutivas, que se
produce por la actividad simpdtica. Otros marcadores investigados estdn rela-
cionados con los tiempos de activacion (AT, activation time) y repolarizacién
(RT, repolarization time). Mediante el cdlculo de estos tiempos se consigue

evaluar la disincronia ventricular en las derivaciones de los registros ECG.
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Los métodos usados para calcular el marcador PRD estdn descrito en el
Capitulo 2. Los pasos realizados para medir la serie de dngulos consecutivos
de las ondas T, dT°, estan detallados junto con las modificaciones hechas
respecto de un método propuesto anteriormente para mejorar la robustez.
Posteriormente, una vez obtenida la serie de dT°, se presentan dos técni-
cas de cdlculo para hallar el valor de PRD. La técnica CWT (Continuous
Wavelet Transform) calcula las pseudofrecuencias asociadas a cada escala
de la transformada wavelet. La otra técnica, asociada con un menor coste
computacional, es PRSA (Phase-Rectified Signal Averaging). En esta técnica
se identifica las ventanas alrededor de los puntos ancla que se obtienen segin
los cambios observables en la serie de dT°.

Los métodos de cédlculo para AT y RT estdn descritos en el Capitulo 4.
El centro de masas del complejo QRS, en el caso del AT, y de la onda T,
para el RT, son calculados en cada derivacion precordial, V1-V6, del ECG.
Adicionalmente, la dispersion de AT (o RT) se calcula como la diferencia entre
la derivacién que se activa (o repolariza) mds tarde y la primera derivacién que
se activa (o repolariza) para cada registro. La evaluacién de la variabilidad
del ritmo cardiaco y el algoritmo semiautomatico para eliminar los estimulos
cardiacos en los registros estimulados también son descritos.

En el Capitulo 2 se examina la respuesta del sistema cardiaco ante la ex-
posicion durante 60 dias a microgravedad artificial, por medio de un modelo
de simulacién denominado Head-down bed-rest (HDBR). Los experimentos
fueron llevados a cabo en las instalaciones de la Agencia Espacial Europea
(ESA). Se midi¢ la capacidad de mitigar los efectos nocivos de la microgravi-
dad artificial en dos tipos de contramedidas. Una de las contramedidas estaba
basada en actividades fisicas que realizaban los voluntarios, y la otra estaba
basada en el tipo de dieta diaria que ellos recibian. En el Capitulo 3 se analiza
la base de datos MUSIC (MUerte Subita en Insuficiencia Cardiaca) con pa-
cientes de insuficiencia cardiaca que fallecieron por muerte stbita cardiaca o
por fallo de bomba cardiaca. En ambos capitulos (2 y 3), el PRD fue medido y
usado para evaluar la respuesta del sistema cardiovascular ante la exposicidn a
la microgravedad y para medir su capacidad predictora de fallecer por algunas
de las dos causas mencionadas. Los hallazgos del Capitulo 2 indican que

existe una activacién simpatica significativa cuando se realiza la prueba de
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inclinacién después de la exposicién prolongada a la microgravedad artificial.
Ademas, nuestros resultados muestran que las contramedidas relacionadas
con actividades fiscias son efectivas para contrarrestrar los efectos adver-
sos de la microgravedad, mientras que las contramedidas alimenticias solo
consiguen reducir parcialmente estos efectos. Los hallazgos del Capitulo 3
confirman que el marcador PRD es un buen predictor de riesgo de muerte
subita cardiaca en pacientes con antecedentes de fallo cardiaco. Y su capaci-
dad de predicciéon mejora cuando se combina con los biomarcadores indice
de alternancia promedio (index of average alternans, IAA), que cuantifica la
magnitud de las alternancias de la onda T; y turbulence slope (TS), el cual
refleja la ratio de incremento del intervalo RR después de la aceleracion de la
frecuencia cardiaca inicial.

Los Capitulos 4 y 5 se centran en comparar varios tipos de estimulacién
cardiaca, incluyendo estimulacién de ventriculo derecho, en el apex o en el
septo, estimulacién del septo del ventriculo izquierdo, estimulacién de rama
izquierda y del haz de His, tanto selectivo como no selectivo. Los registros
analizados incluyen sefiales de alta (1,000 Hz) y muy alta frecuencia (5,000
Hz) obtenidos en alguno de los siguientes momentos: antes, justo después,
al dia siguiente o después de un afio de la intervencion. El objetivo es deter-
minar en qué medida las distintas técnicas de estimulacidn se asemejan a las
caracteristicas del ritmo espontdneo en pacientes que no tienen trastornos de
conduccién y que requieren estimulacién como tratamiento antibradicardia.
Para ello, varias variables representativas de disincronia de activacién ven-
tricular y de irregularidades en la repolarizacion ventrciular se midieron. Se
propusieron varios indices que cuantifican AT, RT y las dispersiones inter e
intraventriculares y también se midieron el marcador PRD e indices basados
en QT y en la onda T. A partir de los resultados que se obtienen, se concluye
que las técnicas fisioldgicas de estimulacién cardiaca producen una mejor
respuesta ventricular, mientras que las técnicas relacionadas con la estimu-
lacién del miocardio ventricular no consiguen una respuesta similar a la que
se observa en registros espontdneos. Ademads, nuestros hallazgos confirman
que la técnica de estimulacién de rama izquierda es una alternativa efectiva a
la estimulacidn del haz de His, cuando se evalda la activacion y repolarizacion

del ventriculo izquierdo.
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En el Capitulo 6 se presenta las conclusiones. Las principales contibu-
ciones de esta tesis se destacan, indicando el desarrollo de metodologias para
medir las caracteristicas de la depolarizacién y repolarizacién ventricular de
manera eficiente y robusta a partir de registros ECG. El marcador PRD es
capaz de detectar los cambios inducidos por la microgravedad en la modu-
lacion simpatica de la repolarizacion ventricular, mediante la cuantificacion
de la magnitud en las oscilaciones de los dngulos de ondas T consecutivas.
También se ha evaluado la capacidad predectiva del marcador PRD para
estratificar el riesgo de fallecer por muerte subica cardiaca o fallo de bomba
en sujetos con insuficiencia cardiaca crdnica, tanto individual como en combi-
nacion con otros marcadores del ECG. Ademads, en esta tesis se ha comparado
diferentes técnicas de estimulacion cardiaca y se ha visto que las técnicas
fisiol6gicas consiguen devolver el comportamiento ventricular espontdneo,
como se muestra por la similitudes en la depolarizacién y repolarizacion
del ECG, especialmente cuando nos enfocamos en el andlisis del ventriculo
izquierdo.

Palabras clave: Dindmica de repolarizacion periddica, PRD, tiempo de
activacion, tiempo de repolarizacion, microgravedad, insuficiencia cardiaca,
muerte subita cardiaca, muerte por fallo de bomba, registro de ultra alta
frecuencia, UHF-ECG, estimulacién cardiaca, estimulacién convencional,

estimulacion de rama izquierda
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Haec consideratio in admirationem altissimae Dei vir-
tutis ducit: et per consequens in cordibus hominum rev-
erentiam Dei parit.

This consideration [of God’s works] leads to admiration
of God’s sublime power, and consequently inspires in

men’s hearts reverence for God.

Summa Contra Gentiles. Thomas Aquinas

Introduction

1.1 Motivation

Doctors and philosophers have long wondered how the heart works and how
it manages to maintain its ability to beat even when it is not in the body. The
study of cardiac anatomy dates back several millennia. This study is said to
have started in Egypt, was elaborated by ancient Greeks and was better defined
in Alexandria. Significant contributions to our present understanding were
made by anatomists, philosophers, and even artists. Following the decline of
the Roman Empire, this knowledge was conserved within the Islamic world
and European monasteries and later reached universities with the resurgence
of anatomical dissection [40, 344]. According to many historians, the story
of our understanding of cardiovascular (CV) diseases (CVDs) begins with the
work of William Harvey' [113].

CVDs are chronic, noncommunicable diseases that affect the heart and

blood vessels and account for approximately a third of all deaths globally

'De Motu Cordis et Sanguinis (1628)
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[181] and a similar value (32.7%) in the European Union [117]. World Health
Organization (WHO) estimates that by 2030, 22.2 million people will die
from CVDs per year [441]. CVD has a notable influence on the European
workforce. Frequently, this condition culminates in disability, premature
retirement, and increased absenteeism, leading to a decrease in productivity
and economic results. All of these issues affect society and individuals
through a greater economic burden. Based on ESC Atlas data, the total cost of
CVD in the European Union was estimated to be € 282 billion in 2021 [222].
Furthermore, CVDs had a direct and indirect cost estimated at $ 407.3 billion
annually in the United States during 2018-2019, according to the Medical
Expenditure Panel Survey [401]. Globally, CVD remains a growing challenge
in developing regions, with almost 80% of CVD cases occurring in low- and
middle-income countries [213].

Heart failure (HF) is an increasing problem in our current society. Rou-
tine procedures for HF treatment are coronary bypass surgery, angioplasty,
stenting, implantation of pacemakers and / or defibrillators, and valve re-
placement [173]. Two of the leading causes of mortality among patients with
HF are sudden cardiac death (SCD) and pump failure death (PFD) [445].
SCD often results from malignant arrhythmias, while PFD is due to loss of
contractile mass and myocardial function [348, 448]. Given the high mortality
rates associated with both endpoints, there is a critical need for effective risk
stratification strategies in the HF population. The use of reliable ECG-based
markers plays a fundamental role in identifying patients with increased risk.

Cardiac pacing is the primary therapeutic approach for the prevention
and suppression of bradyarrhythmias [299]. The purpose of cardiac pacemak-
ers is to restore an adequate heart rate and ensure sufficient cardiac output
[407]. The most widely used pacing technique is right ventricular pacing
(RVP), but has been associated with several long-term limitations, including
cardiac electromechanical asynchrony [219]. These limitations have led to
the exploration of new cardiac stimulation sites [339], including physiological
pacing targeting the cardiac electrical conduction system (CSP). His bundle
pacing (HBP), the most physiological pacing strategy, has been reported to
be able to deliver electrical ventricular resynchronization that is superior to

conventional pacing [422, 168, 406]. However, several limitations remain
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when HBP is performed, including the difficulty in identifying the His bundle
in certain patients, a high and unstable pacing threshold, and potential limita-
tions in long-term performance [452]. Recently, left bundle branch pacing
(LBBP) has been proposed as an alternative method to HBP. LBBP paces the
heart in a more distal and deeper area than HBP. Although the feasibility and
safety of this technique have been demonstrated in various case reports and
series[165, 425, 177], there is a lack of data on the long-term outcomes of
physiological pacing strategies.

The processing of biomedical signals, such as surface electrocardiograms
(ECGs), plays an important role in modern medicine by enabling the extrac-
tion of noninvasive clinical markers to improve diagnosis, risk stratification,
and treatment decision-making. Through advanced signal processing tech-
niques, it is possible to identify subtle patterns and abnormalities that might
be overlooked in traditional analyses. In this thesis, various advanced signal
processing and techniques will be employed to characterize the temporal and
spectral properties of ECG signals that lead to precise and robust clinical

markers.

1.2 The Heart

1.2.1 Anatomy and function

The heart is an electromechanical pump, about the size of a fist, that con-
tributes to the transport of oxygen-rich blood, nutrients, and other elements
throughout the human body. It is located two thirds to the left of the midline
of the thoracic cavity within the middle mediastinum between the lungs [261].

In mammalian hearts, the right atrium (RA) and the right ventricle (RV)
are responsible for pumping blood from the systemic veins into the pulmonary
circulation, while the left atrium (LA) and the left ventricle (LV) pump
oxygenated blood back into the systemic circulation [185], as can be seen
in Figure 1.1. There is a one-way flow of blood through the heart, which
is maintained by four valves. The atrioventricular (AV) valves, namely the
tricuspid and mitral (or bicuspid) valves, allow blood to flow only from the
atria to the ventricles. The semilunar valves, namely the pulmonary and
aortic valves, allow blood to flow only from the ventricles out of the heart and
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through the great arteries [173]. These valves open and close in response to
the heart’s rhythmic pressure changes, facilitating the flow of blood between
different chambers while preventing any backflow (regurgitation). Figure 1.2
illustrates the different cardiac chambers and the course of blood through

them.

PULMONARY
CIRCULATION

Pulmonary
Veins

Aorta

SYSTEMIC
CIRCULATION

Figure 1.1 Relationship between each side of the heart and type of circulation.
Extracted from [185].

Superior vena cava

Pulmonary arteries

Pulmonary veins Y

Aortic valve Left atrium

Mitral valve

Pulmonary valve
Interatrial septum Left ventricle
Right atrium G ! Ventricular septum

Tricuspid valve
Endocardium

Myocardium

Right ventricle

Inferior vena cava U Epicardium

Figure 1.2 Cardiac chambers and valves. Arrows indicate the course of blood
through them.
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The atria and ventricles are separated by a dense connective tissue, which
can be viewed as an insulator that prevents electrical impulses from being
conducted between the atria and the ventricles. The AV bundle is a specialized
cardiac muscle strand that penetrates this insulator and normally provides the
only conducting pathway between the atria and the ventricles [185].

The wall of the heart comprises three distinct layers: the innermost layer,
called the endocardium; the middle layer, known as the myocardium; and
the outer layer, the epicardium. The heart is surrounded by the pericardium,
which is a membranous sac that protects the heart. The endocardium, which
lines the chambers and valves of the heart, is made up of endothelial cells,
smooth muscle cells, fibrous collagen cells, and cardiac cells [60]. These
cells play a dual role, contributing to the structural integrity of the heart and
to its function.

The myocardium, which makes up the majority of the heart wall, consists
mainly of cardiomyocytes, which represent approximately 70% of the volume
of myocardial tissue [271, 426]. In addition, fibroblasts are present and
contribute to its structural composition [150]. Cardiomyocytes, also known as
cardiac myocytes or cardiac muscle cells, are striated muscle cells, similar to
skeletal muscle fibers, but with unique properties that allow them to contract
rhythmically and continuously throughout a person’s lifetime. They are highly
organized and interconnected to facilitate coordinated contractions of the heart
[43]. Fibroblasts play a critical role in maintaining the structural integrity of
cardiac tissue by producing and breaking down extracellular matrix (ECM)

proteins and various signaling factors [66].

1.2.2 Cardiac Electrophysiology

Blood flow within the heart is governed by pressure gradients, which arise
from various stages of the cardiac cycle [130]. Each cardiac cycle is classically
divided into two principal phases: (a) systole, characterized by ventricular
contraction and ejection of blood from the heart; and (b) diastole, marked by
ventricular relaxation and the filling of blood. At the beginning of the cardiac
cycle, the heart is in diastole, with both the atria and ventricles in a relaxed
state [173].
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Synchronized contraction of cardiomyocytes is possible by the propaga-
tion of electrical impulses, known as action potentials (APs), through the
cardiac conduction system [337]. This system can be categorized into two
functional elements: (a) impulse-generating nodes, featuring specialized car-
diomyocytes known as pacemaker cells; and (b) the impulse-propagating
His-Purkinje system, primarily composed of Purkinje-type cells distributed
in fibers [286, 78]. In particular, pacemaker cells within the sinoatrial (SA)
node, located at the junction of the right common cardinal vein and the wall
of the RA [55], initiate cardiac conduction by spontaneously generating APs
[337].

The generated electrical impulse rapidly conducts through the atrial tissue,
leading to contraction of the atria. This propagation continues until it reaches
the AV node, which is located in the interatrial septum. The AV node serves
as a direct electrical connection between the atria and ventricles and plays
a crucial role by causing a brief delay before ventricular excitation. This
delay allows for the completion of the atrial contraction [253]. From the AV
node, the impulse then travels through the bundle of His (right and left bundle
branches) and the Purkinje fibers, which are specialized fibers that allow rapid
propagation of the impulse throughout the ventricles simultaneously to the
right and left ventricle sides [420]. It is important to note that the beat rate
and rhythm of the heart are regulated by cells that exhibit the highest intrinsic
pacemaker activity, known as automaticity. Under normal circumstances,
this role is fulfilled by the pacemaker cells of the SA node, which dictate
the sinus rhythm [183]. Cells within the AV node, the His-Purkinje system
and ventricular cardiomyocytes possess lower automaticity and are therefore
classified as subsidiary or latent pacemakers. In cases of SA node dysfunction,
the AV node can assume the role of the primary pacemaker and serve as the
origin of the AP initiation, a condition known as a junctional rhythm [215].
The electrical pathway and the parts of the heart involved in it are represented

in Figure 1.3.

Cardiac action potential

Cardiac APs are driven by the movement of ion charges, such as sodium

(Na™), calcium (Ca’*) and potassium (K*). These ion flows are governed
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Electrical System of the Heart

Bachmann's Bundle
Sinoatrial (SA)
Node

. Left Bundle Branch
Anterior

Internodal
Tract

Middle
Internodal
Tract

Conduction

Posterior ’ Pathways

Internodal
Tract

Right Bundle Branch
Atrioventricular (AV) Node

Figure 1.3 Electrical conduction system of the heart. Extracted from [80].

by specific ion channels along the cardiomyocyte membrane that create and
maintain chemical and electrical gradients [142, 11, 320]. The transmembrane
potential (TMP) represents the voltage difference between the inside and
outside of a cardiac cell, defined as TMP = V;,-Voi. When there is a net
influx of positive ions into the cell, the TMP becomes more positive, a process
known as depolarization. In contrast, when there is a net movement of positive
ions out of the cell, the TMP becomes more negative, leading to repolarization.
Specific ion flux-induced changes in TMP are observed in all five AP phases
[223, 274, 320]. For a typical ventricular myocyte, these phases are shown in
Figure 1.4:

* Phase 4 - Resting phase. The cell is at rest during diastole. Inward
rectifier channels on the membrane cause a persistent outward leak
of K™ resulting in a resting TMP between -95 and -85 mV, in normal
working myocardial cells. In this phase, the Na*™ and Ca>* channels
are closed.

* Phase 0 - Depolarization phase. An AP is initiated by a neighboring
cardiomyocyte or pacemaker cell. The TMP increases until the thresh-

old potential of -70 mV is reached. Fast Na™ channels open for a short
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period of time, causing rapid cell depolarization. The Na' channels

begin to close when the TMP has become high enough.

e Phase 1 — Early repolarization phase. With fast Na™ channels closing,
TMP is triggered above 0 mV before some K channels open briefly
and allow for an outward flow of K™, which returns TMP back to 0
mV. Na™ and K" channels are responsible for the small downward

deflection present in the AP (spike-and-dome morphology).

Phase 2 — Plateau phase. The delayed rectifier K* channels cause a
constant outflow of KT, while an influx of Ca®* is sustained through the
L-type Ca’" channels. Local elevations of intracellular Ca>* promote
its own release from intracellular calcium stores. This phenomenon,
known as calcium-induced calcium release (CICR), initiates cardiomy-
ocyte contraction. The two countercurrents, K™ and Ca2", are electri-
cally balanced during phase 2 of the AP, causing the TMP to plateau
just below O mV.

* Phase 3 — Repolarization phase. In this phase, Ca>* channels are grad-
ually inactivated while the continued outflow of K through rectifier
channels gradually restores the resting potential of the AP (between
-95 and -85 mV). This potential is maintained throughout phase 4 by
the activity of an inward rectifier potassium current and the currents

associated with pumps and transporters.

1.3 Electrocardiogram

The electrocardiographic signal or electrocardiogram (abbreviated ECG in
English or EKG in Dutch) is the biosignal most used by cardiologists for
diagnostic purposes. The ECG is measured noninvasively and provides key
information on the electrical activity of the heart. For decades, cardiovascular
specialists have been analyzing ECG waveforms to diagnose different cardiac
diseases and abnormalities, including arrhythmias and myocardial infarction,
among others [132, 245].
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-100
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Figure 1.4 AP phases for a ventricular myocyte. Extracted and modified from
[174].

The conventional ECG is made up of 12 leads that are subdivided into
two groups: limb leads and precordial leads. Limb leads are classified into
standard bipolar leads (I, II, and III) and augmented unipolar leads (aVL,
aVF, and aVR).Precordial leads include leads V1 to V6. The limb leads
provide a vertical-plane perspective of the heart, while the precordial leads
view the heart’s electrical activity in the horizontal plane. The position of
the leads establishes distinct anatomical relationships: leads II, III and aVF
capture the inferior surface of the heart; leads V1 to V4 capture the anterior
surface; leads I, aVL, V5 and V6 capture the lateral surface; and leads V1
and aVR provide a direct view from the right atrium into the cavity of the left
ventricle. The ECG represents a graphic record of the electrical activity of the
heart during one cardiac cycle. The underlying principle that governs ECG
recording involves an electromagnetic force, current, or vector characterized
by both magnitude and direction. Depolarization currents moving toward the
electrode are recorded as positive deflections, while those moving away are
defined as negative deflections.

Positive and negative deflections, also called waves, are labeled with
the letters P, Q, R, S, T, and U, as shown in Fig. 1.5. The timing and
morphology of these waves are studied to identify cardiac pathologies that
alter the electrical activity of the heart. The ECG waves, corresponding

to the different phases of cardiac depolarization and repolarization, appear
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as deviations from the isoelectric line, or baseline level, of the ECG. This
line represents the resting state of all cardiac cells. The P wave represents
the sequential activation of the right and left atria, and the QRS complex
represents the activation of the right and left ventricles, with the left ventricle
having a greater contribution due to its larger mass. The T wave represents
the ventricular repolarization, whereas the U wave, which is not commonly
observed, has been associated with the delayed repolarization of papillary
muscles, Purkinje fibers, or ventricular regions. There is a period during
which all the ventricular myocardium is depolarized, manifested as a nearly
horizontal line between the end of the S wave and the onset of ventricular
repolarization, known as the ST segment.

Other segments and intervals in the ECG signal include the PR (or PQ)
segment and the PR interval, which represents the conduction of the impulse
from the upper part of the atrium to the ventricle. The QT interval comprises
from the beginning of ventricular depolarization through the plateau phase to

ventricular repolarization.

RR interval (distance between R-waves)

PP interval (distance between P-waves)

PR segment
ST-T segment TP interval
l

P-wave
duration

ST segment

PR interval Q

QRS duration

QT duration

Figure 1.5 Waveforms, segments and intervals of a conventional ECG.
Adapted from [378].

1.4 Autonomic Nervous System

Sustained ventricular arrhythmias are one of the most important causes of
SCD, with an estimated 75% to 80% of cases [345, 188]. Bradyarrhythmias,

which are characterized by abnormally slow resting heart rates of less than
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60 beats per minute and irregular heart beats, as well as various conduction
disorders, can cause syncope, fatigue due to chronotropic incompetence, and
sudden death caused by asystole or ventricular tachycardia.

The three main factors involved in the development of arrhythmias are
arrhythmogenic substrates, triggers, and modulators, which form Coumel’s
triangle of arrhythmogenesis [120]. Alterations in the Autonomic Nervous
System (ANS) are considered relevant modulating elements [458], making
the ANS a potential therapeutic target in the treatment of cardiac arrhythmias
[126].

The ANS plays a critical role in regulating cardiac function through its
two primary branches, namely the sympathetic and parasympathetic systems.
Together, they regulate the dynamics of heart rate, rhythm, contractility,
and electrical activity. Sympathetic innervation, often associated with the
fight-or-flight response, originates mainly from the right and left stellate
ganglia. The action of the sympathetic branch improves cardiac performance
by increasing heart rate (positive chronotropy), strengthening myocardial
contractions (positive inotropy), and accelerating atrioventricular conduction
(positive dromotropy) [397]. The action of the parasympathetic branch (vagal
activity) promotes self-maintenance rest and digest processes and is mediated
through the vagus nerve, which originates in the medulla. The vagal system
exerts its effects primarily by inducing bradycardia (negative chronotropy)
and reducing myocardial contractile strength, resulting in a decrease in cardiac
output [33, 291].

1.5 Abnormal cardiac conditions and diseases studied

in this thesis

1.5.1 Microgravity

The effect of gravity on an object can be completely canceled out when
it experiences a free fall. This state is called weightlessness. The term
microgravity refers to a state in which weightlessness is not fully achieved,

due to the existence of small residual forces, such as air drag or solar pressure.
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Microgravity is expressed as a fraction of g, where g is the gravitational
acceleration at the Earth’s surface, on average 9.81 m/ s? [116].

The relationship between microgravity and human health is a crucial
field of research in space exploration. Under microgravity conditions, such
as those experienced by astronauts in space, the effects of gravity on the
human body are significantly altered. The absence of gravity force for a
prolonged time has an impact on various physiological systems, including the
cardiovascular, immune, and musculoskeletal systems [107]. One of the most
notable phenomena is the hydrodynamic changes due to the redistribution
of blood volume towards the upper body, which can affect the workload of
the heart and the regulation of blood pressure. Furthermore, microgravity
can cause a decrease in cardiac muscle mass and changes in the electrical
function of the heart. Some known risks associated with microgravity and
spaceflight missions in the cardiovascular system are orthostatic intolerance,
decreased aerobic capacity, cardiac atrophy, and arrhythmias during orbital
activities [391, 201, 139].

Space agencies have long been concerned about the potential impact of
weightlessness in space on the increased risk of arrhythmia during spaceflight.
Various instances of arrhythmias have been documented throughout human
spaceflight and appear to be frequent but transient [413]. Premature atrial and
ventricular contractions, short-duration atrial fibrillation, and nonsustained
ventricular tachycardia are commonly reported occurrences. During the
Gemini and Apollo missions, occasional premature ventricular contractions
and premature atrial contractions were observed [31]. In particular, during
the Apollo 15 mission, instances of premature ventricular beats and coupled
ventricular contractions were observed in an astronaut [158]. Data from other
studies [187] do not support the idea that there is a higher risk of arrhythmia
in space, at least not with respect to atrial fibrillation.

Electrocardiogram analysis of astronauts or people subjected to micro-
gravity usually shows electrophysiological alterations induced by molecular
and cellular changes that cause channelopathies and later cardiomyopathies
[157], as well as the presence of isolated ventricular extrasystoles, malignant
arrhythmias, risk of repolarization instability, premature atrial contraction, in-
creased QRS complex, QT and PR intervals, and even SCD [98, 70, 377, 391].



1.5 Abnormal cardiac conditions and diseases studied in this thesis 13

There are limited data from space missions. Thus, it is necessary to use
ground-based models to simulate microgravity conditions [281]. The most
accurate ground-based model to simulate the physiological changes associ-
ated with weightlessness is Head-Down Bed Rest (HDBR) [310]. During
HDBR, participants remain in the head-down-tilt position all the time with
their heads tilted 6° below the horizontal position for several days. This model
is used mainly because of its ability to replicate headward fluid redistribu-
tion, achieved by maintaining a -6° angle of the bed [432]. This angle (-6°)
produces an effect in the body comparable to a gravitational force of approxi-
mately -0.1 Gz. This setup creates a microgravity analogue characterized by
immobilization, inactivity, confinement, elimination of gravitational stimuli,
and induction of effects such as upward fluid shift, unloading of the body’s
upright weight, absence of work against gravity, reduced energy requirements,
and overall reduction in sensory stimulation [89, 31].

Studies in simulated microgravity conditions provide valuable informa-
tion on how the heart adapts to a gravity-free environment. This knowledge is
essential for developing effective countermeasures that preserve the cardiovas-
cular health of astronauts during long-duration space missions. Understanding
the interaction between microgravity and the cardiac system not only benefits
space exploration but also sheds light on cardiovascular physiology on Earth.
Countermeasures designed to preserve cardiovascular health in astronauts
when they are in space, such as specific exercise regimens, have been shown
to be useful in preventing heart disease in athletes [63] and the general popula-
tion [88]. These innovations contribute to the promotion of healthy lifestyles

and prevention of common cardiac conditions [408].

1.5.2 Heart failure

In the last decade, between 1 and 2% of the Western adult population has
been diagnosed with HF [315, 360]. HF represents the endpoint of many
heart diseases [136]. The universal consensus on the definition of HF is a
clinical syndrome with symptoms and/or signs caused by a structural and
/ or functional cardiac abnormality and corroborated by elevated levels of
natriuretic peptides and / or objective evidence of pulmonary or systemic

congestion [56]. Based on left ventricular ejection fraction (LVEF), there
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are three subtypes of HF, namely HF with reduced ejection fraction, HF
with midrange ejection fraction, and HF with preserved ejection fraction,
according to the LVEF ranges < 40%, 41-49% and > 50%, respectively
[360]. In Europe, based on 2019 Heart Failure Association ATLAS data,
the median prevalence of HF is estimated to be 17 cases per 1000 people,
ranging from less than 13 in Greece and Spain to more than 30 in Lithuania
and Germany. The average annual incidence of HF in 12 member countries
of the European Society of Cardiology was 3.2 per 1000 person-years [372].
The prevalence of HF in the United States was 24 per 1000 people in 2012
and will rise to 30 per 1000 people in 2030, according to the American Heart
Association [162].

A significant risk factor for HF is ischemic heart disease (IHD). The
population-attributable risk associated with HF and IHD is estimated to be
65% for men and 48% for women [412]. Globally, IHD contributed to 26.5%
of the age-standardized prevalence rate of HF in 2017, with a higher incidence
observed in areas of higher income [57]. Nevertheless, even in developing
regions, IHD is emerging as a growing problem, reflecting the epidemiological
changes accompanying economic and social development, characterized by
an increasing burden of comorbidities and factors associated with lifestyle
[137].

Hypertension is recognized as a contributing factor to HF. Various studies
[125, 193, 227] have shown its role as the underlying cause in patients with
HF and reduced LVEF. The evidence supporting hypertension as a trigger for
HF is reinforced by the reduction in HF cases when hypertension is treated
[359]. Analysis of HF cases from low-income countries reveals rheumatic
heart disease as the primary etiology. Its prevalence ranges from 2.7 to
21.1 cases per 1000 inhabitants for manifest clinical and subclinical cases,
respectively [96, 347].

Hospitalizations for HF constitute 1-2% of all hospital admissions in the
western world [279]. HF is the most common cause of hospitalization among
individuals over 65 years of age [44]. Approximately 30 to 40% of patients
with HF have a history of hospitalization for HF [87, 143] and 50% are
readmitted 1 year after their initial diagnosis of HF [277, 207]. The different
causes of death might reflect the heterogeneity of the HF population in terms
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of age, comorbidity burden, and, consequently, HF phenotypes. Although CV
death predominates in HF, emerging evidence suggests a gradual shift towards
non-CV death over the past two decades [358]. Most deaths in patients with
HF are SCD and PFD [445]. Among patients who die from non-CV events,
cancer diagnosis stands out as the most common cause of death, followed by
infections and respiratory disease. Importantly, the proportion of CV deaths
has decreased over time, mainly due to a decrease in the risk of sudden death
[376, 262, 82].

A recognizable clinical categorization is that of acute versus chronic
HF. Acute HF (AHF) is characterized by the onset of severe symptoms,
typically manifesting as shortness of breath, that require urgent or emerging
intervention, and therapy is directed to prompt the amelioration of these
symptoms. Chronic HF (CHF), on the other hand, is often characterized
by persistent but usually stable symptoms. Therapeutic interventions in
CHEF have also been shown to improve mortality and morbidity outcomes.
Although there are instances of de novo AHF, the majority of cases of AHF
represent decompensations of pre-existing CHF [287]. The New York Heart
Association (NYHA) classification system is the simplest and most widely
used method to describe the severity of HF (Table 1.1) [243]. The NYHA
classification is based on symptoms and there are many other better prognostic
indicators in HF [69].

There is no unique element in the clinical history or symptoms that could
be a diagnostic of CHF, although many signs and symptoms in combination
are helpful to assess the probability of HF [190]. Some tests for the evaluation
of patients with suspected CHF, used to determine possible causes and identify
comorbidities, are [170, 247]:

* Physical tests. Almost all patients with HF have dyspnea during ex-
ertion, but only 30% of the causes of dyspnea are associated with HF
[267]. Some common physical examinations are related to hepatojugu-
lar reflux, cool, dependent edemas in the extremities, and cyanosis or
pallor.

* Blood and laboratory tests. These tests can help identify alternative

and potentially reversible causes of HF. B-type natriuretic peptides



16

Chapter 1. Introduction

Description

Class I No limitations of physical activity. Ordinary physical

activity does not cause undue fatigue, palpitation or short-
ness of breath.

Class 11 Slight limitation of physical activity. Comfortable at rest,

but ordinary physical activity results in undue breathless-
ness, fatigue, or palpitations.

Class III Marked limitation of physical activity. Comfortable at rest,

but less than ordinary activity results undue breathlessness,
fatigue, or palpitations.

Class IV Unable to carry on any physical activity without discomfort.

Symptoms at rest can be present. If any physical activity is
undertaken, discomfort is increased.

Table 1.1 New York Heart Association functional classification based on
severity of symptoms and physical activity. Adapted from [247]

(BNP) and N-terminal pro-BNP levels are used to assess dyspnea in
patients. BNP is released by the atria and ventricles as a result of
the stretching of the myocardial wall [270]. These changes could be
associated with age, gender, anemia, body mass index, ethnicity, or
other causes [119, 189]. Systematic reviews have concluded that BNP
and N-terminal pro-BNP levels can effectively rule out a diagnosis of
HF, but more screening is needed to establish the diagnosis [176, 28,
230, 315, 169, 270].

Chest X-ray. This test allows to check changes in the size and shape
of the heart, whether there is fluid in or around the lungs or air sur-
rounding a lung, or whether a lung condition could be causing HF
symptoms. It is almost considered an obsolete tool in some indications,
but recent studies have shown its prognostic value for the quantification
of congestion [254, 192].

Cardiac ultrasound, echocardiography. The transthoracic echocar-
diograph is a method to assess cardiac function. It provides information
on several parameters such as LVEF, chamber size, wall thickness, and
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valve function and can confirm systolic or diastolic HF [206, 247, 302].

Its use is associated with a significant reduction in mortality [84].

* Electrocardiography. All patients with suspected HF should have an
ECG [405, 247]. An abnormal ECG has a relatively high sensitivity
for diagnosing HF, 89% (95% CI 77-95%), but moderate specificity
56% (95% C1 46—-66%). This suggests that HF is quite unlikely in the
presence of a normal ECG [236, 394]. The ECG may reveal cardiac
abnormalities that increase the likelihood of a diagnosis of HF and may
also guide therapy [247].

Pharmacotherapy is the main approach to the treatment of HF. It should
be started before considering device therapy in combination with nonpharma-
cological interventions. Treatment for patients with HF is focused on three
main goals: (i) reduce mortality; (ii) prevent recurrent hospitalizations due
to HF worsening; and (iii) improve clinical status, functional capacity, and
quality of life [10, 14, 315].

Modulation of the renin-angiotensin-aldosterone system and the sym-
pathetic nervous system through the use of angiotensin-converting enzyme
inhibitors (ACE-I) or an angiotensin receptor-neprilysin inhibitor (ARNI),
beta-blockers, and mineralocorticoid receptor antagonists (MRA) has shown
efficacy in improving survival, decreasing the risk of hospitalizations related
to HF and reducing symptoms in patients with HE. These drugs are the core of
the pharmacotherapy for these patients [249, 134, 194]. In addition, sodium-
glucose cotransporter 2 (SGLT2) inhibitors dapagliflozin and empaglifiozin,
when added to ACE-I/ARNI/beta-blocker/MRA therapy, have shown a reduc-
tion in the risk of CV death and worsening of HF in patients with reduced
LVEF [248, 293].

A high proportion of deaths in patients with HF, especially those with
less severe symptoms, occur suddenly and unexpectedly. Many of them
are due to electrical disturbances and acute vascular events [247, 447]. Im-
plantable cardioverter defibrillators (ICDs) have been tested and found to be
effective in rectifying potentially lethal ventricular arrhythmias and prevent-
ing bradycardia. Certain antiarrhythmic drugs can reduce the incidence of
tachyarrhythmias and SCD, but they do not reduce overall mortality [32].
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The decrease in the number of deaths due to SCD in patients with mod-
erate or severe HF may be due to a worsening of their HF condition [32].
Consequently, ICD therapy is not recommended for patients with NYHA
class 1V, characterized by severe symptoms refractory to pharmacological
therapy. Patients in this category have a markedly reduced life expectancy
and are likely to suffer from PFD [357, 247].

Cardiac resynchronization therapy, CRT, is recommended for patients
with reduced LVEEF, sinus rhythm, and QRS duration >130 ms and for patients
with NYHA Class III-1V with reduced LVEEF, atrial fibrillation, and long QRS
duration. This therapy shows a spectrum of stabilization or improvement in
disease progression to even recovery of the disease [81, 440, 141]. Despite its
known clinical and cost effectiveness, it remains underutilized as a treatment.
In Europe, only one out of three eligible patients actually receives a CRT
device due to a lack of awareness of CRT therapy [328, 133].

1.5.3 Cardiac pacing

Cardiac bradyarrhythmias, including sinus bradycardia, sinus node dysfunc-
tion, and high-grade AV block, can significantly alter ventricular filling and
ejection efficiency [39], leading to electrical dyssynchrony by altering the
normal sequence of myocardial activation [381]. When intrinsic pacemaker
activity fails or conduction delays occur, the resulting bradycardia alters the
coordinated spread of electrical impulses across the atria and ventricles. This
leads to heterogeneous depolarization patterns, particularly in patients with
pre-existing conduction system disease, exacerbating electrical dyssynchrony.

Electrical dyssynchrony is defined by an asynchronous electrical activa-
tion of the LV leading to a prolonged QRS duration (longer than 120 ms) on
ECG, and may be due to conduction anomalies such as left bundle branch
(LBB) block (LBBB) [129]. Numerous studies [399, 184, 379, 450] have
shown the prevalence of ventricular dysfunction in patients with HF. In some
mild cases, this dysfunction can predispose to bradyarrhythmias and worsen
electrical dyssynchrony by creating zones of delayed conduction. In severe
cases, this results in electromechanical dissociation, where delayed electrical

activation fails to trigger synchronous mechanical contraction.
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Much information on ventricular conduction abnormalities has been ob-
tained using the 12-lead ECG. The duration and morphology of the QRS
are ECG measurements to make a recommendation for the implantation of
conventional pacing techniques in patients [141]. Although the use of QRS
duration has generally been regarded a good marker to quantify asynchrony,
this measurement cannot distinguish between conduction abnormalities on
the right or left sides and between interventricular and intraventricular dyssyn-
chrony [24, 45]. Regarding QRS morphology, it has been reported to be prone
to subjective interpretation, and there are multiple definitions for specific con-
duction disturbances [276].

Pacing therapy remains an essential component in the treatment of brad-
yarrhythmias, but the choice of pacing site critically influences the outcomes.
In recent years, various novel pacing techniques have been explored to deter-
mine if they offer benefits when clinical improvement does not occur using
RVP or when conventional transvenous implantation is not successful. The
placement of a lead in the cardiac conduction system has been shown to
improve outcomes when the classical techniques are not effective [423]. CSP
field is growing in interest due to the theoretical possibility of achieving
physiological ventricular activation. The initial studies focused on HBP. Al-
though HBP achieves excellent cardiac synchrony, its implantation can be
challenging, with success rates ranging from 56% to 95% [41, 374, 424].
Long-term studies have raised concerns about ventricular undersensing and
increasing thresholds [285, 305]. LBB Area Pacing (LBBAP) is a relatively
recent form of CSP. This technique has shown promising results in observa-
tional studies for patients with HF. The reported success ranged from 80% to
94% and significant improvements in left ventricular systolic function were
shown [294, 295, 453]. However, additional multicenter studies with longer
follow-up periods will be necessary to validate the results obtained. Figure

1.6 shows different lead positions for CSP techniques.
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Figure 1.6 Lead position for common cardiac pacing techniques (CSP): His
bundle pacing (HBP) and left bundle branch pacing (LBBP). Extracted and
modified from [317].

1.6 Ventricular depolarization and repolarization mark-

€rs

The use of the ECG allows for the characterization of electrical changes in
the heart. Different ECG-based markers have been proposed to assess the
risk of mortality for different cardiac conditions [205]. It is well known that
electrical changes associated with the fast depolarization phase of the AP in
ventricular myocytes produce the QRS complex of the ECG [19]. During
repolarization, small gradients of membrane potential are observed between
neighboring cells, which contribute to the generation of the cardiac electric
field [23] and produce the T wave of the ECG. Repolarization heterogeneities
across the ventricles are key in determining the characteristics of the T wave.
Heterogeneity comes from the different activation times and the different
durations of AP (APD) of the ventricular cells, attributed to the heterogeneous
distribution of repolarizing currents across the ventricles [16, 274].

Several markers have been proposed to characterize abnormalities in the
morphology of the T wave, the duration, area, and amplitude of the T wave,
the symmetry, flatness, and notching properties of the T wave, and additional
measures based on a vectorcardiographic representation (vectocardiogram,
VCG) of the ECG. Some ECG repolarization markers evaluated in large

population studies are:
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B QT interval: It is the time interval measured between the onset of the
Q wave and the end of the T wave, as shown in Figure 1.5. It represents
the total duration of the depolarization and subsequent repolarization
of the ventricles. A prolonged QT interval is widely acknowledged
as an indicator of increased risk of Torsades de Pointes, a ventricular
arrhythmia that can lead to syncope or SCD [386, 403], incident stroke
[383], and severity of ischaemic heart disease [259].

B Corrected QT interval: Correcting the QT interval for heart rate is
common to obtain measurements that are independent of heart rate,
leading to a corrected QT (QTc). Various population-based QT heart
rate correction formulas have been proposed in the literature, but not
all adequately correct for the effect of heart rate in all populations. This
has led to the proposal of so-called individualized formulas that take
into account the specific characteristics of a population or an individual
[257, 324]. The prolongation of the QTc¢ interval has been identified as
a marker of arrhythmic risk in the general population [205, 437].

B QT dispersion: The QT interval is known to vary between leads,
which some studies hypothesized to reflect regional differences in
ventricular repolarization. To quantify this variation, some studies
proposed measuring a marker known as QT dispersion (QTd). QTd
is calculated as the difference between the maximum and minimum
QT intervals measured on all 12 leads of the ECG. Initially, it was
suggested as an indicator of ventricular arrhythmia [99]. However, it
was later determined that this dispersion of QT intervals may be caused
by different projections of cardiac repolarization activity in the lead
system [197], and may not necessarily be related to pro-arrhythmic
activity [232].

B QT variability: Temporal variations in the QT interval of the ECG
represent the beat-to-beat fluctuations in ventricular repolarization
[354, 355]. Numerous studies have shown that temporal repolariza-
tion lability, as indicated by elevated QT interval variability (QTV),
is associated with cardiac mortality [37, 364]. Although innovative

techniques for assessing QTV have improved sensitivity and robust-
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ness [38, 365, 289], current methods still fail to provide a complete
description of QTV [37].

QT dynamicity: Dynamic changes in cardiac repolarization can lead
to increased vulnerability to ventricular arrhythmias [404]. Evaluating
dynamic changes in ventricular repolarization can be performed by ex-
amining the relationship between the QT interval and heart rate [264].
Some studies have focused on the hysteresis of the QT interval after
abrupt changes in heart rate and have quantified the time required by the
QT interval to reach a steady state after a sharp increase or decrease in
heart rate [324, 322, 327]. Mechanisms underlying prolonged adapta-
tion of the QT interval in response to a sudden change in heart rate have
been proposed [353, 326]. Other studies have evaluated the so-called
QT dynamicity [300, 172, 37, 444] in 24-hour ECG recordings and
have measured the slope of the steady-state QT-RR relationship. The
capacity of all these markers as predictors of arrhythmic events has
been tested [392, 147].

Tpeak-Tend (Tpe) and Tpe/QT ratio: Tpeak-Tend (Tpe) is calcu-
lated by measuring the interval from the peak of the T wave to its end
[319, 403]. Initially proposed as an indicator of transmural dispersion
in ventricular repolarization [18], several experiments showed a correla-
tion between an increase in Tpe and life-threatening arrhythmic events
[421, 85, 71]. Other studies have suggested that Tpe may be a marker
of global, rather than transmural, dispersion of repolarization [403].
Repolarization heterogeneity, measured by Tpe, may be associated
with adverse outcomes, including mortality, in the general population
[319]. To account for the dependence of Tpe on QT, some studies have
proposed to divide Tpe by the QT interval, resulting in the Tpe/QT ratio.
Despite dynamic changes in Tpe and QT, the Tpe/QT ratio remains
relatively stable, falling within a range of values of 0.17 to 0.23. An
increase in the ratio has been considered to possibly be indicative of
a higher dispersion of repolarization, which could be proarrhythmic.
However, its predictive value for arrhythmic events remains a matter of
debate [149, 402].
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B Amplitude-based T-wave markers: ECG markers have been proposed
to characterize flatness, symmetry, and presence of notches in the T
wave [13]. Markers describing flatness are determined on the basis of
the kurtosis of the area-normalized JT segment. The symmetry markers
are calculated from the ratio of the area under the ascending portion of
the T wave to the area under the descending portion of the T wave, or,
alternatively, from the respective durations. The notch score is derived
from the radius of curvature of the JT segment, describing the degree
of curvature or fluctuations present in this segment. It is important
to note that symmetry markers based on gradients of the T wave are
highly sensitive to high-frequency noise, which can easily distort the
values of the ascending and descending slopes [59]. Nevertheless, this
set of markers can be used to distinguish between patients with long
QT syndrome and healthy controls [387].

B T-wave alternans: In addition to changes in the morphology of the
T wve, beat-to-beat T-wave changes have been shown to consistently
correlate with ventricular arrhythmia [298]. T-wave alternans (TWA)
were one of the first candidates to characterize this spatio-temporal
repolarization instability [309]. TWA involves a repeating ABAB
pattern in the amplitude or shape of the ST-T complex. It has been
proposed as an independent indicator of susceptibility to ventricular
arrhythmias and has been applied in clinical evaluations [430, 416, 429].
The value of TWA for predicting the risk of cardiovascular mortality
and SCD is based on the assessment of the degree of heterogeneity of
ventricular repolarization and abnormalities in intracellular calcium

cycling and voltage [404].

B Periodic Repolarization Dynamics: Periodic repolarization dynamics
(PRD) is a novel ECG phenomenon that refers to previously overlooked
oscillations of cardiac repolarization. These oscillations occur in the
low frequency range (< 0.1 Hz) and are independent of the underlying
heart rate variability [343]. PRD has been proposed to reflect the impact
of phasic sympathetic activation on ventricular myocytes. PRD has

been shown to be a significant predictor of mortality in cohorts of
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patients with post-myocardial infarction, regardless of whether they
have preserved or reduced LVEF [342, 340]. In this thesis, PRD has
been used to assess sympathetic modulation of ventricular activity and
to assess cardiac risk in different populations. High resolution (> 1,000
Hz) ECG recordings were analyzed and techniques to robustly measure

PRD were developed, with a comparison of their performance.

Activation and repolarization timing: Although methods have been
established to characterize ventricular activation time (AT) from elec-
trograms [384, 325], there is still no consensus on how to determine
repolarization times (RT). RT can be evaluated from electrograms using
various markers associated with the slow repolarization phase of the
AP [361]. In most of the works, the AT was defined as the interval
from the onset of the QRS complex to local activation, while the RT
was defined as the interval from the onset of the QRS complex to the
local end of repolarization [361, 54, 200]. AT and RT have been used
to assess changes over time during ventricular pacing in canine and
rabbit models [435]. In this thesis, we propose to calculate AT and RT
for each individual precordial ECG lead as the center of mass of the
absolute QRS complex and the T wave, respectively. AT and RT, as
well as the dispersion of AT (dAT) and RT (dRT) on the six precordial
leads, are used to assess ventricular changes in patients who undergo
different cardiac pacing techniques. Comparisons are made between
the values obtained from the ECG recordings acquired in a basal state
(before any stimulation) and those recorded during and after each type

of cardiac stimulation.

1.7 Objectives of the thesis

The objectives of this thesis are to provide a better understanding of the

influence of the sympathetic system on the electrical activity of the human

ventricular observed in the ECG and to use it to, first, characterize the effects

of microgravity and, second, assess the risk of SCD and PFD in patients

with HF. In addition, this thesis aims to investigate how cardiac pacing has

different effects on ventricular depolarization and repolarization depending
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on whether the stimulation is applied to the ventricular myocardium or the
electrical conduction system of the heart. ECG signals are processed and a
set of markers is quantified both for arrhythmic risk stratification and for the
characterization of pacing effects.

More specifically, the objectives of the different parts of this thesis are:

1. Propose strategies to quantify sympathetic modulation of ventricular
electrical activity using ECG signals from healthy volunteers subjected
to simulated microgravity. Since elevated sympathetic activity is often
observed in microgravity due to environmental stress and this com-
monly manifests as orthostatic intolerance, tilt tests recordings during
HDBR are analyzed. ECG markers quantifying PRD and HRV are
evaluated and used for characterization of sympathetic effects on the

ventricles before and after simulation of microgravity conditions.

2. Compare two methods, one based on Continous Wavelet Transform
(CWT) and the other one based on Phase-Rectified Signal Averaging
(PRSA), to calculate PRD. A correlation analysis is conducted to assess
the similarity between the two methods. Upon confirmation that they

are equivalent, a method is chosen for each application of interest.

3. Propose PRD thresholds to stratify patients with HF according to their
risk of suffering from SCD and PFD. PRD is used as a risk marker
individually and in combination with other clinical and ECG markers.

4. Characterize ventricular dyssynchrony generated by different cardiac
pacing techniques. ECG markers are measured before and after apply-
ing a set of cardiac pacing techniques. High-frequency (1,000 Hz) and
ultra-high-frequency (5,000 Hz) ECG recordings acquired at two dif-
ferent hospitals are analyzed and novel markers are proposed to assess
the effects of pacing on the activation and repolarization sequences.

1.8 Outline of the thesis

The thesis is organized as follows.
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B Chapter 2: Periodic Repolarization Dynamics in simulated micro-

gravity. In this chapter, the techniques to calculate the PRD marker are
described. This marker quantifies the magnitude of the low-frequency
oscillations in the angle between consecutive T waves, which is related
to sympathetic modulation of ventricular repolarization. ECG signals
acquired from volunteers who underwent simulated microgravity using
the HDBR model are analyzed. The capacity of two countermeasures,
one physical and one dietary, to reduce or eliminate the adverse effects
of microgravity is tested. Additionally, a study is carried out to compare
the performance of two methods used for PRD calculation, one based
on the wavelet transform and the other based on PRSA. The research

described in this chapter has been published in a journal paper:

— 8. Palacios, E. Caiani, F. Landreani, J.P. Martinez and E. Pueyo.
Long-term microgravity exposure increases ECG repolarization
instability manifested by low-frequency oscillations of T-wave
vector. Frontiers in Physiology, 10:1510, 2019.

and was presented in the following conferences:

— S. Palacios, J.P. Martinez, E. Pueyo. Changes in Sympathetic
Modulation of ECG Repolarization Associated with long-term
microgravity exposure. XXXV Congreso Anual de la Sociedad

Espaiiola de Ingenieria Biomédica, Bilbao, Spain.

— S. Palacios, E. Caiani, J.P. Martinez and E. Pueyo (2018). Micro-
gravity Exposure Alters Sympathetic Modulation of Ventricular
Repolarization Quantified from the ECG via Periodic Repolariza-
tion Dynamics. XLV International Conference on Computing in

Cardiology, Maastricht, Netherlands.
— S. Palacios, E. Caiani, E. Pueyo and J.P. Martinez (2019). Re-

sponse of Ventricular Repolarization to Simulated Microgravity
Measured by Periodic Repolarization Dynamics using Phase-
Rectified Signal Averaging. XLVI International Conference on
Computing in Cardiology, Singapore, Singapore.
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— S. Palacios, E. G. Caiani, J.P. Martinez and E. Pueyo (2019). Car-
diac Response to Sympathetic Activation is altered by long-term
microgravity exposure. 26th European Low Gravity Research
Association Biennial Symposium and General Assembly. 14th
International Conference on Two-Phase Systems for Space and

Ground Applications, Granada, Spain.
In addition, this work was awarded the following prizes:

— Semifinalist of the Rosanna Degani Young Investigator Award,
2018. Microgravity Exposure Alters Sympathetic Modulation
of Ventricular Repolarization Quantified from the ECG via Peri-
odic Repolarization Dynamics. XLV International Conference on

Computing in Cardiology.
— Mortara mobility fellowship, 2019. Response of Ventricular Re-

polarization to Simulated Microgravity Measured by Periodic
Repolarization Dynamics using Phase-Rectified Signal Averag-
ing. XLVI International Conference on Computing in Cardiology.

— Finalist of the Rosanna Degani Young Investigator Award, 2019.
Response of Ventricular Repolarization to Simulated Microgravity
Measured by Periodic Repolarization Dynamics using Phase-
Rectified Signal Averaging. XLVI International Conference on
Computing in Cardiology.

B Chapter 3: Sudden cardiac death prediction by Periodic Repolar-
ization Dynamics. In this chapter, high-resolution ECG recordings
(1,000 Hz) from CHF patients are analyzed. PRD is calculated from
ECG and is used as a risk marker to stratify patients for two endpoints,
SCD and PFD. After comparing the prediction power of PRD and other
clinical and ECG markers, new combined markers are derived and used
for the prediction of SCD and PFD. The research described in this
chapter was published in a journal paper:

— S. Palacios, I. Cygankiewicz, A. Bayés-de-Luna, E. Pueyo and

J.P. Martinez. Periodic Repolarization Dynamics as Predictor of
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Risk for Sudden Cardiac Death in Chronic Heart Failure Patients.
Scientific Reports, 11:20546, 2021.

and was presented in several conferences:

— S. Palacios, I. Cygankiewicz, A. Bayés-de-Luna, J.P. Martinez
and E. Pueyo (2020). Sudden Cardiac Death Prediction in Chronic
Heart Failure Patients by Periodic Repolarization Dynamics. Pro-
ceedings of the XLVII International Conference on Computing in
Cardiology, Rimini, Italy.

— S. Palacios, I. Cygankiewicz, A. Bayés-de-Luna, E. Pueyo and
J.P. Martinez (2020). Dindmica periddica de la repolarizacién
como predictor de muerte sibita en pacientes con insuficiencia
cardiaca crénica. IX Jornada de Jovenes Investigadores del I3A,

Zaragoza, Spain.

— S. Palacios, 1. Cygankiewicz, A. Bayés-de-Luna, J.P. Martinez
and E. Pueyo (2020). Prediccién de muerte stbita en pacientes
con insuficiencia cardiaca crénica mediante el estudio de la dindmica
periddica de la repolarizacion. XXXVIII Congreso Anual de la
Sociedad Espariola de Ingenieria Biomédica, Valladolid, Spain.

— S. Palacios, 1. Cygankiewicz, A. Bayés-de-Luna, J.P. Martinez
and E. Pueyo (2021). Estudio de la dindmica periddica de la repo-
larizacién para la prediccion de muerte sibita en pacientes con
insuficiencia cardiaca crénica. I Congreso Anual de Estudiantes

de Doctorado, Elche, Spain.

B Chapter 4: Short-term evaluation of ECG ventricular depolariza-
tion and repolarization response to conventional and physiological
pacing. In this chapter, ultra-high-frequency ECGs (5,000 Hz) recorded
before and after pacemaker implantation were analyzed. ECGs are ac-
quired from patients who require cardiac pacing as antibradycardia
treatment. The response to physiological pacing techniques is com-
pared with the response to pacing techniques targeting the ventricular
myocardium. ECG markers are proposed to assess spatial dyssynchrony

in ventricular activation and repolarization. This chapter contains the
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work carried out during a research visit to the MediSig Department
of the Institute of Scientific Instruments (ISI) of the Czech Academy
of Sciences in Brno under the supervision of Dr. Pavel Jurdk. The
results have been included in a manuscript that has been submitted for

publication as a journal article.

— S. Palacios, R. Smisek, K. Curila, U. Nguyen, EW. Prinzen,
J. Halamek, F. Plesinger, P. Jurak, J.P. Martinez and E. Pueyo.
Ventricular activation and repolarization in response to physiolog-
ical and conventional pacing using ultra-high-frequency electro-

cardiography. 2025. Under review.
and was presented in several conferences:

— S. Palacios, K. Curila, U. Nguyen, EW. Prinzen, J. Halamek,
F. Plesinger, P. Jurak, E. Pueyo and J.P. Martinez (2023). Spatial
Dispersion of Activation and Repolarization Times Associated
with Different Cardiac Pacing Modes. Proceedings of the L In-
ternational Conference on Computing in Cardiology, Atlanta,
USA.

— S. Palacios, R. Smisek, K. Curila, U. Nguyen, F.W. Prinzen, J.
Halamek, F. Plesinger, P. Jurak, J.P. Martinez and E. Pueyo (2023).
Dispersion espacial de los tiempos de activacion y repolarizacién
asociada a diferentes modos de estimulacién cardiaca. XLI Con-
greso Anual de la Sociedad Espariola de Ingenieria Biomédica,

Cartagena, Spain.

B Chapter 5: Long-term evaluation of ECG ventricular depolariza-
tion and repolarization response to conventional and physiological
pacing. In this chapter, high-resolution ECG recordings (1,000 Hz)
are processed to assess the effects of conventional and physiological
techniques in patients with pacemaker implantation to treat bradycardia.
The short- and long-term changes induced by both types of pacing tech-
niques are analyzed. This chapter presents the results obtained from

a scientific collaboration with Hospital Clinico Universitario Lozano
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Blesa in Zaragoza, Spain. The research described in this chapter has
been presented in several conferences and a journal paper is currently

in preparation:

— C. Sales, S. Palacios, J. Melero, 1. Julidn, J. Ramos, J.P. Martinez,
A. Mincholé, E. Pueyo (2022). Right Ventricular vs Left Bundle
Branch Pacing-Induced Changes in ECG Depolarization and Re-
polarization. Proceedings of the XLIX International Conference

on Computing in Cardiology, Tampere, Finland.

— S. Palacios, C. Sales, J. Melero, M. Cabrera, J. Ramos, A. Min-
cholé, E. Pueyo and J.P. Martinez (2024). Changes in Ventricular
Repolarization After Right Ventricular and Left Bundle Branch
Pacing. 13" European Study Group on Cardiovascular Oscilla-

tions Meeting, Zaragoza, Spain.

— S. Palacios, C. Sales, J. Melero, M. Cabrera, J. Ramos, A. Min-
cholé, E. Pueyo and J.P. Martinez. Electrical Dyssynchrony
Comparison Between Right Ventricular Pacing and Left Bundle

Branch Pacing. 2025. In preparation.

B Chapter 6: Conclusions and future work. This chapter presents the
most relevant conclusions of the thesis and discusses future extensions

of the work.



Le cceur a ses raisons, que la raison ne connait point; on
le sait en mille choses.

The heart has its reasons which reason does not know.
We feel it in a thousand things.

Pensées. Blaise Pascal

Periodic Repolarization Dynamics in

simulated microgravity

2.1 Motivation

Over millions of years, humans, and all living organisms on Earth have
adapted to live influenced by the gravity. This implies that a constant grav-
itational force has modeled the human anatomy and physiology. During
spaceflight, astronauts experience an extended period of microgravity (ug),
leading to various physiological responses. One of the initial responses is the
inability of the vestibular system to adjust to the absence of gravity. A disease
called space motion sickness, which has symptoms similar to other forms
of motion sickness, includes pallor, increased body warmth, cold sweating,
malaise, loss of appetite, nausea, fatigue, vomiting, and anorexia; occurs in
astronauts during the first 72 hours of a space mission [349].

Other physiological adaptations due to microgravity are bone loss, muscle

atrophy, fluid shifts, decreased plasma volume, and cardiovascular decondi-
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tioning, leading to orthostatic intolerance and decreasing exercise aerobic
capacity. Orthostatic intolerance emerges as a significant post-flight issue
for astronauts, with an incidence of approximately 80% after long-duration
spaceflight missions [251] and between 20% and 30% after short-duration
missions [311].

Changes in convection, buoyancy, and sedimentation due to microgravity
affect the human body, leading to cardiovascular problems (Table 2.1). In
the absence of convection, there is no dissipation of body heat, impeding
sweat evaporation, which leads to a potential disturbance in the perception
of temperature, particularly in the lower extremities. Furthermore, in the
absence of buoyancy, fluids characterized by varying densities, for instance,
water and air, do not exhibit a tendency to segregate in a stratified manner;
instead, air bubbles tend to persist in a suspended state within the water,
requiring the application of an external force of acceleration to induce a
separation between the fluids. In addition, in the absence of sedimentation,
particles within the fluid environment tend to maintain an even distribution in
suspension. This phenomenon could have implications on the functionality
of the otoliths located in the inner ear, which are responsible for providing
crucial information on the position of the body [278, 31]. Some important

cardiovascular diseases induced by g are found in Figure 2.1.
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Variables Initial Reac- | ST Re- | LT Re- | Ref
tion sponse sponse
Blood wvol-| 1 J10—15% | | 10—15% | [413]
ume
Haematocrit | 1 +10—15% | Unchanged | [413,202]
or|
Cardiac out- | 1 T18—24% | 141% [321, 380,
put 284, 283]
Stroke  vol- | 1 1 46% 135% [321, 283]
ume
Ventricular 1 20% 3 10% 4 10% [268, 46,
size 303]
Central ve-| | d d [61, 128,
nous pressure 419]
Mean arterial | Unchanged | Unchanged | | 10 mmHg | [283, 434,
pressure 156, 282]
Systolic Unchanged | Unchanged | | 8 mmHg [283, 434,
blood pres- 156, 282]
sure
Diastolic Unchanged | | 5 mmHg J 9 mmHg [283, 434,
blood pres- 156, 282]
sure
Systemic Unchanged | Unchanged | | 39% [283, 282]
vascular
resistance
Heart rate Unchanged | Unchanged | Unchanged | [128, 255]
or | or |

Table 2.1 Microgravity-induced cardiovascular adaptions. Abbreviations:
References (Ref); short-term (ST); long-term (LT); increase (71); decrease ({.).
Adapted from [31]

Given the detrimental impact of the microgravity environment on human

organ systems (such as the cardiovascular and musculoskeletal systems),
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Figure 2.1 Spaceflight-induced cardiovascular diseases. Abbreviations: car-
diac output (CO); stroke volume (SV); mean arterial pressure (MAP); systolic
blood pressure (SBP); diastolic blood pressure (DBP); orthostatic intolerance
(OD); increase (1); decrease ({). Source: [31]

it is necessary to develop appropriate tools and countermeasures to ensure
successful space missions. Not all experiments can be performed in space
due to constraints in time, costs, equipment, and manpower. Hence, ground-
based models that mimic the effect of microgravity play a crucial role in
complementing our understanding of the space environment and evaluating
countermeasures for near-term spaceflight research [106].

Among the models developed are human analogs, including bed rest,
physical stress, academic stress, and confinement, which simulate certain
aspects of spaceflight stressors [395, 101]. Mechanical unloading and physical
deconditioning, which are believed to be key components in the effects of
microgravity on the human body, have also broader clinical applications
on Earth, such as in the cases of prolonged bed rest or in inactive geriatric
patients [349].

The most common in vivo ground-based analogue to simulate tg in
bed rest is called HDBR. It is chosen because the observations of headward
fluid redistribution (owing to a -6° angle of the bed, figure 2.2) exceed those
observed in horizontal bedrest (without an angle) [432]. The HDBR model
provides physiological changes similar to @ g with respect to reduction of
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bone mineral density, changes in bone architecture, increase in calcium levels
in urine, increased susceptibility to renal stone formation, total peripheral

resistance, systolic blood pressure, and fluid changes [301, 12, 31].

Figure 2.2 A subject is lying down and tilted at 6 degrees. Credit: German
Aerospace Center (DLR)

To assess the functional response of the sympathetic nervous system
within the cardiovascular system, it is common practice to activate the sympa-
thetic reflex, as it facilitates the detection and localization of disorders related
to the nervous system [456]. To test such a reflex arc, the afferent pathway of
the autonomic reflex arc must initially be stimulated from the resting state of
the human organism, typically through a suitable stimulus like an orthostatic
test when assessing the baroreceptor reflex. It is essential for the test subject
to remain in a relaxed state during the procedure, to be able to attribute any
changes observed to the applied disturbance stimulus [436]. Therefore, each
test should be performed after an adequate rest period, particularly when
subjects have been in a prolonged position of bedrest.

The most straightforward and frequently used approach to evaluate car-
diovascular feedback involves monitoring cardiovascular parameters (such as
heart rate, blood pressure, and noradrenaline concentration) during a transition
from lying horizontally to standing vertically [175]. This maneuver results
in a temporary decrease in venous return to the heart, which consequently
reduces stroke volume and arterial blood pressure [457]. The orthostatic
test can be conducted actively, with the test subject standing independently
(Schellong test), or passively, using a tilt table (ideally set at a 60° angle) for
the tilt-table test (TTT) [26].
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Exercise and nutrition (or medical drugs) have long been suggested as
countermeasures to mitigate the effects of microgravity and to combat the
sedentary nature of space living. A lower body negative pressure (LBNP)
device is used to create ambient pressure lower than normal atmospheric
pressure to the lower portion of the body, prompting a change in fluids
towards the feet. The device consists of a sealed chamber attached to the
iliac crest of the subject, with pressures ranging from -40 to -60 mmHg,
simulating the force experienced on Earth [62, 393]. When combined with
saline ingestion, typically 6-9 g of NaCl in 900-1200 ml of water, LBNP
is typically used in spatial missions in the days leading up to landing to
enhance orthostatic tolerance [135, 74]. Combined with treadmill running,
LBNP serves as both a musculoskeletal countermeasure and cardiovascular
countermeasure [269, 433, 460, 226, 366].

On the other hand, a high-protein diet resulted in mild metabolic acidosis,
affecting bone metabolism after bed rest [459]. To counteract the acidify-
ing effects of whey protein, some researchers combined it with a potassium
bicarbonate supplement in bed rest studies. Although this combination par-
tially mitigated skeletal muscle atrophy, it also diminished the reductions in
muscle fiber oxidative capacity due to disuse [47, 53]. The main types of
pharmacological drugs are related to caloric restriction, polyphenols, natural
extracts, and medications to directly counteract adverse effects [273]. These
countermeasures are mainly designed to improve skeletal muscle mass and
strength [462, 52, 220], but more research is necessary to determine if they
also produce improvements in cardiovascular health.

PRD is an electrocardiographic index that measures low-frequency oscilla-
tions (below 0.1 Hz) in cardiac repolarization instability related to sympathetic
activity. It was first described in 2014 by Rizas et al. [343]. Considering the
substantial evidence suggesting the pivotal role of sympathetic mechanisms
in the development of malignant tachyarrhythmias [234, 221, 348], PRD is
one of the markers for assessing the influence of sympathetic activity on
ventricular changes through surface ECG recordings.

In this chapter, the PRD biomarker was measured from ECG recordings to
assess sympathetic activation in a group of volunteers subjected to long-term

HDBR (60 days). To provoke sympathetic activation, the tilt test was applied
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to all subjects before starting and at the end of the HDBR period. In addition,
two types of countermeasures, physical exercise and a specific diet, were
tested to determine whether they were capable of mitigating the negative

effects of microgravity simulation on the cardiovascular system.

2.2 Materials

2.2.1 Head-Down Bed Rest experiments

ECG recordings were acquired from two long-term (60 days) -6° HDBR
campaigns organized by the European Space Agency (ESA) as part of their
bed rest studies. These studies were carried out between 2015 and 2017 in
the :envihab facility of the Institute of Aerospace Medicine at the German
Aerospace Center-DLR (Cologne, Germany) and at the Institute of Space
Medicine and Physiology-MEDES (Toulouse, France).

For both studies, the inclusion criteria were as follows: male, between
20 and 45 years old, body mass index between 20-26 kg/m?, non-smoking,
no medication, no competitive athlete and no history of bone fractures. The
characteristics at baseline are shown in Table 2.2. In Cologne, 22 volunteers
(29 £ 6 years, 181 £ 5 cm, 77 = 7 kg) were enrolled and randomly distributed
into the countermeasure group (JUMP), who performed physical activities
during the HDBR time period, or the control group (CTRL), who did not
exercise.

For the Toulouse experiment, 20 volunteers were enrolled (34 £ 7 years,
176 £ 4 cm, 73 + 7 kg). They were randomly assigned in a double-blind
manner to the countermeasure group (NUTR), receiving a nutritional coun-
termeasure daily consisting of a cocktail of antioxidants and vitamins, or to
the control group (or placebo) (CTRL), who did not receive this nutritional
integration.

All subjects underwent a comprehensive medical examination prior to the
selection process and provided their written informed consent to participate in
the study, which was approved in advance by the respective Ethics Committees

for Human Research at the host institutions.
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DLR MEDES
CTRL  JUMP CTRL  NUTR
N 12 12 10 10
Age (years) 286 307 | 34£8 35+7
Heigh (cm) 1807 182451765 176 %5
Body mass (kg) | 78 =8 72+£5 | 715£9 73+£6
BMI (kg/m2) 24£2 23+£2 | 24+£2 24+2

Table 2.2 Volunteers’ anthropometric characteristics at baseline for DLR and
MEDES campaigns. Data are means and standard deviations; N, sample size;
BMI, Body Mass Index.

2.2.2 Experimental Protocol

Both campaigns were divided into three phases: 15 days of PRE-HDBR
baseline (BDC-15 to BDC-1), when subjects became physiologically and
psychologically accustomed to the facilities; 60 days of bed rest (HDT1 to
HDT60), when subjects were in strict —-6° HDBR (24 h/day); and 15 days of
recovery from POST-HDBR (R+0 to R+14). The subjects were continuously
monitored by the medical and paramedical staff to ensure compliance with
the protocol. Figure 2.3 illustrates these three phases.

Each subject was accommodated in a single-person room, in the DLR
campaign, or in double bedrooms, in MEDES campaign. These rooms were
equipped with television, telephone, and laptop computer with Internet access.
During the pre-bed rest and recovery phases, the subjects were allowed to
walk freely and slept at 0° (supine position). From HDT1 to HDT60, subjects
carried out all activities in -6° HDBR: eating, hygienic procedures (teeth
brushing, bowel movement, showering) and free time activities (reading,
watching, or using the computer). At any given moment, at least one shoulder
was kept on the bed. Also, all subjects had the same scheduled wake-up (at
6:30 a.m. and 7:00 a.m. in the DLR and MEDES campaigns, respectively)
and light-off (at 11:00 p.m.).

Two orthostatic TTTs were performed, one 2 days before the start of
the HDBR period (BCD-2) and the other just after completion (R+0). In
each TTT, the subject was tilted head-up to an angle of 80° for up to 15 min.
If the subject did not experience any presyncopal episode during that time,



2.3 Methods 39

PRE POST
HDBR HDBR

Figure 2.3 Scheme of HDBR experiments and date of each tilt-table test. BCD-
2, two days prior 60-day HDBR; R+0, after finishing HDBR experiment

he was exposed to LBNP following a protocol of 3-min —10 mmHg steps
for a maximum duration of 15 min. Thirty of the 84 recordings analyzed
did not have presyncopal episodes when TTT was performed, of which 18
corresponded to PRE-HDBR and 12 to POST-HDBR.

The JUMP group training protocol during the 60 days of HDBR com-
prised a total of 48 training sessions. Each training session consisted of
performing squats, heel raises, hops, and countermovement jumps against a
resistive force, while lying in a horizontal position on a sledge jump system.

During their bed rest phase, subjects in the NUTR group received a
daily antioxidant supplement in terms of six pills (two pills per meal). They
consisted of a polyphenol supplement equivalent to a daily dose of 530 mg of
polyphenol, 168 mg of vitamin E, 80 pg of Selenium-Solgar®, and 2.1 g of

Omega-3 — Omacor®.

2.3 Methods

High-resolution (1,000 Hz) 24-hour Holter 12-lead ECG signals (Mortara
Instrument) recorded on days BCD-2 and R+0 (both including a TTT) were
available for this study. For each TTT, a 5-minute interval prior to the start of
the tilt phase, the first 5 minutes immediately following its start, and the last
5 minutes of the tilt phase (possibly including LBNP) were analyzed (Figure
2.4). If the tilt phase lasted for less than 5 minutes, its entire duration was

analyzed.

2.3.1 Preprocessing

Raw ECG signals were preprocessed with a 50 Hz notch filter to remove

powerline interference. Taking these preprocessed ECG signals as input, QRS
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Figure 2.4 Timing for 5-minute ECG recording before, during and at the end
of each tilt-table test

detection and ECG wave delineation were performed using a wavelet-based
single-lead automatic system [242]. The output of the detection and delin-
eation system was combined using rules to obtain multi-lead ECG delineation
marks [242]. Since subsequent analysis focused on the T wave, a 40 Hz
low-pass filter was applied to remove noise without altering the shape of the T
wave. Finally, cubic spline interpolation was applied to estimate and remove
baseline wander. An example of an ECG recording as originally acquired and
after applying different pre-processing steps is shown in Figure 2.5.

2.3.2 Angles between consecutive T waves

To obtain the PRD marker, the change in angles between consecutive T waves,
dT® is calculated from preprocessed ECG signals. An updated method based
on the original method proposed in [343] was applied to the preprocessed
ECG signals to compute the angles between consecutive T waves. This
method introduced a refinement on the temporal window for the T-wave
definition so as to guarantee that the two consecutive T waves involved in
each angle computation had comparable T-wave onset and end windows, as
follows:

1. Orthogonal leads X, Y, and Z were obtained from the 12-lead ECG

using the inverse Dower matrix [112].

2. The onset and end of each T wave, denoted by T, and Tog, were iden-
tified by the delineation system described above. When the delineation
failed to identify a T-wave onset (T-wave end, respectively) for a given
beat, its location was established based on the locations of T, (Togt,

respectively) for adjacent beats with respect to their corresponding
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Figure 2.5 Example of an ECG recording as originally acquired and after
application of different preprocessing steps

QRS positions. Specifically, Ty, (or Tog) was located at a distance
from the corresponding QRS fiducial point equal to the median interval
between the QRS position and the T, position (or Tog position) of 30
beats around that beat.

As T-wave boundaries change on a beat-to-beat basis and may be influ-

enced by delineation errors, the angle between each two consecutive T
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waves was computed by defining a unique temporal window for both
waves being analyzed. Specifically, for each angle calculation, the
window onset was set at the latest Ty, of both analyzed beats calculated
with respect to their QRS fiducial points, while the window end was
set at the earliest Tog of both beats computed from their QRS fiducial

points.

3. A constant value was subtracted from each T wave in each of the ana-
lyzed leads so that the amplitude at To¢ was set to 0 mV. Subsequently,
an average T-wave vector was calculated for each T wave. The angle
dT° between two consecutive T waves, which is associated with the
instantaneous degree of repolarization instability, was calculated using

the dot product of each pair of consecutive average T-wave vectors.

4. The dT° time series was filtered by using a 10th-order median filter to
attenuate outliers and avoid very abrupt changes in the time series.

Steps (1) to (3) are illustrated in Figure 2.6.

2.3.3 PRD Computation

After the series of angles was obtained, PRD was calculated. Two different
methods, based on CWT and PRSA, respectively, were developed based
on the initial methodology proposed in [343, 341]. Whereas the original
method in [343] used spherical coordinates, the present method used Cartesian
coordinates, which reduced errors for cases where the T-wave vectors were
near the axes. These methods were tested for quantification of the low-

frequency components of the beat-to-beat dT° series.

PRD computation using Continuous Wavelet Transform

CWT is one of the most widely used tools for time-frequency analysis [5].
Based on the dT° series calculated as described in 2.3.2, the next steps were
followed to calculate PRD [343]:

5. The dT° series was linearly interpolated at 2 Hz and a 10-sample

moving average filter was applied in order to remove artifacts.
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Figure 2.6 Illustration of steps for PRD calculation from ECG recording in
Frank lead configuration: a) T waves for four consecutive beats. b) Three-
dimensional visualization of each pair of T-wave vectors. c¢) and d) Angle
between two consecutive T-wave vectors, dT°, along 100 beats.

6. CWT was calculated on all scales from 1 to 40 using a a 4th-order

Gaussian wavelet to quantify the low-frequency oscillations of dT°.

Wavelet coefficients were obtained for each scale at each time point,

and an average wavelet coefficient was computed for each scale.

7. Each scale, a, was transformed into pseudo-frequencies (F,, measured

in Hz) using the following Equation 2.1 ([3]), considering the center

frequency of the wavelet in Hz, F. and the sampling period in seconds,

A:

2.1
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PRD.yw: was defined as the average wavelet coefficient in the frequency
range between 0.025 and 0.1 Hz.

Note that the number of samples used for the moving average filter in
this study is 10, but originally [343], it was 30. This change minimizes the

distortion of relevant information in the frequency band of interest.

PRD computation using PRSA

An alternative method to compute oscillatory fluctuations has been proposed,
with less computational requirements, based on PRSA [36]. The following

steps were followed to calculate PRD from the dT° series [341]:

5. Anchor points were defined by comparing averages of M=9 values of
the dT° series previous and posterior to the anchor point candidate (x;).

A beat i is considered an anchor point if:

1 M-1 1 M
Vi FZO Xigj > szzlxi_j (2.2)

6. Windows of 2L values were defined around each anchor point. If an
anchor point was so close to the beginning or end of the dT° series that
there were not enough samples before or after it, it was disregarded.
In this study, L=20 was chosen because it was the minimum value to

detect frequencies in the range of interest (0.025 - 0.1) Hz.

7. PRSA series was obtained by averaging the dT° series in all defined

windows.

PRDgs, was defined as the peak-to-peak amplitude of the PRSA series.
This computational technique is different from the original method, which
used spectral analysis, and is therefore less computationally demanding.

A graphical summary of the steps described for both methods (PRD¢y
and PRDyg,) is shown in Figure 2.7.

2.3.4 Heart Rate Variability Analysis

RR interval series were computed from QRS detection marks obtained in

section 2.3.1 for all 5-minute segments analyzed at baseline, as well as at the
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Figure 2.7 Steps applied to compute PRD from orthogonal ECG leads through
Continuous Wavelet Transform (CWT) and Phase-Rectified Signal Averaging
(PRSA) techniques.

beginning and end of TTT. Instantaneous heart rate (HR) variability (HRV)
series were calculated following the method described in [27]. For each
segment, the power spectral density (PSD) of HRV was computed using the
periodogram method. A high-frequency band (HF, [0.15, 0.4] Hz) and a low-
frequency band (LF, [0.04, 0.15] Hz) were defined for HRV analysis in the
frequency domain and the LF and HF powers were calculated by integrating
the power spectrum in each of those two bands, respectively. The normalized
LF power (LFn), the normalized HF power (HFn), and the ratio between the
power in the LF and HF bands (LF / HF) were calculated [233]. The median
HR (HR,.q..) Was also calculated.

2.3.5 Statistical Analysis

Data are presented as median ([interquartile range, IQR]), unless otherwise
specified. The Mann-Whitney U test (or Wilcoxon rank-sum test) was used
to compare independent samples, as when comparing each countermeasure
subgroup (JUMP or NUTR) with the corresponding CTRL subgroup. The
Wilcoxon signed-rank test was used for the comparison of paired samples,
as when comparing changes induced by HDBR or TTT in a given group
of subjects. The Spearman correlation coefficient p and Kendall’s T were
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used to quantify the rank correlation between CWT and PRSA. All statistical
analyses were performed with MATLAB R2017a (9.2).

2.4 Results

24.1 Comparison of PRD Computed by CWT- and PRSA-Based
Methods

Figure 2.8 shows the two analyzed recordings, at PRE-HDBR and POST-
HDBR, of a volunteer who presented small and large magnitudes of low-
frequency oscillations in ventricular repolarization, respectively. The three
plots represent the dT° series, the frequency pseudospectra (in terms of
squared wavelet coefficients) and the PRSA series. The blue line corresponds
to the ECG segment in PRE-HDBR and the red line corresponds to the
ECG segment at POST-HDBR. Note that the case shown in blue presents
low-frequency oscillations in dT° of small magnitude, which translates into
low values of PRDyr and PRDygs,. The red case, in contrast, presents low-
frequency oscillations in dT° of greater magnitude and is associated with
considerably higher PRD values, both when measured by using CWT- and
PRSA-based methods.

Figure 2.9 shows the correlation of PRD values computed using the CW'T-
based method (X-axis) and the PRSA-based method (Y-axis) for all segments
analyzed (baseline, beginning, and end of the tilt phase) in the CTRL group
of the DLR and MEDES campaigns, both PRE-HDBR and POST-HDBR.
The scatterplot shows a strong correlation between both methods. The rank
correlation coefficients were: Spearman’s p = 0.93 (p < 107°°), Kendall’s
7=0.79 (p < 107%).

Taking into account the correlation results between both methods, PRD

will be computed using the PRSA technique, PRDypgg, .

2.4.2 Tilt-Test-Induced Effects on PRD

After finding that both PRD calculation methods are statistically equivalent,

the response of the cardiovascular system to TTT is analyzed.
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Figure 2.9 Scatterplot of PRD values measured by CWT- and PRSA-based
methods
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Figure 2.10, top panel, shows the results of the analysis of three 5-minute
segments of the dT° series, corresponding to the baseline (before tilt) and the
beginning and end of the tilt phase, for all volunteers in the CTRL group of
both campaigns (DLR and MEDES). Results are presented separately for PRE-
HDBR (before HDBR) and POST-HDBR (after HDBR). As can be seen in the
figure, PRD increased after tilt compared to baseline, with the results being
statistically significant when the segment at the beginning of the tilt phase
was analyzed. This was true for both PRE-HDBR and POST-HDBR. The
results on the effects of tilt on the HRV indices LFn and LF/HF are presented
in the bottom panels of the figure 2.10. Both indices showed significantly
higher values in response to tilt, indicating an increase in sympathetic drive
during orthostatic stress, both at PRE-HDBR and POST-HDBR. The effect of
tilt on other HR and HRYV indices is presented in Figure 2.11, which shows a
significant increase in HR,.4i,, and a significant decrease of HFn in response
to tilt.
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Figure 2.10 Boxplots of PRD, LFn and LF/HF at PRE-HDBR (in blue) and
POST-HDBR (in red) evaluated at three TTT stages: baseline, the beginning
and end of the TTT. **p<0.01, *p<0.05 (Wilcoxon signed-rank test)
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Figure 2.11 Boxplots of HFn and HR,.4;,, at PRE-HDBR (in blue) and POST-
HDBR (in red) evaluated at three TTT stages: baseline, the beginning and
end of the TTT. **p<0.01, *p<0.05 (Wilcoxon signed-rank test)

2.4.3 Microgravity-Induced Effects on PRD

The effects of microgravity exposure on PRD obtained by comparing PRE-
HDBR and POST-HDBR for the CTRL group of the DLR and MEDES
campaigns can be observed from Figure 2.10. At baseline (before TTT), PRD
increased significantly in POST-HDBR compared to PRE-HDBR, changing
from 0.85 [0.31] deg at PRE-HDBR to 1.18 [0.51] deg at POST-HDBR
(p<0.01), as presented in the left columns of Figure 2.10.

Taking into account the analysis at the start of the tilt phase, PRD also
increased at POST-HDBR compared to PRE-HDBR, changing from 1.24
[0.72] deg at PRE-HDBR to 1.89 [0.91] deg at POST-HDBR (p<0.05), as
shown in the middle columns of Figure 2.10.

No statistically significant differences were observed in PRD in POST-
HDBR versus PRE-HDBR when analyzed at the end of the tilt phase (right
columns in Figure 2.10), although there was a trend to increase PRD in
POST-HDBR compared to PRE-HDBR. Specifically, PRD increased from
1.18 [0.88] deg at PRE-HDBR to 1.27 [1.21] deg at POST-HDBR (n.s.).

In the case of the HRV indices LFn and LF/HF, statistically significant
microgravity-induced increases were observed when the baseline period was
analyzed (see Figure 2.10). Specifically, LFn changed from 0.67 [0.27] n.u.
at PRE-HDBR to 0.78 [0.17] n.u. at POST-HDBR (p<0.01). LF/HF changed
from 2.12 [2.51] in PRE-HDBR to 3.74 [3.78] at POST-HDBR (p<0.01).
The index HFn decreased significantly from PRE-HDBR to POST-HDBR

when evaluated at baseline, whereas HR .., increased significantly due to
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microgravity, either when evaluated at baseline or at the beginning and end of
the tilt test (figure 2.11).

2.4.4 Relation between PRD and HRV

A correlation analysis between the HRV indices (LFn, LF/HF and HR,,.4.,)
and PRD has also been carried out to verify if there is any relation between
them. This analysis applied to tilt-induced changes (for onset or end of tilt
with respect to baseline) in PRD and HRV indices before and after micrograv-
ity simulation, is illustrated in figure 2.12. The results show that no significant
correlation was detected between the effect of the tilt test on PRD and on
HR or HRYV, neither in PRE-HDBR nor in POST-HDBR, since Spearman’s
correlation coefficient (p) remained below 0.15 in all evaluated cases (n.s.).

2.4.5 Effectiveness of Exercise-Based Countermeasure

The effectiveness of the applied jump-based countermeasure in counteracting
the effects of simulated microgravity was assessed by comparing PRD values
at PRE-HDBR and POST-HDBR in both the CTRL and JUMP subgroups of
the DLR campaign. PRD values for each phase of the TTT are presented in
table 2.3. Although there were increases in PRD values from PRE-HDBR to
POST-HDBR in both the CTRL and JUMP subgroups, the increase was much
more attenuated in the JUMP subgroup. Significant differences were found at
the start of the tilt for both the CTRL and JUMP subgroups (Table 2.3). Due
to the high PRD values, the relative terms (APRD) are evaluated. Illustrations
of the effects of the JUMP countermeasure are presented in figure 2.13 (left
panel), which shows the values of A PRD, calculated as the difference of PRD
values in POST-HDBR minus the PRD value at PRE-HDBR for each subject.
From the figure it is clear that while the median values of APRD were mostly
positive in the CTRL subgroup, particularly during the tilt phase, the values
were remarkably closer to 0 in the JUMP subgroup.

2.4.6 Effectiveness of Nutrition-Based Countermeasure

The results on the effectiveness of a nutrition-based countermeasure are pre-

sented in table 2.4. Figure 2.13 (right panel) illustrates these results in terms



2.4 Results 51
3 Tilt onset - Baseline 3 Tilt end - Baseline
o PRE-HDBR ° o PRE-HDBR
—~ 2t ) * POST-HDBR —~ 2 * POST-HDBR |4
o o (o)
(0] » ()
e « g0 ) o™ o
< 1r *o0 o0 «° < 1 " o
(mé x% 0 % g 4 2 o o* o o o
o . doo0 o a . xS0 o
g or x o° ° E 0 o * ® - o o
o x o o * * o
< 4t < 4 *
p =-0.093 . p=0.12
2 -
-0.2 0 0.2 0.4 0.6 -0.2 0 0.2 0.4 0.6
A LFn (n.u.) A LFn (n.u.)
3 Tilt onset - Baseline 3 Tilt end - Baseline
° PRE-HDBR o
= 2f o (o = POST-HDBR 5 2
(0] » ()
S b . ) & .
< 1r o8& °, < 1 5"
(mé o 0° o 2 -3 oo o
a w'?, a 0 9%
g 0 e s 2 o o Xx © o
o ® o o * * °
< 4t < 4 *
-2 - L * L -2 L L L
-10 0 10 20 30 -10 0 10 20 30
A LF/HF A LF/HF
: Tilt onset - Baseline B Tilt end - Baseline
© PRE-HDBR ° o PRE-HDBR
S 2t 8 1 * POST-HDBR S 2 * POST-HDBR| 1
-\8 * % _‘ '\8, * « o *o
< 1t & ® < 1 * x
2 @ o *0, o 2 o °o
on_ o Y . * Dn. “ od‘oO .
£ 0F %o 20 ) o, %% °
o o x o x »
< 9t < 1 *
p=0.089 . p=-0.11
- 2
0 20 40 60 80 100 0 50 100 150
AHR . (beats/min) AHR__ . (beats/min)
median median

Figure 2.12 Scatterplots of APRDys, and change in HR or HRV indices
measured as the difference between the values at the beginning of the tilt
phase with respect to baseline values. Values corresponding to PRE-HDBR
are shown in blue circles and those corresponding to POST-HDBR are shown
in red crosses. Spearman’s correlation coefficient p is shown for each tested
association.
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PRD | PRE-HDBR (deg) | POST-HDBR (deg)
Baseline | CTRL 0.78 [0.40] 0.93 [0.79]
JUMP 0.72 [0.34] 0.81 [0.47]
Titomset | CTRL 1.32 [1.40] 2.04[0.99] *
JUMP 0.77 [0.29] 128 [0.77] *
. CTRL 0.95 [0.98] 148 [1.12]
Tiltend b 0.85 [0.51] 1.02 [0.59]

Table 2.3 PRD values (median [IQR]) at all phases of TTT for PRE-HDBR
and POST-HDBR in CTRL and JUMP subgroup. *p<0.05 (with respect to
PRE-HDBR)
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Figure 2.13 Boxplots with APRD values (median £+ IQR) measured respect
to PRE-HDBR for the CTRL subgroups (in orange) and the countermeasure
(JUMP or NUTR) subgroups (in green) at baseline, beginning and end of
TTT. (n.s., Wilcoxon rank-sum test)

of APRD (differences between POST-HDBR and PRE-HDBR calculated for
each subject in the subgroups analyzed). As can be seen in Table 2.4, baseline
PRD increased significantly from PRE-HDBR to POST-HDBR in both the
CTRL and NUTR subgroups of the MEDES campaign. When comparing
the values at the beginning of the tilt test, PRD increased at POST-HDBR
with respect to PRE-HDBR, although the differences were not statistically
significant. At the end of the tilt phase, PRD showed a trend of increase in
the NUTR group but not in the CTRL group. The results shown in figure
2.13 (right panel) confirm the lack of effectiveness of the nutrition-based

countermeasure evaluated in terms of repolarization dynamics.



2.5 Discussion 53

PRD | PRE-HDBR (deg) | POST-HDBR (deg)
Baseline | CTRL 0.92[0.19] 1.32 [0.33] **
NUTR 110 [0.51] 122 [1.04] *
Titonset | CTRL 1.22[0.23] 1.59 [0.98]
NUTR 132 [1.02] 1.93 [1.72]
. CTRL 1.27 [0.88] 1.13 [0.96]
Tiltend  -SrR 1.19 [0.74] 141 [1.76]

Table 2.4 PRD values (median [IQR]) at all phases of TTT for PRE-HDBR
and POST-HDBR in CTRL and NUTR subgroup. **p<0.01, *p<0.05 (with
respect to PRE-HDBR)

2.5 Discussion

This study aimed to investigate the alterations in ventricular repolarization
associated with long-term exposure to simulated microgravity conditions in-
duced by 60-day HDBR. Two methods have been used for the quantification
of low-frequency oscillations in the T wave of the ECG, departing from the
original methodology proposed in [343, 341]. These methods, one using
CWT and the other using PRSA, have been shown to produce concordant
results in terms of the index of PRD, a marker of low-frequency repolarization
oscillations [356], whose increase has been shown to be a predictor of ventric-
ular arrhythmias and sudden cardiac death [343, 341]. This study has shown
that microgravity significantly enhances PRD, particularly when evaluated in
response to sympathetic stimulation induced by tilt test. An exercise-based
countermeasure has been shown to partially reverse microgravity-induced
effects on PRD, whereas a nutrition-based countermeasure has been shown
not to be effective at all.

The methods developed in this study for PRD quantification departed
from the CWT-based and PRSA-based methods proposed in [343] and [341],
respectively. The present method introduced several modifications to reduce
delineation errors or uncertainties and became more robust calculations. For
both modified CWT- and PRSA-based methods, correlation analysis has

confirmed a strong agreement between them. In a comparative analysis using
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the original PRD calculation methodologies [356], both techniques were also
found to be highly correlated.

The PRD values obtained by our modified method are markedly different
from those obtained in [343, 341]. However, the agreement between the
CWT-based and PRSA-based methods is consistent with the findings reported
in [341], where a PRSA-based approach was presented as an alternative
to the approach using the CWT technique. The advantage of the PRSA
approach is the relevant reduction in computational costs associated with PRD
computation. This facilitates its use in applications with limited computational
resources.

The analysis carried out in this study has shown that TTT-induced au-
tonomic changes manifest themselves as an increase in PRD, both when
measured at PRE-HDBR and at POST-HDBR. These changes in PRD can be
attributed to increased sympathetic drive, as evidenced by increases in the
HRYV indices LFn and LF/HF, in line with numerous other studies on HRV,
including those pioneering spectral HRV analysis during TTT [296, 297].
Sympathetic stimulation is well known to influence ventricular repolarization
and modify the characteristics of the T wave in the ECG [332]. The results of
the present study showing an increase in PRD in response to TTT are consis-
tent with the changes in PRD reported in response to variations in sympathetic
activity or -adrenergic modulation [343, 341]. In the present study, these
changes are shown not to be associated with HRV changes but reflect direct
autonomic modulation of the ventricular myocardium, in accordance with the
findings reported in [343, 341].

In vivo studies in patients have shown that the same low-frequency os-
cillatory behavior of ventricular repolarization occurs locally, as measured
from activation recovery intervals (ARIs) obtained from unipolar epicardial
electrograms during ventricular pacing [153, 318]. In these studies, elevated
arousal of the sympathetic nervous system was induced and maintained by
mental stress or by the Valsalva maneuver, which allowed the characteriza-
tion of low-frequency oscillations in ARI, a surrogate of APD, showing that
these oscillations are coupled with oscillations in systolic and diastolic blood
pressure [153, 318]. Computational studies have provided information on the

mechanisms underlying sympathetically-mediated low-frequency oscillations
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of APD and the observed inter-individual differences [323, 352]. Specifically,
phasic changes in both -adrenergic stimulation and hemodynamic loading,
a known accompaniment of enhanced sympathetic activity, have been demon-
strated to contribute to low-frequency oscillations in APD, with these two
actions being synergistic [323]. Ionic differences in the densities of the L-type
calcium (Ic,p), rapid delayed rectifier potassium (Ix,) and inward rectifier
potassium (Ix;) currents have been identified as the main drivers of inter-
individual differences in the magnitude of low-frequency APD oscillations
[352].

The present results have provided evidence of significant effects of long-
duration microgravity simulation on cardiac electrical activity. In line with pre-
viously published studies, this work has confirmed that microgravity markedly
alters ventricular repolarization [98, 145, 351, 49, 50, 65, 241], with these
alterations being more manifest when evaluated in response to sympathetic
stimulation. This study adds one more T-wave characteristic to the list of ECG
repolarization properties that have been shown to be modulated by micro-
gravity. The quantified PRD index represents a form of temporal variability
in ventricular repolarization, specifically focused on oscillations at frequen-
cies below 0.1 Hz. Although other measures of ECG temporal variability
have been investigated during or immediately after simulated micrograv-
ity exposure [351, 50], PRD can provide a more robust characterization of
repolarization instability by encompassing global T-wave vector information.

In addition, the PRD index, which accounts for frequencies below 0.1
Hz, has been proven to be related to sympathetic modulation of ventricular
repolarization [341]. Based on the fact that increased sympathetic activity is
associated with adverse outcomes in different populations of patients [414],
the evaluated PRD index is of great interest for risk prediction. The enhance-
ment of spatial and/or temporal ventricular heterogeneities observed in this
and other studies in relation to long-term exposure to microgravity conditions
suggests that microgravity could accentuate repolarization instability and
thus increase the risk of ventricular arrhythmias, especially immediately after
gravity restoration. In particular, this study has shown that PRD quantified
after 60-day HDBR is highly elevated, up to 50% at rest and up to 100%
in response to TTT, with respect to the PRE-HDBR values. The degree of
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change in PRD values measured immediately after 60 days of HDBR could
be associated with a high arrhythmic risk, taking as reference previous studies
on risk assessment in patients with post-myocardial infarction, where those
extents of change were found in patients who died vs those who survived dur-
ing follow-up [343, 342]. This is in line with other studies that have reported
on subjects presenting long-term microgravity-induced changes in ECG repo-
larization to an extent similar to those associated with a more than three-fold
increased hazard ratio for sudden cardiac death in general populations [351].

This study has evaluated the ability to counteract the detrimental effects of
microgravity on ventricular repolarization using two types of countermeasures.
On the one hand, a countermeasure based on high-intensity resistance exercise
partially attenuated the effects of microgravity when measuring the PRD index.
Similar findings have been reported in other studies [198, 229, 64, 329] that
also analyzed the same countermeasure to mitigate the effects of microgravity
on the skeletal and cardiovascular systems. In previous research, exercise-
based countermeasures have been shown to be very effective in preserving
bone and muscle conditions [250, 198, 229].

However, a second countermeasure tested, consisting of a nutritional sup-
plement containing antioxidants and an anti-inflammatory dietary mix, has
been shown to be far from effective in reducing microgravity-induced effects
on ventricular repolarization. This finding is in agreement with other studies
that point to the lack of effectiveness of this countermeasure in counteracting
the effects of microgravity exposure on bone turnover [25]. Importantly,
omega-3 fatty acid intake, which are components of the dietary mix, and
their possible protection of cardiovascular health should also be considered
in relation to the potential increased risk of ventricular arrhythmias. How-
ever, the relationship between omega-3 fatty acids and arrhythmias remains
controversial, with some studies suggesting adverse arrhythmogenic effects,
while others propose minimal effects or significant antiarrhythmic potential
[9, 427, 83, 400]. Although one reason to include this type of acid in a dietary
support was its protective effects on bones [461], the findings of the present
study show that the dietary mix could not reduce the adverse cardiac effects of
simulated microgravity. More studies are needed that include a larger number

of subjects to confirm or refute these findings.
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Furthermore, it is relevant to note that, when evaluating the effects of
the countermeasures tested, the CTRL subgroups of the JUMP and NUTR
studies did not share the same ventricular repolarization characteristics as
those evaluated by PRD, despite the fact that the subjects of both studies had
similar physical conditions. Specifically, subjects in the CTRL subgroup of
the DLR campaign (exercise-based countermeasure) presented higher PRD
values, both in PRE-HDBR and POST-HDBR.

Therefore, it would be advisable to explore other types of exercise [180],
as high-intensity exercises may not succeed in counteracting the effects of
long-term exposure to microgravity [367, 195, 199, 161]. Furthermore, test-
ing other dietary supplements [73], artificial gravity [118], or a combination of
them could serve as an alternative countermeasure to compensate for adverse
microgravity-induced effects on ventricular repolarization.

A limitation of the current study is the low number of participants. Fur-
ther studies that included a larger number of subjects could confirm or refute
the results obtained in this study. The inclusion of a larger number of sub-
jects would definitely allow a more robust analysis of absolute and relative

microgravity-induced changes.

2.6 Conclusions

The effects of long-duration microgravity on ventricular repolarization have
been assessed by evaluating the PRD index, a marker of low-frequency
repolarization oscillations whose increase is associated with a high risk of
ventricular arrhythmias and sudden cardiac death. Two methods have been
implemented for robust PRD quantification, which have shown to be in
very good agreement. Long-term microgravity exposure has been proven to
markedly elevate PRD, particularly when evaluated in response to enhanced
sympathetic activity induced by a tilt-table test. A countermeasure based on
exercise training has been shown to partially counteract microgravity-induced
changes in ventricular repolarization as assessed immediately after gravity

restoration.






I don'’t feel like I've done anything extraordinary but

take my little light and shine it in darkness.
Leymah Gbowee

Sudden cardiac death prediction by

Periodic Repolarization Dynamics

3.1 Motivation

Approximately 1 to 2% of the adult population in western societies is diag-
nosed with HF [315, 360], including more than 10% of people 70 years of age
or older [179]. 64 million people will suffer from HF worldwide and the total
associated cost in health programs is estimated to reach $400 billion by 2030,
according to some estimates [218]. HF is a clinical syndrome accompanied
by a high burden of comorbidities [51] and a poor prognosis [77].

In patients with CHF, SCD accounts for 30-50% of mortality cases [292]
and constitutes more than 60% of all cardiovascular deaths that occur out
of hospital [4]. SCD is defined as death from an unexpected circulatory
arrest that occurs within an hour of the onset of symptoms or during sleep
[7]. PFD is another common cause of mortality in CHF, resulting from

progressive pump dysfunction. Therapy involving B-blockers and ICDs has
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shown efficacy in preventing SCD, improving the quality of life of affected
patients, and altering the mode of death from SCD to PFD [210]. Based on
this evidence, there is an important need to successfully predict the risk of
both modes of cardiac death in CHF, which could lead to a more cost-effective
use of medications or devices.

Several noninvasive indices derived from resting ECGs or ambulatory
Holter recordings have been proposed to stratify CHF patients according
to their risk of PFD and SCD. These include, among others, HRV [280],
QT interval variability index (QTVi) [37], QT dispersion [121], baroreflex
sensitivity [42], fragmented QRS [97, 8], T-wave alternans [415, 263] and
turbulence slope [127].

Autonomic imbalance, characterized by increased sympathetic activity
and withdrawal of vagal tone, is a recognized hallmark of HF [124] and is
associated with a worse prognosis in CHF patients [191], with an increased
risk of PFD and SCD [122, 164]. On this basis, PRD, which was used in the
previous chapter to assess the effect of exposure to simulated microgravity,
is proposed as a stratification marker of SCD in patients with CHF. PRD is
a measurement of low-frequency oscillations (below 0.1 Hz) in the T-wave
vector [343]. In previous work in the literature, elevated PRD has been shown
to be associated with an increased risk of arrhythmias in various cardiac
conditions [343, 342, 152, 370].

This chapter aims to evaluate the predictive ability of the PRD index,
calculated using the algorithm introduced in Chapter 2, to stratify the risk of
SCD and PFD in CHF patients. The stratification ability of PRD is analyzed
individually and in combination with other repolarization- and autonomic-
related ECG indices to predict the risk of SCD and PFD.

3.2 Materials

3.2.1 Study population

For this work, the ECG data from the MUSIC study (MUerte Sbita en Insufi-
ciencia Cardiaca) [240] have been analyzed. The original study population
consisted of 992 consecutive patients with symptomatic CHF corresponding
to NYHA classes II and III. This study is a prospective, multicenter, lon-
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gitudinal study designed to assess risk predictors of cardiac mortality and
SCD in ambulatory patients with CHF. A two- (3%) or three-lead (97%) 24-h
Holter ECG sampled at 200 Hz was recorded in each patient at enrollment
using ELA Medical equipment (Sorin Group, Paris, France). Patients were
consecutively enrolled in the specialized CHF clinics of eight University
Hospitals between April 2003 and December 2004. All had symptomatic
CHF (NYHA class II-1II) and were treated according to institutional guide-
lines. The MUSIC study included patients with reduced and preserved LVEF,
ranging from 10% to 70%. Patients with preserved LVEF were included if
they had CHF symptoms and prior hospitalization for HF or some objective
signs of HF confirmed by chest X-ray (findings of pulmonary congestion)
and/or echocardiography (abnormal LV filling pattern and LV hypertrophy).
Patients were excluded if they had recent acute coronary syndrome or severe
valvular disease amenable for surgical repair. Patients with other concomitant
diseases expected to reduce life expectancy were also excluded. All patients
gave their informed consent in writing and the study protocol was approved
by all the institutional ethics and investigation committees of the following
participating hospitals. Valme Hospital, Santiago de Compostela Hospital,
Son Dureta Hospital, Arrixaca Hospital, Gregorio Marafiéon Hospital, Joan
XXIII Hospital, Insular Las Palmas Hospital, Sant Pau Hospital [411].

The population analyzed in this work consisted of 569 CHF patients (409
men and 160 women), aged 20 to 80 years (mean 63 £ 12). Of the 992 patients
included in the original MUSIC study, 341 patients had atrial fibrillation,
flutter, or pacemaker and were excluded for the present analysis. Of the
remaining 651 patients, 82 patients did not have an available high-resolution
ECG recording and therefore were not included. The mean LVEF was 37.0 +
13.8% (range 12 to 70%), and most patients (55%) had LVEF< 35%. Half
of the patients (50.1%) had ischemic cardiomyopathy and 259 patients had
previous myocardial infarction (45.5%). Detailed characteristics of the study

population are shown in Table 3.1.

3.2.2 Study protocol

For each patient, two ECG recordings were available: an ambulatory 24-hour
ECG sampled at 200 Hz in 3 orthogonal X, Y, and Z leads using SpiderView
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Clinical Variables

Age (years)
Gender (male)
NYHA class III
LVEF < 35%
Ischemic etiology
Diabetes mellitus

64 (16)

409 (71.9%)
99 (17.4%)
312 (54.8%)
285 (50.1%)
212 (37.3%)

Amiodarone 53 (9.3%)
NT-proBNP>1000 pg/mL 186 (32.7%)
Prior MI 259 (45.5%)
ECG Variables
Median RR (ms) 857 (179)
RR range (ms) 697 (279)
QRS > 120ms 234 (41.1%)
NSVT and VPB > 240 in 24-h | 148 (26.0%)
IAA >3.7uvV 139 (24.4%)

TS < 2.5 ms/RR

249 (43.8%)

Table 3.1 Clinical and ECG variables of database. Data are represented as
median (interquartile range) for continuous variables and as number (percent-
age) for dichotomized variables. IAA, index of average alternans (obtained
from [263]); LVEEF, left ventricular ejection fraction; NSVT, nonsustained
ventricular tachycardia; NYHA, New YorkHeart Association; TS, turbulence
slope (obtained from [95]); VPB, ventricular premature beat. The values of
the ECG variables in this table were measured in 24-hour Holter recordings.

recorders (ELA Medical, SorinGroup, Paris, France) and a previous 20-minute
ECG sampled at 1,000 Hz while patients were resting in a supine position. In
this study, PRD was measured from the 20-minute ECG recording. Patients
were followed every 6 months on an outpatient basis for a median of 44
months (range 28-51). The primary endpoints were SCD and PFD. Death
was defined as SCD if it was: (i) a witnessed death occurring within 60
min from the onset of new symptoms, unless a cause other than cardiac was
obvious; (ii) an unwitnessed death (<24h) in the absence of pre-existing
progressive circulatory failure or other causes of death; or (iii) a death during
attempted resuscitation. Deaths occurring in hospital as a result of refractory

progressive end-stage CHF, or CHF patients undergoing heart transplantation,
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were defined as PFD. Patients lost to follow-up were censored in survival
analysis. Patients who underwent cardiac transplantation were defined as
PFD at the time of surgery, according to previously published CHF studies
[211, 266]. The endpoints were reviewed and classified by the MUSIC Study
Endpoint Committee. A description of clinical data for the overall population
and more detailed information on the study protocol can be found in Vazquez
etal. [411].

3.3 Methods

3.3.1 ECG preprocessing

High-resolution ECG signals were preprocessed with a 50 Hz notch filter
to remove powerline interference. QRS complexes were identified using
Aristotle software [265]. The heart timing method described in Mateo and
Laguna [246] was used to identify premature beats. After applying a low-pass
filter to the ECG signals to eliminate noise, the baseline wander was estimated
using cubic splines interpolation and subsequently removed.

In contrast to the definition of the T-wave window used in the previous
chapter, in this work the T-wave window for each beat i was defined from
the onset of the T-wave, Ty, to the end of the T-wave, Tot,, according to the
following rules, expressed as a function of the corresponding QRS fiducial
point (QRS;) and the RR interval (RR;).

e If RR; < 720 ms,
Ton, = QRS; + 90 ms
Tofr, = QRS; + min(360,7 RR;) ms.

e If RR; > 720 ms,

Ton, = QRS; + 90 ms
Toffi = QRSi + 360 ms.
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The noise level was estimated in each lead and beat by measuring the
root mean square value of the high-frequency components (above 15 Hz) in a
window around the T wave, in a way similar to that used in [258]. A global
measure of noise for each beat i was obtained by adding the noise levels of all
leads and denoted by VRMS (3) If a beat was too noisy (VRMS 140 uVv), the

associated T-wave marks (T, and Tenq) were discarded for further analysis,

but the associated QRS mark was retained.

3.3.2 PRD computation

PRD was measured in the preprocessed signal using the PRSA method de-
scribed in Chapter 2 (Periodic Repolarization Dynamics in simulated micro-
gravity). The steps are described briefly as follows:

1. T waves were selected using the T-wave windows defined in the previ-
ous section (ECG preprocessing).

2. A constant value was subtracted from each T wave in each of the

analyzed leads so that the amplitude at Tepq Was set to 0 mV.

3. The average electrical vector was calculated for each T-wave window
and the angle dT° between two consecutive T-wave windows was

calculated by the dot product of the corresponding average vectors.

4. A median filter was used to attenuate outliers and artifacts in the dT°

time series.

For the obtained dT° time series, a method based on PRSA [36] was
applied to evaluate the oscillations measured by the PRD index. In Chapter
2, this technique was shown to be in close agreement with the one based on
CWT, while having a lower computational cost. The steps are fully described

in Chapter 2 and are briefly summarized as follows:

5. Anchor points were defined from averages values of the dT° series
calculated before and after each anchor point candidate, x;.

6. A window was defined around each anchor point. Anchor points at the

beginning or end of the dT° series were discarded.
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7. The PRSA series was obtained by averaging the dT° values in all

windows contained in each 5-minute segment.

For each 5-minute segment, a PRD value was calculated as the difference
between the maximum and minimum values of the PRSA series. For the
20-minute recording of each subject, a unique PRD value was calculated
as the minimum PRD for the 5-minute segments analyzed with 4-minute
overlap.

Examples of dT° and PRSA time series from two selected subjects, a
SCD victim and a survivor, are shown in Figure 3.1.

A cuttof point of 1.33 deg was identified to maximize the geometric mean
of sensitivity and specificity for SCD as endpoint and, consequently, two
groups were defined: PRD™, containing those patients with PRD above the
cutoff value and PRD ™, containing the remaining patients. Furthermore, the
median PRD in the study population was considered, yielding a value of 1.31
deg. Similarly, the optimum value for CD as endpoint was 1.32 degrees.

o
0

PRD = 1.14 deg

Relative dT° (deg)
S
(4] o

—SCD victim

—Survivor |4

0 50 100 150 200 250 300 -10 0 10 20
Time (s) PRSA beat number

K
o

Figure 3.1 dT series along 300 seconds (left panel) and PRSA curve (right
panel), where anchor beats were set to 0 deg, from a SCD victim and a
Survivor.

3.3.3 Heart Rate Variability Analysis

In the same manner as described in previous chapter, HRV analysis was
performed. For that purpose, the methodology described by Bailén et al.
([27]) was followed. HRV indices were computed for the 5-minute segment
with minimum PRD. The PSD was estimated based on the periodogram.
LF and HF powers were calculated as the areas under the PSD within the
0.04-0.15 Hz and 0.15-0.5 Hz frequency bands, respectively. LFn and HFn
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were obtained by dividing the LF and HF powers by the sum of the two. The
ratio between LF and HF powers, LF/HF, was additionally computed [233].

3.3.4 Clinical variables and other Holter-based ECG indices

Clinical variables for patients with HF, such as LVEF < 35%, NT-proBNP
>1000 pg/mL, nonsustained ventricular tachycardia (NSVT) and a number
of ventricular premature beats (VPB) > 240, are shown in table 3.2. These
variables, whose capacity for prediction of the risk of SCD and PFD has been
previously shown [411], were included in the current analysis.

In addition, other Holter-based indices calculated in previous studies of
our group were considered based on their risk prediction power. The index
of average alternans, IAA, which quantifies the average amplitude of T-wave
alternans over a 24-hour period, was calculated by automatic ECG analysis
[263]. IAA was shown to stratify the risk for SCD in the study population
analyzed here when dichotomized at 3.7 uV to define IAA* and IAA~ groups
[263]. The turbulence slope, TS, which describes the initial phase of sinus
rhythm deceleration after a VPB, was determined as the maximum positive
slope of a regression line assessed over any of five consecutive RR intervals
within the first 20 sinus RR intervals after a VPB during the 24-hour ECG
recording [95]. TS was shown to stratify the risk for both SCD and PFD when
dichotomized at 2.5 ms/RR, with TS™, denoting the group of patients with
TS below the threshold, being associated with higher risk than the group TS™

containing the remaining patients [95].
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Baseline characteristics
HF patients (N = 992)

Age, years

Gender, male

Diabetes mellitus
Ischaemic aetiology
Prior pacemaker

Body mass index, kg/m?
NYHA class I

NYHA class I1I

Haemoglobin, g/L

Total cholesterol, mmol/L
NT-proBNP > 1.000 ng/L
LVEF, %

LVEF < 45%

LVEF < 35%

Sinus rhythm

Atrial fibrillation

QRS duration, ms
Nonsustained VT

Beta-blocker

Systolic blood pressure, mmHg

Frequent VPBs (>240 VPBs in 24 h)
Nonsustained VT and frequent VPBs

65+12
718 (72.4%)
356 (35.9%)
453 (45.7%)
135 (13.6%)
285+ 4.5
778 (78.4%)
214 (21.6%)

127 + 22

137.2 + 15.9
4.83 +1.07
452 (45.6%)
37.0 &+ 14.1
748 (75.4%)
534 (53.8%)
703 (70.9%)
191 (19.3%)
125.5 4+ 35.1
352 (35.5%)
480 (48.4%)
284 (28.6%)
675 (68.0%)

Table 3.2 Qualitative data are presented as absolute frequencies and percent-
ages and quantitative data as mean =+ standard deviation. NYHA class, New
York Heart Association class; NT-proBNP, amino-terminal pro-brain natri-
uretic peptide; VPBs, ventricular premature beats; VT, ventricular tachycardia.

Adapted from [411]

3.3.5 Statistical analysis

Continuous variables are presented as median [IQR]. Univariate comparisons

of continuous variables between patient groups were performed using the
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Mann-Whitney U test (or Wilcoxon rank-sum test). The survival probability
was estimated by Kaplan-Meier analysis, with group differences assessed
using the log-rank test. The prediction of endpoints was made using uni-
variate and multivariate Cox proportional hazards regression models [86],
and Fine & Gray analysis for competing risk [123]. Hazard ratios (HR) and
95% confidence intervals (CI), expressed as HR [95% CI], were calculated.
Statistical significance was considered for the p-values < 0.05. Variables that
showed significant differences between groups in the univariate analysis were
included in the multivariate Cox regression model. Data analysis was per-
formed using MATLAB R2017a (9.2), SPSS (version 24.0), and R software
(version 4.1).

3.4 Results

3.4.1 Association of PRD with cardiac events

PRD was dichotomized based on the optimal cut-off points determined from
ROC analysis for each of the investigated endpoints. The optimal cut-off
values were 1.33 degrees for SCD, 1.31 degrees for PFD (which coincided
approximately with the median PRD in the study population), and 1.32
degrees for cardiac death (CD), which comprises both SCD and PFD. For
each endpoint, PRD" and PRD~ subgroups were established to include
patients with PRD values above and below the cutoff point, respectively.

Figure 3.2 illustrates the percentages of victims of SCD, PFD and CD in
the PRD" and PRD™ groups. In the study population, there were 106 victims
of CD (18.6%), 53 deaths attributed to SCD and 53 to PFD. The mortality
rate due to SCD was significantly higher (p = 0.018) in the PRD™ group (33
victims, 11.7%) compared to the PRD™ group (20 victims, 7%). Regarding
PFD, there were no significant differences in mortality rates between the
PRD™ and PRD™ groups (28 victims, 10% in PRD" vs 25 victims, 8.7% in
PRD™). Significant differences were observed for CD, with mortality being
markedly higher in the PRD™ group compared to the PRD™ group (22.3% vs
15%).
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Figure 3.2 Percentages of SCD, PFD and CD victims in PRD* and PRD™
groups. *p<0.05

3.4.2 SCD and PFD risk prediction based on PRD and other
individual variables

Kaplan-Meier survival analysis showed that PRD™ patients had significantly
lower SCD survival probability than PRD™ patients (p=0.024), as illustrated in
Figure 3.3. When accounting for PFD as a competing risk, Fine & Gray anal-
ysis [123] showed that the cumulative incidence curves of SCD for patients
with PRD" and PRD~ were statistically significantly different (p=0.048).
When PFD was considered an end point, no significant differences in survival
rates were found between the PRD™ and PRD ™ groups (Figure 3.4).

The results of the univariate Cox analysis for the prediction of the risk
of SCD by the PRD index, as well as by demographical, clinical, and other
ECG variables are shown in Table 3.3. The variables significantly associated
with SCD were New York Heart Association (NYHA) class III, LVEF <
35%, NSVT and VPB > 240, N-terminal prohormone of brain natriuretic
peptide (NT-proBNP)>1000 pg/mL, IAA*, TS and PRD™". None of the
HRYV variables (LFn, HFn, or LF / HF) was associated with the risk of
SCD. Regarding PFD, PRD*" was unable to predict this endpoint, while
age, ischemic etiology, previous myocardial infarction, NYHA class, NT-
proBNP>1000 pg/mL and TS™ were significant predictors (Table 3.4).
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Figure 3.3 Estimated probability curve of SCD survival for PRD" and PRD~
groups.

The multivariate Cox proportional hazards regression model for the pre-
diction of SCD that includes clinical variables such as the combination of
NSVT and VPB > 240, LVEF < 35%, NYHA class and NT-proBNP>1000
pg/mL together with PRD™ led to the results presented in Table 3.5. PRD*
and some of the clinical variables were independent predictors of SCD, being
associated with similar HR values. When considering PFD as a competing
risk event, the regression model for SCD as endpoint included clinical vari-
ables and PRD, the latter with an HR of 1.65, even if it was only marginally
predictive (p = 0.095).

When tested in the non-ischemic etiology CHF subpopulation, PRD was
able to predict SCD in the multivariate model (HR = 2.497, p = 0.05). In
the subpopulation of patients with CHF of ischemic etiology, PRD was not
predictive of SCD in the univariate model and therefore was not included in a
multivariate model.

Finally, the capacity of PRD™ for CD prediction is tested. The HRs for

the univariate and multivariate Cox analyses were 1.64 (p = 0.014) and 1.63
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Figure 3.4 Estimated probability curve of PFD survival for PRD" and PRD™
groups.

(p = 0.016), respectively. Other demographical, clinical, and ECG variables
were also able to predict CD in a univariate Cox model (Table 3.6).

If, rather than dichotomizing the PRD based on optimum cut-off points,
the dichotomization was performed according to the median PRD over the
whole study population, the results only slightly changed. In particular, the
HR for the prediction of SCD using PRD* decreased from 2.001 to 1.934
for the univariate Cox analysis and from 2.002 to 1.934 for multivariate Cox

analysis.

3.4.3 SCD and PFD risk prediction based on the combination of
PRD with other variables

To improve the predictive power for the risk of SCD, the combination of PRD
with other Holter-based variables, such as IAA and TS, was assessed. As
shown in Figure 3.5, patients with PRD"&TS™ had significantly higher SCD
mortality (p < 0.05) and PFD mortality (p < 0.001) than the rest of the patients.
CD mortality was also significantly higher. The results for the combination of
PRD and IAA are presented in Figure 3.6. Patients with PRD"&IAA™ had



72

Chapter 3. Sudden cardiac death prediction by PRD

Univariate
HR (95%) p-value
Age 1.016 (0.992-1.040) | 0.198
Gender 1.967 (0.960-4.030) | 0.064
Ischemic etiology 1.630 (0.940-2.827) | 0.082
Prior MI 1.639 (0.952-2.823) | 0.074
NYHA class III 2.370 (1.318-4.263) | 0.004**
a | LVEF<35% 2.231 (1.227-4.056) | 0.009**
S| LFn 2.198 (0.556-8.687) | 0.261
= HFn 0.455 (0.115-1.799) | 0.261
'g LF/HF 1.080 (0.998-1.168) | 0.055
g | NSVT and VPB>240 2.167 (1.255-3.743) | 0.006**
/| Diabetes mellitus 1.378 (0.800-2.372) | 0.248
NT-proBNP>1000 pg/mL | 2.339 (1.349-4.056) | 0.002**
IAAT 2.312 (1.318-4.055) | 0.003**
TS+ 2.619 (1.418-4.838) | 0.002**
PRD™ 2.001 (1.127-3.554) | 0.018*

Table 3.3 Univariate Cox analysis for SCD as endpoint. Age, gender, is-
chemic etiology, prior myocardial infarction, NYHA class, LVEF, HRV
indices (LFn, HFn, LF / HF), combined NSVT and VPB>240, diabetes, NT-
proBNP>1000 pg/mL, IAA™, TS™ and PRD™ were the analyzed variables.
*p<0.05, *p<0.01.

increased SCD mortality (p = 0.007) and CD mortality (p = 0.023) than the
rest of the population. No significant differences were found with respect to
PFD mortality (p=0.816).

Figures 3.7 and 3.8 show Kaplan-Meier probability curves for the sur-
vival of SCD using the combined variables PRD"&TS™ and PRDT&IAA™,
respectively. For the two variables, significantly lower survival was found
in patients with positive PRD and TS or IAA. When PFD was considered
an end point, the differences in survival probabilities were only statistically
significant when using PRD" & TS ™. Taking into account PFD as a competing
risk event for SCD, Fine & Gray analysis showed a significantly higher cumu-
lative SCD incidence for PRDT&TS™ (PRDT&IAA™, respectively) patients
than the rest of the population (p < 0.001 in all cases). When taking into

account SCD as a competing risk event for PFD, the cumulative incidence of
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Univariate
HR (95%) p-value

Age 1.051 (1.024-1.079) | 1.9-10~%**
Gender 1.135 (0.616-2.090) | 0.685
Ischemic etiology 1.946 (1.110-3.411) | 0.020*
Prior MI 1.941 (1.119-3.365) | 0.018*
NYHA class III 2.715 (1.524-4.836) | 0.001**

a | LVEF< 35% 1.743 (0.987-3.077) | 0.056

& | LEn 0.802 (0.219-2.939) | 0.739

| HFn 1.247 (0.340-4.570) | 0.739

3 | LFHF 0.957 (0.846-1.083) | 0.488

| NSVT and VPB>240 1.738 (0.991-3.047) | 0.054

= | Diabetes mellitus 1.903 (1.110-3.260) | 0.019*
NT-proBNP>1000 pg/mL | 4.945 (2.692-9.082) | 2.6-1077**
IAAT 1.115 (0.594-2.093) | 0.735
TS+ 4.964 (2.477-9.947) | 6-107 6%+
PRD™* 1.242 (0.724-2.129) | 0.431

Table 3.4 Univariate Cox analysis for PFD as endpoint. Age, gender, is-
chemic etiology, prior myocardial infarction, NYHA class, LVEF, HRV
indices (LFn, HFn, LF / HF), combined NSVT and VPB>240, diabetes, NT-
proBNP>1000 pg/mL, IAA™, TS™ and PRD" were the analyzed variables.
*p<0.05, *p<0.01, **p<0.001.

PFD for patients with PRD*&TS™ was significantly higher than for the rest
of the patients in the population (p < 0.001).

In the univariate Cox analysis (Table 3.7) with SCD as endpoint, PRD" & TS™
as well as PRDT&IAA™ were risk predictors, with associated HRs of 3.1
and 2.8, respectively. For PFD as endpoint, PRD*&TS™ patients presented
more than two and a half times higher risk than the rest of the population.
For CD as endpoint, PRD"&TS™ was associated with an HR of 3.1, while
PRD*&IAA™ with a HR of 1.9.

The results of the multivariate Cox proportional hazard regression anal-
ysis that included the NYHA class, LVEF < 35%, NSVT and VPB>240
and NT-proBNP>1000 pg/mL as well as one of the two combined ECG
variables at a time, are presented in Table 3.8 for SCD as endpoint. Both
PRD*&IAA™' and PRDT&TS™ independently predicted the risk of SCD
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Multivariate
HR (95%) p-value
. NYHA class III 1.606 (0.850-3.036) | 0.144
E LVEF< 35% 2.034 (1.050-3.940) | 0.035*
2 8 NSVT and VPB>240 1.516 (0.840-2.734) | 0.167
E @ NT-proBNP>1000 pg/mL | 1.632 (0.908-2.933) | 0.101
PRD* 1.825 (1.019-3.268) | 0.043*

Table 3.5 Multivariate SCD risk prediction including the following vari-
ables: NYHA class, LVEF< 35%, combined NSVT and VPB>240, NT-
proBNP>1000 pg/mL and PRD*. *p<0.05

with HRs of 3.0 and 2.1, respectively. Multivariate regression analysis for
SCD with PFD as a competing risk indicated that the combined variable
PRD'&IAA™ (PRDT&TST, respectively) predicted SCD independently of
other clinical variables, with an associated HR of 2.9 (2.4, respectively, be-
ing p < 0.01 in all cases). Furthermore, the NYHA class and NSVT and
VPB>>240 are significant when they are in the PRD*&TS™ model.

In the subpopulation of patients with CHF of non-ischemic etiology,
PRD"&TS™ predicted SCD with HR 3.2 (p = 0.012) and PFD with HR 3.43
(p = 0.011) independently of other clinical variables. PRDT&IAA™ predicted
SCD risk in both ischemic and non-ischemic etiology subpopulations, with
associated HR of 3.3 and 2.9, respectively.

To complete this study, the combined variables’ capacity for predicting
CD risk was tested. Table 3.9 shows the results for the two multivariate
proportional hazard models tested. Both PRD*&IAA™ and PRDT&TS™
predicted CD risk independently of other demographic and clinical variables
with HRs of 2.4 and 2.0, respectively.

3.5 Discussion

This work investigates the performance of PRD, characterizing the oscillatory
behavior of the T wave, for stratification of cardiac risk in a population
of patients with CHF. Although PRD has previously been used in various
contexts [343, 371, 151, 256, 369, 163], in this study, PRD is calculated in a
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Univariate
HR (95%) p-value

Age 1.032 (1.014-1.050) | 3.6-10~%**
Gender 1.461 (0.921-2.319) 0.108
Ischemic etiology 1.780 (1.201-2.636) 0.004**
Prior MI 1.783 (1.211-2.624) 0.003**
NYHA class 2.537 (1.681-3.830) | 9-10~ 6%+

8 LVEF< 35% 1.965 (1.303-2.965) 0.001**

o | LFn 1.304 (0.508-3.344) 0.581

.g HFn 0.767 (0.299-1.968) 0.581

£ LF/HF 1.030 (0.963-1.102) 0.384

é NSVT and VPB>240 1.944 (1.315-2.874) 0.001**
Diabetes mellitus 1.620 (1.106-2.372) 0.013*
NT-proBNP>1000 pg/mL | 3.330 (2.227-4.979) | 4.6-107%%*
IAAT 1.637 (1.083-2.474) 0.019*
TS™ 3.552 (2.251-5.604) | 5-107***
PRD* 1.636 (1.104-2.425) 0.014*

Table 3.6 Univariate Cox analysis for SCD and PFD victims (CD as endpoint).
Age, gender, ischemic etiology, prior myocardial infarction, NYHA class,
LVEF, HRV indices (LFn, HFn, LF / HF), combined NSVT and VPB>240,
NT-proBNP>1000 pg/mL, IAA™, TS* and PRD™ were the variable to ana-
lyze in this model. *p<0.05, **p<0.01, **p<0.001.

large CHF cohort to predict the risk of the two most common modes of death,
namely SCD and PFD, both considering PRD on its own and in combination
with other ECG-based indices.

The results show that CHF patients with high PRD values have nearly
twice the risk of suffering SCD than CHF patients with low PRD. These find-
ings are in agreement with previous clinical studies showing a relationship
between increased PRD and increased mortality, particularly due to ventric-
ular arrhythmias, in different patient populations [343, 341]. Specifically
in post-myocardial infarction patients with impaired LVEF, elevated PRD
has been associated with increased risk of SCD [342]. In addition, PRD
has been suggested to be potentially useful in guiding clinical decisions on
prophylactic implantation of ICD in patients with ischemic and non-ischemic

cardiomyopathy [34].
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Combined variables (PRD and TS)
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Figure 3.5 Percentages of SCD, PFD and CD victims in the PRDT&TS™
group and in the rest of patients. **p<0.01, **p<0.001

PRD measures the magnitude of LF oscillations in the T-wave vector
of the ECG and has been postulated to reflect sympathetic modulation of
ventricular repolarization [343]. The same range of LF oscillations in the
T-wave vector accounted for by PRD has been reported for the APD in in vivo
studies in patients with HF [318]. Through in silico simulations, synergistic
B-adrenergic and mechanical effects induced by sympathetic activation have
been shown to contribute to the generation of these LF oscillations of APD
[323, 352]. Those results have been supported by subsequent experimental
studies showing that increased sympathetic activity enhances these oscilla-
tions and f-adrenergic blockade attenuates them [318, 108]. In the presence
of calcium overload and/or reduced repolarization reserve, both commonly
associated with HF, the amplitude of LF oscillations of APD has been theoret-
ically shown to be magnified, facilitating the occurrence of arrhythmogenic
events [352, 353]. A recent in vivo study in a canine model of ventricular
remodeling caused by chronic atrioventricular block has provided evidence
that dogs inducible for ventricular arrhythmias have higher LF oscillations
of repolarization than non-inducible dogs [385]. Based on all these obser-
vations, the results of the present study possibly suggest that patients with
CHF with high PRD have increased repolarization variability that can lead to
destabilization of repolarization and promote arrhythmogenesis.
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Figure 3.6 Percentages of SCD, PFD and CD victims in the PRDT&IAA™
group and the rest of patients. *p<0.05, **p<0.01.

Since CHF is a complex clinical syndrome, some studies have reported the
benefit of using combined ECG risk markers and/or a risk score integrating
information from various clinical and ECG variables to improve clinical
decision making [208, 58, 140, 204, 330]. The use of markers that provide
information on different pathophysiological processes associated with CHF
has been shown to be very useful [338, 224]. Here, a combination of PRD
and other ECG-based indices is tested for the prediction of SCD and PFD
risk. For the prediction of PFD, the combination of PRD with TS, measuring
heart rate turbulence, stratifies the study population into two groups according
to the risk of PFD. The risk of dying from PFD is two and half times higher
in patients with high PRD (PRD™) and low TS (TS™) than in the rest of the
patients. Nevertheless, the capacity for PFD prediction of TS on its own
is already very good, as reported in previous studies [94], and PRD only
slightly improves it. TS represents a vagally-mediated response of heart rate
to ventricular premature beats with the involvement of baroreflex sensitivity.
TS has been considered an excellent marker of neurohormonal activation in
patients with CHF [95, 94]. Since autonomic dysfunction and neurohormonal
activation play a relevant role in the progression of CHF, current results on
the capacity to stratify the risk of PFD of combined PRD and TS support the
noninvasive evaluation of such CHF landmarks from short-term ECG (for
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Figure 3.7 Estimated probability Figure 3.8 Estimated probability
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fined by PRDT&TS™ fined by PRDT&IAAT.
Univariate

HR (95%) p-value
Endpoint: | PRDT&TST | 3.090 (1.729-5.522) | 1.4-10~%**
SCD PRD&IAA™ | 2.803 (1.465-5.364) 0.002**
Endpoint: | PRDT&TST | 2.758 (1.572-4.838) | 4-104*
PFD PRDT&IAA™T | 0.763 (0.275-2.117) 0.603
Endpoint: | PRDT&TST | 3.089 (2.066-4.617) | 3.8-10~8 **
CD PRDT&IAA™ | 1.888 (1.134-3.142) 0.015*

Table 3.7 Univariate Cox analysis results for PRDT&TS™, PRD*&IAA™
separately considering SCD, PFD or both as endpoints. *p<0.05, **p<0.01,
“**p<0.001.

PRD evaluation) and Holter recordings (for TS evaluation). In terms of SCD
prediction, the stratifying ability of PRD is enhanced when combined with
the IAA marker that evaluates the amplitude of the T-wave alternans over 24
hours. Although T-wave alternans, measured by IAA in this work, are related
to abnormal cardiac function [263], PRD measures changes in sympathetic
modulation of ventricular repolarization [343]. The synergistic information
provided by the two variables serves to improve the prediction of SCD. In the
findings described above, the PRD risk stratification capacity is maintained
when accounting for competing risk events in survival analyses.

The concentration of NT-proBNP, dichotomized using the threshold (1000
pg/mL) proposed in the original MUSIC study [411], was not a significant
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predictor of SCD in multivariable regression models comprising PRD or
combined ECG markers. When the endpoint was CD, NT-proBNP>1000
pg/mL could significantly predict CD in a multivariable model. Other studies
have proposed alternative thresholds for NT-proBNP, like NT-proBNP>5180
pg/mL [176], and found that the dichotomized variable is a predictor of both
SCD and PFD. However, since the CHF population analyzed includes only
patients in NYHA classes II and III, only 7% of the patients had NT-proBNP
values above 5180 pg/mL.

Based on previous studies showing that PRD is not related to HRV and
respiratory activity [343], the PRD and HRV markers could add complemen-
tary information. However, the results of this study show that HRV markers
have no relationship with SCD or PFD, and therefore, HRV markers were
not combined with PRD for risk stratification purposes. On the other hand,
of the clinical variables assessed in this study, the NYHA class and LVEF
< 35% are the two with the highest HR for both PFD and SCD. In any case,
the HR of these two clinical variables is lower than that obtained for the
combined ECG variables PRD & TS in the prediction of PFD and PRD &
IAA in the prediction of SCD. LVEF is widely used in clinics to identify
high-risk patients, but its precision is low [244]. Regarding the NYHA class,
as it reflects a subjective assessment and can change frequently over short
periods of time [411], its interpretation is more critical than other variables.
The analysis carried out in this work suggests that the adjunct use of clinical
variables and ECG-based markers can improve the prognostic value of all
of them and produce a risk score with remarkably superior performance to
predict the two most common modes of death in patients with CHF.

An important aspect regarding the use of PRD is the fact that it can be
measured from 5-minute ECGs by using the PRSA-based method employed in
this study, first described by Rizas et al.[341] and later updated in the previous
chapter (2. Periodic Repolarization Dynamics in simulated microgravity).
In the present work, 20-minute ECGs were used, from which the 5-minute
segment associated with minimum PRD is selected. This is an advantage
compared to several markers previously analyzed, such as IAA [263], QTVi
[371, TS [363], Aa?T [335], Aa™P® [258] or TMR [331], which require
longer ECG recordings or specific protocols, such as stress tests or steady
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heart rate, for their evaluation. Although the combination of PRD with other
Holter-based markers improves risk stratification, it requires long-duration
recordings. On this basis, the proposal in this work is that PRD could be
used in an initial step to select patients with high CD risk. In those selected
patients, the use of longer duration signals and associated variables could be
useful to specifically predict each of the death modes. Several works have
proposed other markers related to repolarization variability measured from
short-term ECG recordings, such as the variance normalized by the mean of
QT end, QT peak or T-peak-to-T-end (Te) intervals, and have evaluated them
in CHF populations. In recent studies, the mean and/or standard deviation of
Te have been shown to predict 30-day mortality [306, 307] and mortality in
hospital [308] among patients with decompensated CHF.

In summary, this chapter shows the prognostic value of PRD in com-
bination with other Holter-derived markers to predict PFD and SCD in a
large cohort of CHF patients. Future studies in CHF cohorts that include a
greater number of victims of SCD and PFD would allow for more robust
statistical analysis to confirm the findings reported here. In addition, studies
in larger populations would facilitate the evaluation of PRD’s capacity for
risk stratification in specific subpopulations of patients with CHF, such as
those with reduced or preserved LVEF or in different NYHA classes, among

others.

3.6 Conclusions

This study examines PRD, a noninvasive marker indicative of repolarization
instability associated with low-frequency oscillations in sympathetic activity,
as a prognostic indicator for the risk of SCD and PFD in CHF patients. The
combination of PRD with a T-wave alternans index further enhances its
predictive capacity for the stratification of the risk of SCD. Furthermore, the
combination of PRD with the slope of heart rate turbulence facilitates the
prediction of the risk of PFD. In general, the importance of ECG markers,
derived from short-term ECG or ambulatory Holter recordings, is highlighted
as a valuable tool to improve prognosis in CHF patients beyond conventional

clinical variables.
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LVEF<

35%, combined NSVT and VPB>240, NT-proBNP>1000 pg/mL and a
combined ECG variable that can be either PRDT&TS™' or PRDT&IAAT.

Table 3.9 Multivariable CD risk prediction including the following variables:
*p<0.05, *p<0.01, **p<0.001.

Age, ischemic etiology, prior myocardial infarction, NYHA class,



Neo, sooner or later you’re going to realize, just as I did,
that there’s a difference between knowing the path and
walking the path.

The Matrix (1999)

Short-term evaluation of ECG
ventricular depolarization and
repolarization response to conventional

and physiological pacing

4.1 Motivation

Cardiac arrhythmias affect 1.5% to 5% of the general population and account
for up to 20% of all deaths worldwide [103, 299]. Cardiac pacing is the
current elective therapy for patients with symptomatic bradyarrhythmias
and/or cardiac conduction dysfunction [203]. Pacemakers apply electrical
stimulation to restore the electrical activity of the heart to a normal cardiac
rhythm.

During the past several decades, RVP, administered through implantable
pacemakers, has been the predominant technique for the treatment of brad-

yarrhythmias. Common locations for RVP stimulation are the right ventric-
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ular apex (so-called right ventricular apex pacing, RVAP) and the septum
(so-called right ventricular septal pacing, RVSP). Pacing at both locations
initiates a non-physiological ventricular depolarization conduction pattern
that may lead to dyssynchronous contractions of the heart.

Despite the successful results of RVP for the treatment of bradyarrhyth-
mias, numerous studies have shown its detrimental effects in terms of electri-
cal and mechanical dyssynchrony of the ventricles, which predispose patients
to develop mitral and tricuspid regurgitation, atrial fibrillation, cardiomyopa-
thy, HF and death [299, 30, 6, 2, 272].

As an alternative to conventional, nonphysiological RVP, physiological
pacing techniques have been proposed, which stimulate the specialized car-
diac conduction system to provide more physiological ventricular activation
[22]. These techniques include HBP and LBBAP. HBP in patients who re-
quired pacemaker implantation was initially described by Deshmuk et al.
[104] and, since then, its feasibility and safety have been shown in different
investigations. Importantly, HBP has been associated with a significant re-
duction, compared to RVP, in the combined endpoint of all-cause mortality,
hospitalization for HF and upgrade to biventricular pacing [1]. However, sev-
eral issues limit its application, including the difficulty of lead implantation in
the His bundle due to its small size and the fibrous nature of the surrounding
tissue, the high and commonly unstable pacing capture threshold and the
risk of causing damage to the bundle during the intervention [446, 452]. In
contrast, LBBAP offers relative ease in lead placement, has a lower and more
consistent capture threshold, and has been shown to generate narrow paced
QRS complexes and highly synchronized activation of the LV when applied
to patients with LBBB, as it paces the conduction system distal to the His
bundle to circumvent the region of conduction block [446]. Despite these
advantages of LBBAP, larger randomized studies should be conducted to
confirm its feasibility, long-term safety, and effectiveness [166]. Figure 4.1
illustrates the different physiological stimulation regions currently used in
clinical practice.

To improve the characterization of ventricular activation in response to
physiological pacing compared to conventional pacing, several studies have
been conducted in recent years based on the standard ECG and the VCG. Most
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Figure 4.1 Regions and techniques applied to stimulate the heart through
cardiac conduction system. Adapted from [21]

of these studies have evaluated QRS morphology, duration, and area [217, 67].
In addition, ventricular depolarization patterns have been characterized from
ultra-high-frequency ECG (UHF-ECG) recordings [182, 260]. By proposing
and validating novel measures of local depolarization duration and ventricular
electrical dyssynchrony derived from UHF-ECG recordings, these studies
have compared interventricular synchrony and time for LV wall depolarization
between various conventional and physiological pacing techniques [182, 93,
431, 91, 92, 90, 442].

Research on the effects of pacing on ventricular repolarization is much
more scarce than on ventricular activation. Some studies have quantified the
duration of classical repolarization intervals, such as the heart rate-corrected
QT interval, the JT interval, and the T-peak-to-T-end interval. These studies
have shown a prolongation of the repolarization intervals after RVP but not
following HBP or LBBAP [431, 442, 304, 317]. Other studies have reported
changes in the T wave, even if mostly from a qualitative point of view,
without providing quantitative measures of the characteristics of the T wave
[290, 425, 454].

The purpose of this chapter is to extend the analysis of ECG ventricular
depolarization and repolarization by processing UHF-ECG recordings from

patients with physiological ventricular activation undergoing pacemaker im-
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plantation for bradycardia therapy. The spatial and temporal features of the
depolarization and repolarization phases are quantified during spontaneous
rhythm and in response to different types of conventional and physiological
pacing. The hypothesis of this chapter is that physiological pacing tech-
niques can lead to QRS and T-wave patterns that better resemble those of
spontaneous rhythm in the analyzed patients without ventricular conduction
abnormalities and that LBBP techniques may be an equally effective option
as HBP in reducing ventricular activation dyssynchrony, particularly in the

LV, and in preserving ventricular repolarization characteristics.

4.2 Materials

4.2.1 Ultra-high-frequency ECG Recordings

In this work, we study a population of patients without bundle branch block
and with an indication for pacemaker therapy due to bradycardia. Six hundred
and fifty-eight 14-lead UHF-ECG recordings, sampled at 5,000 Hz, were
obtained from 178 patients (76.8 [8.5] years old, 74% male) using VDI
(Ventricular Dyssynchrony Imaging) UHF-ECG (VDI Technologies, Brno,
Czech Republic) at the Cardiocenter of Faculty Hospital Kralovske Vinohrady
and the Third Medical Faculty of Charles University, Prague, Czech Republic.
More than 53% of the patients had atrioventricular block and almost 32%
reported sick sinus syndrome. The UHF-ECG recordings included 12 standard
leads and two left posterior chest wall leads on the axillary line and on the
scapula, V7 and V8, recorded as described in [182]. UHF-ECG recordings
were acquired for 1 to 10 minutes in a resting supine position.

Patients were subjected to different types of conventional and physio-
logical pacing types. Conventional pacing types included RVAP and RVSP.
Physiological pacing types included various subtypes of HBP and LBBP. For
HBP subtypes, selective HBP (sHBP) was characterized by pure His capture
pacing, whereas non-selective HBP (nsHBP) involved the capture of both
the His and the adjacent myocardial tissue. For LBBP, the following three
subtypes were considered: selective LBB pacing (sLBBP), entailing exclusive

LBB capture; non-selective LBB pacing (nsLBBP), with capture of both the
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LBB and the adjacent left septal myocardium; and LV septal pacing (LVSP),
when the lead failed to capture LBB but reached the LV subendocardium.
The distribution of the applied pacing types in the available dataset was:
37 recordings with RVAP, 102 with RVSP, 50 with sHBP, 160 with nsHBP, 13
with sSLBBP, 47 with nsLBBP and 87 with LVSP. In addition, 199 recordings
were acquired during spontaneous heart rhythm. All patients signed an

informed consent prior to enrollment.

Pacemaker implantation

The pacing electrode was placed in a typical His-bundle pacing region as
described in previous work [1]. The His bundle region was mapped using
a SelectSecure TM lead (model 3830, 69 cm, Medtronic Inc., Minneapolis,
MN), delivered through a fixed-curve sheath (C315HIS, Medtronic). sHBP
and nsHBP capture was defined as previously described [424, 90]. For
LBBAP, the lead was moved towards the right ventricle (RV), along a line
between the His bundle region and the RV apex, and screwed deep into the
septum to obtain a position on the left side of the interventricular septum
showing a paced QRS morphology of RBBB/pseudo-RBBB in lead V1 [91].
sLBBp, nsLBBp and LVSP capture were described as in previous studies
[91, 92]. For RVAP and RVSP, the RV leads were implanted in a standard
form at the apex or septum of the RV [424, 90].

4.3 Methods

4.3.1 ECG preprocessing

UHF-ECG signals (sampled at 5 kHz) were high-pass filtered using an eighth-
order Butterworth filter (cut-off frequency at 0.5 Hz) to remove baseline
wander. A 50 Hz digital 20th-order IIR notch filter was applied to attenuate
powerline interference. A semi-automated algorithm, based on the method
of Haq et al. [155], was used to remove pacing artifacts. The steps of the

algorithm are as follows.

1. Orthogonal leads X, Y, and Z were obtained from the standard 12-

lead ECG using the Kors transformation matrix [196]. The vector
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magnitude, v(n), was computed as:

v(n) =|| v(n) [|= /x2(n) + y2(n) +z2(n) (4.1)

where || v(n) || is the vector norm of v(n), with x(n), y(n) and z(n) being

the three orthogonal leads in v(n).

. The magnitude slope, dv/dt, was calculated from the difference between

consecutive samples of the time series v(n). The onset and end of the
pacing artifact were selected as the first sample n, and the last sample
n. for each beat of the time series v(n), respectively, that satisfied the

following conditions:

dv(n) dv(n)
dt > aon dt < aend

4.2)

where O, and Oq are thresholds to determine the onset and end of the
pacing spike. In this study, the threshold values were set to 0, = 0.5
mV/ms and Qepg = —0.5 mV/ms.

. The pacing spike was removed by linear interpolation between the

signal amplitude at n, and n.. Figure 4.2 shows a segment of an
ECG lead before and after removing the pacing spike by applying the
described algorithm.

—Raw signal

— Processed signal

5.6 5.8 6 6.2 6.4 6.6 6.8
Time (s)

Figure 4.2 Pacing spike cancellation in a segment of an ECG lead. The
signals before and after removing the pacing spike are shown in blue and red,
respectively.
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The QRS complexes in each signal were detected and classified according
to their morphology following previously proposed methods [312]. Subse-
quently, the delineation of the peaks, onsets, and ends of all ECG waves was
performed using a single-lead wavelet-based automatic delineation software
[242].

A representative beat for each recording was defined as the median beat
of all the beats presenting the dominant morphology. The applied algorithm

follows these steps:

1. RR intervals were computed from the fiducial points of the QRS com-

plex.

2. The statistical mode of the RR interval time series was calculated for
each recording. An RR histogram was computed using 20-ms bins.
The bin containing the RR mode was selected and the median of the

beats corresponding to the RR intervals in that bin was computed.

3. All beats within the RR bin were aligned with respect to the computed

median beat by maximizing the cross-correlation.

4. The rank correlation between the initially calculated median beat and
each of the aligned beats was calculated. Beats with rank correlation
coefficients below 0.85 were discarded.

5. The final median beat was computed from the aligned beats that were

not discarded.

4.3.2 Depolarization indices

The duration of single-lead local depolarization (Vxd) and electrical dyssyn-
chrony in the ventricles (e-DYS) were calculated from UHF-ECG by first
dividing the spectrum from 150 Hz to 1,000 Hz in 16 frequency bands, fol-
lowing the method described in [182]. For each band and precordial lead
(V1-V8), the amplitude envelopes were calculated using the Hilbert transform,
with the amplitude envelopes segmented according to the QRS onset and end
annotations. The median amplitude envelope in each frequency band was

normalized so that its integral was one. e-DYS was calculated as the maximal
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time difference between the center of mass of the QRS above the 50 percent
threshold of the baseline-to-peak amplitude for the leads V1-V8. The sign
of e-DYS was associated with the order of ventricular activation. Negative
e-DYS values indicated that the LV was activated earlier than the RV.

Additionally, the local activation duration in a given lead, defined between
the crossings at half the maximum peak magnitude of the average of the nor-
malized median envelopes in that lead, was defined as Vxd. Low Vxd values
were related to high apparent conduction velocities, presumably due to the
contribution of the intrinsic conduction system, while high Vxd values were
related to a non-homogeneous substrate or non-physiological origin of my-
ocardial propagation. Vd was calculated as the mean of all the computed Vxd
values and represented the average duration of the depolarization propagation.

QRS durations (QRS4) were measured in each median beat (computed as
described in Section 4.3.1) as the time between the start and end of the QRS
complex using the associated marks and a post-processing selection rule for
all single-lead locations [242] to obtain a unique multilead QRSg4.

QRS and T-wave areas Activation and repolarization time

a) b)

Figure 4.3 a) QRS and T-wave areas (shaded areas) in orthogonal leads. b)
ECG beat for one lead with identified time points used to compute activation
time, AT (red), and repolarization time, RT (green).

From the eight independent leads of the median beat, the vectorcardio-
gram (VCG) was synthesized using the Kors method [235]. The QRS area
(QRS,) in each orthogonal lead (X, Y, and Z) was calculated as the integral
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of the absolute value of the QRS complex, from the beginning to the end of
the QRS, as illustrated in Figure 4.3a). The total QRS, was calculated as:

QRS, = \/ QRS2 + QRS2 y + QRS2,, 4.3)

where QRS, x, QRS, y and QRS, ; denote the QRS areas in leads X, Y and
Z.

In addition, the local AT was calculated for each individual precordial
lead as the center of mass of the absolute QRS complex of the representative
median beat, using the multilead QRS onset as a reference. An example
is shown in Figure 4.3b), where the AT is marked with a red point. The
difference between the last and the first AT values within the 6 precordial
leads V1-V6 was defined as the dAT. This dispersion was calculated as the
absolute value of the difference or by including a negative sign when the
number of the first activated lead (1 to 6 for V1 to V6) was greater than that
of the last activated lead (denoted as dAT'Ss).

To specifically assess activation dyssynchrony within the LV, analogous
measurements of AT dispersion were calculated focusing only on leads V4-V6.
These variables were denoted as dAT4_g and dAT's4_g when the absolute value

and the signed value of AT dispersion in V4-V6 were measured, respectively.

4.3.3 Repolarization indices

The QT interval, which represents the time needed for ventricular activation
and repolarization, was calculated as the interval between the multilead QRS
complex onset and the multilead T-wave end of the median beat. Both times
were determined by applying post-processing selection rules to the delineation
marks of individual leads [242]. Taking into account the QT intervals of all
recordings in the dataset, a correction was performed for the effects of heart
rate. To derive the correction formula, different regression models were first
fitted to the QT and RR measurements, with the regression models being
linear, hyperbolic, parabolic, logarithmic, shifted logarithmic, exponential,
arc tangent, hyperbolic tangent, arc hyperbolic sine, and arc hyperbolic cosine
[324]. The regression model leading to the lowest residual of the fitting was

selected, and the corresponding correction formula was derived by projecting
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the QT interval to a standard RR level equal to one second. The corrected QT
intervals calculated according to the derived formula were denoted by QT..

In each precordial lead, the RT was determined as the center of mass
of the absolute T wave of the representative median beat (represented as a
green point in Figure 4.3b), measured from the multilead QRS onset mark. A
corrected RT, denoted RT,, was calculated by deriving a correction formula,
analogously to the QT interval correction, to remove any influence of RR
on RT. The dRT was calculated as the difference between the maximum and
minimum values of RT. within the 6 precordial leads V1-V6. The signed
dispersion of RT, denoted as dRTs, included a negative sign for the value of
dRT when the number of the first repolarized lead (1 to 6 for V1 to V6) was
higher than that of the last repolarized lead.

In parallel to dAT4_¢, the dispersion of RT within the LV was specif-
ically calculated by focusing the analysis on the leads V4-V6 only. The
corresponding unsigned and signed variables were denoted as dRT4_¢ and
dRTS4,6.

The T-wave area (T,) was calculated from the orthogonal leads X, Y, and

Z according to the following equation:

T.= \/ Tox+Tay +T;y (4.4)

where T, x, Tay and T, z denote the T-wave areas in leads X, Y, and Z. An
example of the calculation of the T-wave area is shown in Figure 4.3a).
Another studied repolarization marker was the PRD, which was proposed
to assess sympathetic modulation of ventricular repolarization by measuring
low-frequency (below 0.1 Hz) oscillations in the T-wave vector. The PRD
index was computed using the method described in Section 3.3.1. This

method included the following steps:

1. T waves were selected using a window related to the QRS position
and the RR interval for each beat. The onset of the T-wave window,
denoted by T,p,;, was set at 90 ms after the QRS; mark: T, = QRS; +
90 ms. The end of the T-wave window, denoted by Tepq,, was defined as
Tend, = QRS; + min(360 ms, %RRi) for RR; below 720 ms, or Tepg, =
QRS; + 360 ms, in other cases.
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2. A constant value was subtracted from each T wave in each of the

analyzed leads so that the voltage at T.pg was set to 0 mV.

3. The average electrical vector was calculated for each T-wave window.
The angle dT° between two consecutive T-wave windows was calcu-

lated from the dot product of the normalized average vectors.

4. A 10th-order median filter was applied to attenuate outliers and artifacts

in the dT° time series.

As in previous chapters, the applied method to evaluate the oscillations
measured by the PRD index [341] was based on PRSA [36]. The steps applied

are summarized here:
5. Anchor points were defined as points meeting the following condition:

M

IREEE)
Xiej > — ) Mij 4.5)
j=0 M j=1

1

M
Where M=9 in order to allows detecting frequencies in the range of
interest (from 0.025 to 0.1 Hz), as fully described in [36].

6. Windows were defined around each anchor point and anchor points at

the beginning or end of the dT° series were discarded.

7. The PRSA series was obtained by averaging the dT° values in all

selected windows contained in each recording.

Finally, PRD was defined as the difference between the maximum and

minimum values of the PRSA series.

4.3.4 Statistical analysis

Continuous and discrete variables are presented as median [IQR] and counts
(percentages), respectively. The Mann—Whitney U test (or Wilcoxon rank-sum
test) was used for univariate comparisons of continuous variables between
independent groups. All statistical analyses were performed with MATLAB
R2020a (9.8). Differences were considered statistically significant if the

associated p-value<0.05. NS is used to denote nonsignificant.
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4.4 Results

4.4.1 Depolarization indices
QRS duration

Figure 4.4 shows the median values and interquartile ranges of QRSy for
all the pacing types analyzed in this study. The QRS complexes in sponta-
neous rhythm have a median duration of 103.6 [18.4] ms. The widest QRS
complexes were observed after RVP, both RVSP (139.6 [30.1] ms, p<0.001
with respect to spontaneous rhythm) and RVAP (144.0 [24.9] ms, p<0.001).
LBBAP led to shorter QRS complexes than RVP (123.2 [23.2] ms, 125.1
[34.7] ms, and 111.8 [20.4] ms for sSLBBP, nsLBBP and LVSP, respectively),
although still significantly longer than in spontaneous rhythm (p<0.001 for all
tests). sHBP stimulation induced mean QRSq values similar to those in spon-
taneous rhythm (104.9 [23.8] ms, NS) while nsHBP pacing was associated
with the lowest QRSq values (95.8 [22.9] ms, p-value<0.001 with respect to

spontaneous rhythm).
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Figure 4.4 Box plots of QRS4 for spontaneous rhythm and each of the pacing
types.
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Electrical dyssynchrony index (e-DYS) and local activation duration (Vd)

Figure 4.5 shows the box plots for e-DYS (blue boxes) and Vd (red boxes) in
spontaneous rhythm and in response to the seven pacing types analyzed. In
spontaneous rhythm, there is minimal electrical dyssynchrony and a short ac-
tivation duration (e-DYS =4.70 [12.33] ms; Vd = 32.20 [8.50] ms). Similarly
to the observations for QRSg, the RVP techniques (RVSP and RVAP) showed
the largest dyssynchrony and activation duration (e-DYS = 24.93 [18.57] ms;
Vd =45.80 [16.46] ms for RVSP and e-DYS = 21.93 [32.92] ms, Vd = 58.78
[15.82] ms for RVAP).

LBBAP techniques (sLBBP, nsLBBP and LVSP) induced negative e-DYS
values indicative of earlier activation of the LV wall (-6.53 [11.25] ms, -11.47
[9.28] ms and -5.67 [8.13] ms, p<0.001 with respect to spontaneous rhythm),
with activation duration similar to spontaneous rhythm. HBP techniques
(sHBP and nsHBP) generated low positive e-DYS values (8.67 [11.33] and
11.00 [9.97] ms, respectively, p=0.02 and p<0.001) and low Vd values, again

similar to those of spontaneous rhythm.
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Figure 4.5 Box plots of ventricular electrical dyssynchrony (e-DYS) and
average of duration of local depolarization (Vd) for each pacing type in
UHF-ECG database.
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Area of QRS complex

The QRS, values during spontaneous rhythm were 50.06 [27.23] uVs (figure
4.6). The highest QRS, values were found for RVAP and RVSP (153.94
[50.67] uVs and 84.93 [13.46] uVs, p-values < 0.001 with respect to sponta-
neous rhythm). sSLBBP, nsLBBP and sHBP showed the lowest QRS, values,
which were close to those measured in spontaneous rhythm (42.74 [15.29]
Vs, 51.24 [31.19] uVs, and 53.80 [33.29] uVs).

spont sHBP nsHBP sLBBP nsLBBP LVSP RVSP RVAP

Figure 4.6 Box plots of QRS, for spontaneous rhythm and each of the pacing
types.

Activation time patterns

Figure 4.7 shows the average AT values in the precordial leads V1-V6 for
spontaneous rhythm and each cardiac pacing type. As can be seen in the
figure, leads V1, V5 and V6 present the earliest activation in spontaneous
rhythm (54.5 ms in lead V6) while V2-V4 present the latest activation (59.5
ms in lead V3). Similarly, sHBP and nsHBP show activation patterns in
which the regions corresponding to leads V1, V5, and V6 are activated earlier
than the regions corresponding to leads V2-V4. LBBAP pacing types, as
expected, present the earliest activations in leads V4-V6 (earliest activation at
60.0 ms for SLBBP, 66.5 ms for nsLBBP and 57.4 ms for LVSP), while the

latest activations are found in leads V1-V3 (latest activation at 70.9 ms, 76.2
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ms and 61.5 ms, respectively). The AT values for RVP types are the largest in
practically all leads compared to other pacing types and spontaneous rhythm.
For RVAP, the activation starts in V4 and ends in V1 and V6. For RSVP, the

activation starts in V1 and ends in V4 and V6.
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Figure 4.7 Average activation time (AT) in precordial leads V1-V6.

Dispersion of activation time

The median dAT for spontaneous rhythm was 8.80 [5.00] ms, as shown
in Figure 4.8. sHBP and nsHBP rendered the closest median dAT values
to those observed for the intrinsic rhythm (9.40 [7.00] ms and 9.50 [5.70]
ms respectively, NS for both cases). SLBBP and nsLBBP had significantly
higher dAT values (15.20 [11.20] ms and 15.60 [10.25] ms, respectively
with p<0.001), while dAT for LVSP was higher than for spontaneous rhythm
(p<0.001) and HBP types (p<0.05) but lower than for sSLBBP (NS) and
nsLBBP (p<0.01). The highest dAT values were associated with RVAP, 17.00
[7.20] ms (p<0.001 with respect to spontaneous rhythm).

When considering the sign of dispersion, dATs, techniques that stimulate
the His bundle, sHBP and nsHBP, were found to exhibit median values of
dATs (-3.10 [20.20] ms and -6.00 [18.20] ms, respectively) similar to sponta-
neous rhythm (-6.60 [16.20] ms, NS). sLBBP, nsLBBP and LVSP rendered
slightly more negative dATs values (-15.20 [11.20] ms, -13.00 [13.35] ms and
-8.00 [22.45] ms, p<0.05, respectively). RVAP led to comparable dAT's values
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(-12.60 [33.10] ms, NS), but RVSP was associated with the highest positive
dATs values (12.60 [27.40] ms, p<0.05). The corresponding results for dAT's
are presented in 4.9.
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Figure 4.8 Box plots of dAT for spontaneous rhythm and each of the pacing
types.
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Figure 4.9 Box plots of dATs for spontaneous rhythm and each of the pacing
types.

The results for AT dispersion within the LV, represented by the variable
dAT,4_¢, are shown in Figure 4.10. Spontaneous rhythm recordings presented
a median value of 4.30 [5.20] ms. sLBBP and nsLBBP led to lower median
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values of dAT4_¢, which were not significantly different from those of spon-
taneous rhythm (2.20 [3.80] ms and 3.80 [4.15] ms, respectively). LVSP
also had lower median values (2.40 [3.95] ms, p<0.001). sHBP and nsHBP
increased dAT4_¢ (6.00 [7.40] ms and 3.00 [3.50] ms, p<0.05 with respect to
spontaneous rhythm). The conventional pacing types had the highest dAT4_¢
values (7.10 [8.60] ms for RVSP and 8.20 [6.15] ms for RVAP, p<0.001 in
both cases). The corresponding results for dATs,_¢ are presented in 4.11.
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Figure 4.10 Box plots of dAT4_¢ for spontaneous rhythm and each of the
pacing types.

4.4.2 Repolarization indices
Corrected QT

The median QT. was 429 [43] ms during spontaneous rhythm (Figure 4.12).
Of the HBP types, sHBP led to significantly higher QT values (451 [32] ms,
p=0.03), while nsHBP led to significantly lower values (421 [29] ms, p=0.008)
than spontaneous rhythm. Of the LBBAP types, sSLBBP and nsLBBP led
to significantly higher QT. values (462 [21] ms, p<0.001 and 444 [51] ms,
p=0.03), while QT values after LVSP were similar to those in spontaneous
rhythm (435 [30] ms, NS). The two RVP types, i.e. RVSP and RVAP, also
induced larger QT values (455 [27] ms, p<0.001 and 451 [33] ms, p<0.001).
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Figure 4.11 Box plots of dATs4_¢ for spontaneous rhythm and each of the
pacing types.
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Figure 4.12 Box plots of QT for spontaneous rhythm and each of the pacing
types.

Area of T wave

Figure 4.13 shows the values of T, for each type of cardiac pacing. Interest-
ingly, the observed trend is very similar to that observed for QRS,, shown in
Figure 4.6. The value of T, for spontaneous rhythm was 30.50 [27.83] uVs.
The highest T, values were found for RVSP (63.56 [33.24] uVs, p<0.001)
and RVAP (157.05 [59.97] uVs, p<0.001). Physiological pacing approaches,
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particularly sHBP, nsHBP, sSLBBP and nsLBBP, presented reduced T, values,
which were similar to that of spontaneous rhythm (sHBP: 30.80 [29.53] uVs,
NS; nsHBP: 43.81 [30.87] Vs, p<0.001; sLBBP: 22.78 [11.12] uVs, p=0.03;
nsLBBP: 32.04 [19.66] uVs, NS; LVSP: 50.05 [28.32], p<0.001).
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Figure 4.13 Box plots of T, for spontaneous rhythm and each of the pacing
types.

Periodic Repolarization Dynamics

As illustrated in Figure 4.14), PRD took values of 4.94 [3.93] degrees in
spontaneous rhythm. This value was similar for nsLBBP (5.03 [3.35] degrees,
NS), sLBBP (3.53 [1.38], NS) and RVSP (3.90 [3.03] degrees, NS). RVAP
led to the lowest PRD values (2.87 [2.89] degrees, p<0.05 with respect to
intrinsic rthythm). sHBP, nsHBP and LVSP also reduced the magnitude of
low-frequency oscillations in ventricular repolarization (3.25 [3.57], 3.31
[2.79] and 3.14 [2.66] degrees, respectively, p<0.05 in all cases).

Repolarization time patterns

Figure 4.15 shows the average RT values corrected for the RR interval in
the precordial leads V1-V6 for spontaneous rhythm and each cardiac pacing
type. For spontaneous rhythm, the first lead to repolarize was V2 (321.6
ms), with lead V5 being the last lead to repolarize (336.5 ms). Similar RT
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Figure 4.14 Box plots of PRD for spontaneous rhythm and each of the pacing
types.
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Figure 4.15 Average repolarization time (RT) corrected by RR duration in
precordial leads V1-V6.

patterns were found for the two types of selective physiological pacing, i.e.
sHBP and sLBBP, with the earliest repolarization in V1-V2 and the latest
repolarization in V5. The RT patterns for nsHBP, nsLBBP, and LVSP were
similar to the corresponding AT patterns, with V4, V5 and V6 being the first
leads to repolarize in the three cases. RVAP showed RT patterns similar to
those of AT, but in this case lead V6 was the latest to repolarize. For RVSP,

the repolarization took longer to complete in lead V3.



4.5 Discussion 103

Dispersion of repolarization time

As shown in Figure 4.16, the median dRT for spontaneous rhythm was 31.2
[22.2] ms. Similar dRT values were found for sHBP (27.6 [18.4] ms, NS),
nsHBP (29.5 [20.4] ms, NS), sLBBP (23.8 [14.2] ms, NS), nsLBBP (36.2
[24.9] ms, NS), LVSP (30.4 [19.0] ms, NS) and RVSP (29.7 [21.2] ms,
NS). RVAP, however, had significantly reduced dRT values (19.8 [13.4] ms,
p<0.001).
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Figure 4.16 Box plots of dRT for spontaneous rhythm and each of the pacing
types.

Figure 4.17 shows the results of dRT focused on leads V4-V6 only. As
can be seen in the figure, the recordings stimulated with nsHBP, sSLBBP, LVSP,
and RVAP had the lowest median values of dRT4_¢ (7.40 [19.90] ms, 4.60
[12.15] ms, 7.80 [11.40] and 6.00 [8.85] ms, respectively), with such values
being statistically significantly different from those observed in spontaneous
rhythm (12.50 [18.40] ms, p-value<0.05 in all cases).

The corresponding results for dRTs and dRTs4_¢ are presented in Figures
4.18 and 4.19.

4.5 Discussion

This chapter provides a detailed description of the response of ventricular

depolarization and repolarization to seven different types of cardiac pacing
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Figure 4.17 Box plots of dRT for spontaneous rhythm and each of the pacing

types.
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Figure 4.18 Box plots of dRTs for spontaneous rhythm and each of the pacing
types

in patients without abnormalities in ventricular conduction and an indication
for pacemaker implantation due to bradycardia. In addition to quantifying
depolarization and repolarization indices commonly used in other studies, we
propose additional markers to describe the spatial dispersion of the activation
and repolarization times from UHF-ECG recordings. Properties related to the
duration, area, and spatial heterogeneity of ECG activation and repolarization

waves are shown to differentiate the effects of each of the tested physiolog-
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Figure 4.19 Box plots of dRTs4_¢ for spontaneous rhythm and each of the
pacing types.

ical and conventional cardiac pacing techniques, with implications for the
development of deleterious effects on cardiac function.

4.5.1 Pacing-induced effects on ventricular depolarization

For the characterization of cardiac pacing effects on ventricular depolarization,
this study first examined classical ECG markers reported in the literature,
such as duration and area of the QRS complex. Other more recently proposed
markers quantified from UHF-ECG recordings were also analyzed, including
Vd (measure of local activation duration) and e-DYS (measuring activation
dyssynchrony). Finally, novel markers that can be quantified from standard
ECGs (not necessarily sampled at very high frequency) were proposed based
on ATs in different ECG leads and their spatial dispersion across the entire
ventricles and across those leads facing the LV only.

From the analysis of all the described markers, we found that the physio-
logical pacing techniques sHBP and nsHBP exhibit an electrical response com-
parable to that observed in spontaneous rhythm in patients without any con-
duction disorder. LBBAP techniques, including SLBBP, nsLBBP, and LVSP,
despite presenting larger differences with respect to spontaneous rhythm than
HBP-based techniques, are able to preserve the synchrony in the activation
of the LV, with only a delayed activation in the RV. The conventional pacing
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techniques RVSP and RVAP show markedly different responses to those
found in spontaneous rhythm, with high dispersion in the ventricular ATs.
This behavior was also observed in previous studies [91, 92, 90].

QRS4 has been commonly used to assess ventricular synchrony. Changes
in QRS4 have been associated with the occurrence of major adverse cardio-
vascular events [231, 350]. Here, we find that SHBP and nsHB have a similar
QRS4 to spontaneous rhythm. The longest QRSy values were found for RVSP
and RVAP. The three LBBAP techniques, that is, SLBBP, nsSLBBP, and LVSP,
were associated with lower QRSy than RVSP and RVAP, but significantly
higher than the intrinsic rhythm. Our results are in line with those reported in
previous studies that compared the ventricular activation synchrony of SLBBP
and nsLBBP techniques with that of LVSP [160] and RVAP [396]. The higher
QRS values found for SLBBP, nsLBBP, and LVSP compared to spontaneous
or His-paced activations can be attributed to the fact that the electrical pacing
impulse is rapidly transmitted to the LV through the LBB or the myocardium
close to it, but the RV is activated with some delay.

Activation indices derived from the VCG have been suggested to predict
the response to cardiac resynchronization therapy more accurately than QRSqy
[225]. Here, QRS, was measured from the VCG. QRS, has been reported to
be less sensitive to uncertainty in the determination of the QRS boundaries, as
the extremes of the QRS complex contribute scarcely to the area [115, 313],
and to present less variability in its measurement than QRSy [409]. Previous
works have reported QRS, to be an index of dyssynchrony in electrical
activation, with a large QRS, corresponding to delayed activation of the
posterolateral wall of the LV, independently of QRS morphology [228]. Our
results show that sHBP and sSLBBP have QRS, values similar to those in
spontaneous rhythm, whereas nsHBP, nsLBBP and LVSP have somewhat
higher values, which are still far from the large values associated with RVSP
and, particularly, RVAP. Considering that a decrease in QRS, has been shown
to be an independent predictor of survival and reverse cardiac remodeling
[138], the results of the present study indicate that physiological pacing,
especially through selective HBP or LBBP techniques, entails significantly

lower risk than conventional pacing techniques.
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Using markers specifically derived from UHF-ECG recordings, such as
e-DYS and Vd, the ventricular response to different pacing techniques has
been investigated in previous studies [182, 93, 91]. These studies have shown
that HBP produces physiological activation times and patterns, preserving fast
activation of the LV lateral wall and avoiding any deterioration in interven-
tricular synchrony. No significant differences between sHBP and nsHBP in
terms of ventricular activation patterns were reported when tested in patients
without conduction disorders. The results of this chapter are in line with
those previous findings. In addition, the median values of e-DYS and Vd in
response to SLBBP and nsLBBP were found to be similar to those of sHBP
and nsHBP in absolute terms. However, the sign of e-DYS differed between
the HBP and LBBP techniques, with negative values for LBBP indicating that
repolarization began in the posterior regions of the heart (leads V5-V6). This
also applied to LVSP. The positive e-DYS values for HBP were very close
to those found for intrinsic rhythm, in agreement with previously reported
results [72, 20, 449].

The local activation time describes the sequence of the heart wavefront
and is therefore related to cardiac electrical activity [362]. Our results indicate
that HBP techniques preserve the activation synchrony of spontaneous rhythm,
as manifested by similar dAT values. For LBBAP techniques, the synchrony
is reduced, but only because RV activates later, whereas the synchrony in
LV activation, quantified by dAT4_g, is higher than for spontaneous rhythm.
Conventional pacing through RVSP or RVAP leads to increased dispersion in
activation of the two ventricles or LV alone. Increases in the dispersion of
both ventricular activation and repolarization have been shown to be important
in the genesis and maintenance of ventricular arrhythmias and sudden cardiac
death [410, 17].

4.5.2 Patient-induced effects on ventricular repolarization

Differences in ventricular repolarization as a function of pacing techniques
were investigated by measuring the QT interval, the T-wave area, the PRD
index reflecting the magnitude of low-frequency oscillations in the T wave
and RTs across the precordial leads V1-V6 together with their dispersion.
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The QT, interval has been widely used in the literature to provide an
overall measure of the duration of repolarization after compensating for the
effects of heart rate. In previous work, patients with significantly prolonged
QT. intervals who underwent permanent pacemaker have been reported to
face a higher risk of new-onset LV systolic dysfunction, cardiac death, ven-
tricular arrhythmias, and sudden cardiac death [178, 102, 368]. Other studies
have shown that the pacing-induced increase in QT, with respect to intrinsic
rhythm, was less pronounced for LBBP techniques than for RVSP [431]. In
our study, nsHBP and LVSP are associated with similar QT values than spon-
taneous rhythm, whereas sHBP, sSLBBP, nsLBBP, RVSP and RVAP present
higher values. Nevertheless, when each pacing recording was compared with
its corresponding spontaneous recording, the differences between physiologi-
cal pacing techniques and spontaneous rhythm AQT, were not significant, as

shown in figure 4.20.
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Figure 4.20 Box plots of QT for each pacing type relative to spontaneous
rhythm.

T, has been postulated to carry long-term prognostic information on
cardiovascular mortality in apparently healthy populations [144, 15, 186].
Furthermore, T, has been suggested to be a sensitive feature to characterize
the response of ventricular repolarization to pacing, with the capacity to track
minor ST-segment and T-wave abnormalities [186], and to be a marker that
can predict the response to CRT [115, 428]. The results of our work indicate
that conventional pacing techniques, RVSP and RVAP, lead to high values

of T,, while physiological pacing techniques lead to values of T, close to
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those found for intrinsic rthythm. These findings extend those of previous
work by adding the characterization of T, in response to a large number
of conventional and physiological pacing techniques [275, 418, 110] and
confirm the suitability of HBP and LBBAP techniques in terms of ventricular
repolarization effects.

PRD is an arrhythmic risk marker that measures the magnitude of low-
frequency oscillations in the T-wave vector modulated by sympathetic nervous
system activity. Increased PRD values have been shown to be a strong
predictor of all-cause mortality, cardiac mortality, and ventricular arrhythmias
in various cardiac diseases and conditions [343, 342, 152, 370, 48, 214]. The
present results show that all cardiac pacing techniques induce a decrease
in the median PRD values found in spontaneous rhythm, except nsLBBP,
which presents similar values. Nevertheless, when each pacing recording is
compared with its own intrinsic recording, all pacing techniques, including
nsLBBP, lead to a reduction in PRD (Figure 4.21). The basis for such results
deserves further investigation. Although no significant correlation was found
between PRD and heart rate, in agreement with the results presented in the
second chapter (Periodic Repolarization Dynamics in simulated microgravity),
additional studies are needed to fully rule out the impact of heart rate on the

reduction induced by pacing in PRD.
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Figure 4.21 Box plots of PRD for each pacing type relative to spontaneous
rhythm.

To further characterize the response of ventricular repolarization to car-

diac pacing, here we evaluated the dispersion of RTs across the six precordial
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leads V1-V6 as well as focusing only on V4-V6. No significant differences
were found between most cardiac pacing techniques and spontaneous rhythm.
In particular, the values of dRT and dRT4_¢ for sHBP and nsHBP are similar
to those of spontaneous rhythm. For nsLBBP and LVSP, although their dRT
values are somewhat higher than those for spontaneous rhythm, this is only
indicative of a slightly later repolarization in the RV, as the values of dRT4_¢
for these techniques are lower than those for spontaneous rhythm. Thus,
even if enhanced dispersion of ventricular repolarization has been suggested
as indicative of reverse remodeling [209, 29] and a greater susceptibility to
arrhythmias such as Torsades de Pointes [109], our results support the suit-
ability of all physiological pacing techniques, including LBBAP techniques,
based on their ability to reduce the dispersion of LV repolarization.

In summary, our results confirm previous evidence on the large similarities
between HBP, particularly sHBP, and spontaneous rhythm in patients without
ventricular conduction disorders [93]. The LBBAP techniques, despite differ-
ing from spontaneous rhythm in some global measurements of ventricular AT
and RT dispersion, are confirmed to lead to high synchrony in LV activation
and repolarization. However, conventional RVP techniques are associated
with the highest global and LV-specific dyssynchrony characteristics, which
could have long-term adverse effects on ventricular function [171]. Based on
our conducted research, the effects of LBBAP and the technical advantages,
such as the requirement of stimulation thresholds lower than those of HBP
or the ease of capture and implementation, support their use as physiolog-
ical pacing techniques alternative to HBP that overcome the shortcomings

associated with conventional RVP.

4.5.3 Limitations

This work included ECGs of patients who underwent different types of car-
diac pacing. However, there is a large variability in the number of patients
subjected to each type of pacing. In particular, only 13 recordings were avail-
able for SLBBP, while more than 150 recordings were available for nsHBP
or spontaneous rhythm. Another limitation is the lack of access to follow-up

information. Long-term follow-up studies with a large representative number
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of patients for each type of pacing are required to corroborate the present
results.

It is also important to note that most of the recordings were obtained by
applying one stimulation technique after another. Although there was some
waiting time between the application of a type of cardiac stimulation and the
next one, the influence of the so-called cardiac memory phenomenon [346],
particularly on ventricular repolarization, cannot be ruled out. Therefore,
studies with longer time intervals between the application of different types
of stimulation or the use of recordings without sequential pacing would be
required to confirm the present findings.

Currently, the number of hospitals and medical centers where UHF-ECG
signals are recorded is limited. Future studies should confirm the clinical
value of the proposed markers dAT, dRT, dAT4_¢ and dRT4_¢, which can
be measured from a standard ECG, as an adjunt or substitute for the marker
e-DYS quantified from UHF-ECG signals.

4.6 Conclusions

This study analyzed a set of markers to characterize ventricular depolarization
and repolarization in response to seven different types of cardiac stimulation.
Physiological stimulation by both HBP and LBBAP types produced functional
behaviors that were close to those of intrinsic rhythm in patients without
cardiac disorders, whereas conventional RV stimulation was highly different
from them. The differences between HBP and LBBAP were minor for
most markers, particularly when they were referred to LV depolarization and
repolarization. This suggests that LBBAP could be recommended for patients
with narrow QRS complexes as an alternative to HBP that allows pushing

back the limits of conventional pacing.






Few are those who see with their own eyes and feel with

their own hearts.

Albert Einstein

Long-term evaluation of ECG
ventricular depolarization and
repolarization response to conventional

and physiological pacing

5.1 Motivation

A wide range of noninvasive markers derived from ECG, electrocardiographic
imaging, and vectorcardiography have been proposed to assess the efficacy
of different cardiac stimulation techniques. Some of these are derived from
very high-frequency ECG recordings, while others can be calculated from the
ECG regardless of the sampling frequency, as shown in the previous chapter
(Chapter 4). The present scientific understanding is based on the prevailing
international guidelines that employ electrical dyssynchrony measurements
obtained from 12-lead surface ECGs to determine the best approach to cardiac
pacing [141, 114].
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The ability to measure changes in ventricular synchrony, both in the
depolarization and repolarization phases, is important to obtain more person-
alized treatment strategies for patients. As shown in the previous chapter,
physiological cardiac stimulation techniques, such as HBP and LBBP, have
similar cardiac responses in a short-term analysis, as confirmed by similar
values of ventricular markers that characterize ECG depolarization and re-
polarization. In contrast, the analysis performed in Chapter 4 corroborated
that conventional pacing techniques were associated with greater ventricular
dyssynchrony. The effects of all these techniques in the long term have been
less investigated, particularly with regard to LBBAP.

Although RVP is easily accessible, stable and well established as a stan-
dard treatment in patients with severe bradyarrhythmia [131, 100, 79], LBBP
has recently emerged as an alternative to overcome ventricular dyssynchrony
associated with RVP and limitations associated with previously proposed
physiological techniques [167, 425, 68, 285, 333], as detailed in Chapter 4.

Several studies have shown that long-term RVP may result in left ventric-
ular remodeling and myocardial perfusion defects. Importantly, RVP has been
associated with an increased risk of atrial fibrillation, congestive heart failure,
mortality, and electrical dyssynchrony [439, 390, 216, 159, 398, 171, 111, 1].
The main cause of this dyssynchrony is the inability to use the physiological
pathway of the His—Purkinje system [30]. LBBP, as an alternative to HBP,
is associated with a lower and more stable pacing threshold and a large R
wave with a lower risk of developing a distal conduction block [446, 425].
However, these conclusions have been based on relatively short clinical
follow-up. Therefore, there is still uncertainty about its long-term safety and
effectiveness, which need to be further studied [166, 316, 76].

The objective of this chapter is to evaluate a set of characteristics related
to heterogeneity in ventricular depolarization and repolarization of the ECG
before and after pacemaker implantation in patients who receive RVP and
LBBP. The ventricular response will be analyzed not only in the short term
(immediately after implantation and 24 hours after it), but, importantly, also

in the long term (after one year of implantation).
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5.2 Materials

5.2.1 Study population and protocol

The study population consisted of 195 patients who underwent permanent
pacemaker implantation from March 2020 to September 2023 at Hospital
Clinico Universitario Lozano Blesa, Zaragoza, Spain. All demographic,
procedural, electrocardiographic, echocardiographic, and clinical data were
documented (Table 5.1). The present research was approved by the institu-

tional committee for ethical research.

Baseline characteristics (N=195)
Age (years) 77£10
Male 122 (62.6%)
LBBP patients 116 (59.5%)
RVOSP patients 40 (20.5%)
RVAP patients 33 (16.9%)
RVSP patients 6 (3.1%)
Diabetes mellitus 72 (36.9%)
Arterial hypertension 126 (72.4%)
Atrioventricular block IT 38 (19.5%)
Complete atrioventricular block | 76 (39.0%)
Recording at Y1 124 (63.6%)

Table 5.1 Demographic information of the study population. LBBP, left
bundle branch pacing; RVOSP, right ventricular outflow tract septal pacing;
RVAP, right ventricular apical pacing; RVSP, right ventricular septal pacing.

Of the 195 patients, 79 patients received RVP and 116 patients received
LBBP. In the RVP group, 13 patients (16% of the group) had ventricular
conduction disorders, including LBBB and RBBB. In the LBBP group, the
corresponding number was 25 patients (22%).

The protocol for implanting the left bundle electrode in the His bundle pac-
ing region has been previously described at [1, 75, 166]. A brief explanation
of this protocol is given in the following paragraph.

A 3D electroanatomical mapping system (Carto3; Biosense Webster Inc.)
was used to identify the different regions. The electrophysiologist accessed

the venous system through a left axillary puncture and introduced the wire,
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positioning it in the inferior vena cava. Through this access, a deflectable
decapolar navigation catheter (Decanav; Biosense Webster) was introduced
to generate a 3D electroanatomical map of the right atrium and ventricle.
After completion of the right ventricular map, the decapolar catheter was
advanced to find His potential and find a paced QRS morphology with a
“W” pattern in lead V1, with a notch at the nadir of the QRS. The preformed
sheath (Medtronic C315) was advanced over a guidewire and the pacing
lead (SelectSecure 3830; Medtronic) was guided along the sheath to the
right ventricle to reach the septum. The penetration of the electrode into the
septum was continuously monitored through changes in ECG, intracavitary
electrograms, and impedance values. [334]

5-minute ECG recordings were obtained at a sampling rate of 1,000 Hz
during sinus rhythm prior to pacemaker implantation (called baseline or BL)
and just after the end of the intervention (DO recordings). The following day
(D1) another ECG recording was acquired to evaluate changes in ventricular
response after 24 hours of pacing. Furthermore, ECG signals were recorded
one year after pacemaker implantation (Y1 recordings) to assess the long-term
effects of pacing. D1 and Y1 recordings were 10 minutes long and were
acquired at a sampling rate of 1,000 Hz using Mortara Instrument (Milwaukee,
WI) H-12 Holter recorders. Within the group of patients who received LBBP,
76 patients had a QRS duration greater than 120 ms, while the remaining 40
had QRS complexes with a duration equal to or less than 120 ms. Among
patients who underwent RVP, 47 had a wide QRS complex (greater than 120
ms), while 32 had a narrow QRS complex (<120 ms). Figure 5.1 illustrates a

schematic timeline of ECG acquisition.

5.3 Methods

5.3.1 ECG preprocessing

12-lead ECG signals were preprocessed by high-pass filtering to remove
baseline wander. To detect and remove the pacing spikes, the semi-automated
algorithm described in Chapter 4 was used. In short, the algorithm was applied
twice. The first time, the threshold values were set to O, = 301V /ms and
Otend = —30uV /ms. The second time, the values were @, = 2001V /ms and
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Day 1 Year 1

Day 0 Time
Baseline,

Figure 5.1 The first two ECG recordings are taken before and immediately
after cardiac pacemaker implantation, BL and DO, respectively. The following
day, D1, a post-implant ECG recording is obtained. After one year, an ECG
recording is acquired (Y1).

Oend = —200uV /ms. These values were selected to remove pacing spikes
of different amplitudes. Figure 5.2 shows an example of a beat in which the
pacing spikes were removed according to the described steps.

Signal with and without spike

—Raw signal
—Processed signal

2 . . )
60 60.2 604 606 60.8 61
Time (s)

Figure 5.2 ECG beat with a spike, in blue before and in red after applying the
algorithm for pacing spike removal.

After spike removal, a 50 Hz notch filter was applied to remove powerline
interference, followed by a 40 Hz low-pass filter to remove high-frequency
electrical and muscle noise components. QRS complexes were detected and
ECG waves were delineated using a wavelet-based algorithm [242]. For each
patient and stage (BL, DO, D1 and Y1), a median beat was calculated using
the algorithm described in Chapter 4. All ECG markers were calculated from
this median beat.
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5.3.2 Depolarization markers

The duration of the QRS complex (QRSy) was measured for each median
beat as the time between the onset and the end of the QRS complex using
the associated marks and a post-processing selection rule on all single-lead
locations [242], as described in Chapter 4.

The area of the QRS complex was first evaluated on each of the orthog-
onal leads X, Y, and Z calculated from the Kors-derived vectorcardiogram
(VCQG) [235]. Specifically, in each orthogonal lead X, Y, and Z, the area was
calculated as the integral between the absolute value of the QRS complex in
that lead and the baseline in the time interval from the onset to the end of the

QRS complex. QRS4 was subsequently evaluated according to the formula:

QRS, = \/ QRSZyx +QRSZy +QRSZ,. (5.1)

Furthermore, as described in the previous chapter, the local AT was
calculated to later derive measurements of electrical dyssychrony. ATs of
individual leads were obtained as the difference in time between the time
corresponding to the center of mass of the QRS complex in the representative
median beat and the time corresponding to the multilead QRS onset. An
example is shown in figure 5.3, with the AT computed from O (time of QRS
onset) to the red point (time of QRS center of mass). The median AT computed
from the ATs of all precordial leads was associated with each ECG recording.
The dispersion of activation times, dAT, was defined as the difference between
the last and first AT values on the six precordial leads (V1-V6). In addition,
the temporal dispersion of ATs restricted to the precordial leads corresponding
to the left ventricle (V4-V6), called dAT4_g, was calculated.

5.3.3 Repolarization markers

The QT interval was calculated as the time between the onset of the QRS
complex and the end of the T wave, indicating the time comprising ventricular
depolarization and repolarization. This interval was corrected for changes
in heart rate, QT., using the optimal formula associated with the QT/RR
relationship, as fully described in Chapter 4. In short, to identify the regression
model that best fitted the QT/RR relationship, a set of functions, including
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linear, hyperbolic, parabolic, logarithmic, shifted logarithmic, exponential,
arcus tangent, hyperbolic tangent, arcus hyperbolic sine, and arcus hyperbolic
cosine, were tested. The model leading to the lowest regression residuum was
the one chosen to perform the QT correction following the method described
in [324].

Local RT was determined, for each lead, as the time associated with the
center of mass of the T wave in the representative median beat (see Chapter 4
for more information), measured from the time corresponding to the multilead
QRS onset. Figure 5.3 shows an ECG beat, with RT calculated from O (time
of QRS onset) to the green point (time of center of mass of the T wave). A
single RT for each recording was calculated from each ECG recording as the
median values of local RTs in all precordial leads (RT). The dispersion of RT,
denoted as dRT, was calculated as the difference between the maximum and
minimum RT values in the 6 precordial leads V1-V6. The dispersion of RT
within the left ventricle, dRT4_g, was calculated from the precordial leads
V4-V6, denoted dAT4_g.

Note that in this study, unlike the study in previous chapter, the signs of
dAT and dRT were not taken into account but only the absolute value of the
differences was considered.

5 Activation and repolarization time

Time (s)

Figure 5.3 ECG beat for one lead with identified time points used to compute
local AT (red) and local RT (green), using the QRS onset mark as temporal
reference.
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The area of the T wave (T,) was calculated from the Kors VCG in a way

analogous to that described for the QRS complex:

T, = \/Tix +T2y+T2, (5.2)

where T, x, Tay and T, 7 denote the areas of the T wave in leads X, Y, and Z.
From the preprocessed signal and using the method described in Chapter
3, PRD was calculated. In short, the methodology for the calculation was

based on the following steps:

1. T waves were selected using the T-wave windows defined in Chapter
3. The criteria based on the QRS fiducial point and the RR inter-
val were as follows. For each beat i, the onset of the T-wave win-
dow, denoted Ty, was set at 90 ms after the fiducial mark QRS;:
Ton, = QRS; +90ms. The end of the T-wave window, denoted Teyq;,
was defined as Tepg, = QRS; + min(360 ms, %RRi) for RR; below 720
ms and Tepg, = QRS; 4-360 ms, in other cases.

2. A constant value was subtracted from each T wave so that the amplitude

at Tepg was set to 0 mV.

3. The average electrical vector was calculated for each T-wave window
and the angle dT° between two consecutive T-wave windows was

calculated by the dot product of the corresponding average vectors.

4. A median filtering was applied to attenuate outliers and artifacts in the

dT® time series.

For the obtained dT° time series, a method based on PRSA [36] was
applied to evaluate the oscillations measured by the PRD index [341]:

5. Anchor points were defined by comparing averages of M values of the
dT* series previous and posterior to the anchor point candidate x;. A

point x; was considered an anchor point if:

1 M-1 1 M
M FZO Xi+j > MJ_Z]Xi_j (5.3)
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The value for M=9, as already done in Chapter 4, was established
because it allows the detection of frequencies in the range of interest
(from 0.025 to 0.1 Hz).

6. Windows were defined around each anchor point. Anchor points in the
last L samples of the dT° series were discarded.

7. The PRSA series was obtained by averaging the dT° values in all

windows contained in each 5-minute recording.

The PRD index was defined as the difference between the maximum and

minimum values of the PRSA series.

5.3.4 Statistical analysis

Continuous variables were expressed as median (and IQR). The Mann—Whitney
U test (Wilcoxon rank-sum test) and Wilcoxon signed-rank test were used to
compare continuous variables for different stimulation techniques and differ-
ent time points with respect to pacemaker implantation. A p-value below 0.05
was considered statistically significant. Signal processing and subsequent
analysis were performed with software written in MATLAB R2020a (9.8).

5.4 Results

5.4.1 Depolarization markers

The following results are presented separately for two subpopulations defined
according to the baseline value of QRSy: patients with a wide baseline QRS
complex (>120 ms) and patients with a narrow baseline QRS (<120 ms).

The ECG markers of ventricular depolarization for the LBBP and RVP
groups at each time point BL, DO, D1 and Y1 are shown in Tables 5.2 and
5.3 for patients with narrow and wide QRS complexes, respectively.

The baseline values of the analyzed ECG depolarization markers did not
show significant differences between the two pacing techniques in BL, and
this was applicable to both the group of patients with narrow QRS complexes
and the group of patients with wide QRS complexes.
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LBBP RVP
(Narrow QRS) | (Narrow QRS) p-value

QRSy | BL | 106.0(13.0) 101.0 (15.1) NS
(ms) DO | 139.0 (30.5)* | 156.0 (22.5)* | 7.7x 1073

D1 | 114.5(28.0)* | 145.0(24.8)* | 3.7x 107

Y1 | 119.0(25.8)° | 140.0 (18.0)* | 1.5x 1073
QRS, |BL | 40.4(18.6) 40.3 (14.3) NS
(uVs) | DO | 51.5(28.6)* 779 (44.1)* | 1.7x 1074

D1 | 54.2(36.1)* 97.9 (45.3)* | 3.6x 107

Y1 | 41.9(224) 93.6 (59.8) | 1.7x1073
AT BL | 56.0(14.0) 49.0 (16.5) NS
(ms) DO | 67.0(27.4)* 82.0 (14.0)* | 6.4x 1073

D1 | 62.3(19.3)* 745 (10.9)* | 1.2x1073

Y1 | 59.0(12.3)* 72.58.00° | 3.6x1073
dAT BL 11.0 (5.4) 12.0 (6.4) NS
(ms) DO | 17.0(9.3)* 15.0 (13.0) NS

D1 16.5 (8.5)* 17.0 (10.0)* NS

Y1 18.0 (7.8)* 16.0 (4.8) NS
dATs_¢ | BL 7.0 (7.5) 7.0 (7.0) NS
(ms) DO 10.0 (8.0)* 6.3 (8.0) 6.6 x 1073

D1 8.0 (7.5)* 9.5(9.0) NS

Y1 7.0 (9.8) 10.0 (7.3) NS

Table 5.2 ECG depolarization markers measured at BL. DO, D1 and Y1 in
patients with narrow QRS, separated in two groups according to whether they
received LBBP or RVP. Data are represented as median (interquartile range).
LBBP, left bundle branch pacing; RVP, right ventricular pacing; QRSq4, QRS
duration; QRS,, QRS area; AT, median activation time over leads; dAT, AT
dispersion in all precordial leads; dAT4_¢, AT dispersion in leads V4-V6.
*p-value < 0.05 with respect to BL.

In patients without ventricular conduction disorders who had narrow QRS
complexes at baseline, significant differences were observed between patients
undergoing LBBP and RVP for most of the ECG depolarization markers and
most time points, as shown in Table 5.2. Specifically for QRS4 and QRS,,
patients receiving LBBP showed transient increases in the values of these
markers in DO and D1, which one year after pacemaker implantation returned

to values closer to those measured in BL. However, patients receiving RVP
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LBBP RVP
(Wide QRS) | (Wide QRS) p-value

QRSy | BL | 159.0(28.3) | 156.0(25.3) NS
(ms) DO | 149.0 (33.5) | 165.0 (27.0)* | 2.5x 1073

D1 | 134.0 (25.8)* | 156.0(28.8) | 8.3 x 1077

Y1 | 132.0 (26.0)* | 150.5 (34.5) 0.036
QRS, |BL | 58.0(357) | 47.1(47.7) NS
(uVs) | DO | 57.0(23.9) | 81.7(46.0)* | 4.9x 107>

D1 | 61.7(28.7) | 93.3(68.9)* | 44x10°

Y1 | 55.4(409) | 859 (71.2)* | 3.2x1073
AT BL | 82.0(18.5) | 79.0(17.5) NS
(ms) DO | 84.0(26.8) | 87.8(19.3)* NS

D1 | 74.0(19.4)* | 79.0(16.4) 0.015

Y1 | 70.5(17.5* | 76.8(11.8) NS
dAT BL | 26.0(15.8) | 24.0(17.0) NS
(ms) DO | 24.0(10.0) | 19.0(12.0)* | 1.3x 1073

D1 | 22.0(10.0)* | 20.0(9.8)* NS

Y1 | 19.0 (12.0* | 17.0 (13.0)* NS
dAT4_¢ | BL | 12.0(13.0) 12.0 (13.5) NS
(ms) DO | 12.0(10.0) 5.0(10.0)* | 3.4x1073

D1 | 9.0(10.8)* 12.0 (8.5) NS

Y1 | 10.0(6.0) 12.0 (8.0) NS

Table 5.3 ECG depolarization markers measured at BL DO, D1 and Y1 in
patients with wide QRS, separated in two groups according to whether they
received LBBP or RVP. Data are represented as median (interquartile range).
LBBP, left bundle branch pacing; RVP, right ventricular pacing; QRS4, QRS
duration; QRS,, QRS area; AT, median activation time over leads; dAT, AT
dispersion in all precordial leads; dAT4_¢, AT dispersion in leads V4-V6.
*p-value < 0.05 with respect to BL.

presented increased values in DO, D1, and Y1 with respect to BL. The values
of QRS4 and QRS, were significantly higher in the RVP group than in the
LBBP group at the three time points DO, D1 and Y1.

As expected, the median AT was significantly higher for patients receiving
RVP. This was observed at DO, D1, and Y1. Similarly to QRS4 and QRS,, the
median AT transiently increased at DO and D1 and subsequently decreased

at Y1 in the LBBB group, reaching values close to those of BL. Although a
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similar trend was observed for RVP, AT values were almost 50% higher in
Y1 than in BL in this pacing group. When analyzing the spatial dispersion
dAT across all precordial leads, since this was based on the times of left and
right ventricular activation, no significant differences were observed between
RVP and LBBP at any of the time points DO, D1, and Y1. When analyzing
the spatial dispersion dAT4_¢ across the precordial leads overlooking the
left ventricle, LBBP led to recovery of BL values in Y1, while RVP was
associated with slightly higher values in Y1, even if the differences between
the two groups were not significant.

In patients with ventricular conduction disorders who had wide QRS
complexes at baseline, significant differences were also observed between the
LBBP and RVP groups, as shown in Table 5.3. In the LBBP group, QRSy4
progressively decreased at DO, D1 and Y1, but in the RVP group, QRSq4
increased transiently and subsequently decreased. The values of QRSy were
consistently higher for RVP than for LBBP at all the time points evaluated
afterpacemakerimplantatiotWhenanalyzingthearearatherthanthedura-
tion of the QRS complex, significantly higher values of QRS, were found for
RVP compared to LBBP at DO, D1, and Y1. After one year of pacing, QRS,
returned to the BL values when applying physiological pacing, but not when
applying conventional pacing.

The median AT calculated for the subgroup of patients with wide QRS
complexes revealed a trend of increased values in the RVP group, even if
significant differences between LBBP and RVP were only identified in D1.
In terms of AT spatial dispersion, no statistically significant differences were
found for dAT or dAT4_¢ between the LBBP and RVP groups, except when
analyzed at time D0. At time points D1 and Y1, the median values of dAT,_¢
were slightly higher for RVP than for LBBP, but no statistical significance
was reached.

To better illustrate the changes between RVP and LBBP at the different
time points, AX, where X is the index analyzed, was calculated as the differ-
ence between the value at a time point after pacemaker implantation (DO, D1,
Y1) minus the respective value at BL. Figure 5.4 shows the values of AQRS,
for patients with narrow (left) and wide (right) QRS complexes. As can be
seen in the figure, patients undergoing RVP exhibited significant increases
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in QRS, compared to BL, and these increases were significantly higher than

those observed in patients undergoing LBBP.

The behavior observed for AdAT,_¢ is shown in Figure 5.5. For patients
with narrow and wide QRS complexes, a significant increase in dAT4_¢ with
respect to BL was observed in the RVP group at time DO and in the LBBP

group at time Y1.
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Figure 5.4 Boxplots of AQRS, for patients with narrow (left panel) and wide
(right panel) QRS complexes. Results for the LBBP group are shown in blue
and for the RVP group in red. *p<0.05 for differences at DO, D1 or Y1 with
respect to BL, °p<0.05 for differences between LBBP and RVP.
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Figure 5.5 Boxplots of AdAT,_¢ for patients with narrow (left panel) and
wide (right panel) QRS complexes. Results for the LBBP group are shown in
blue and for the RVP group in red. *p<0.05 for differences at DO, D1 or Y1
with respect to BL, “p<0.05 for differences between LBBP and RVP.

5.4.2 Repolarization markers

The ECG markers of ventricular repolarization for the LBBP and RVP groups
at each time point BL, DO, D1, and Y1 are shown in Tables 5.4 and 5.5 for

patients with narrow and wide QRS complexes, respectively.
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LBBP RVP
(Narrow QRS) | (Narrow QRS) p-value
QT BL 407 (123) 442 (71.0) NS
(ms) DO 411 (49.0) 451 (42.5) 0.011
D1 400 (30.8) 417 (47.0) 0.033
Y1 425 (47.0) 421 (26.0) NS
QT, BL 436 (48.7) 453 (68.9) NS
(ms) DO 445 (32.6) 468 (34.8) 0.022
D1 429 (28.1) 446 (29.4) 0.043
Y1 441 (25.3) 438 (32.5) NS
RT BL 313 (101.6) 331 (70.3) NS
(ms) DO 296 (54.6) 318 (34.5) 0.015
D1 294 (32.8) 304 (42.3)* NS
Y1 310 (49.6) 307 (15.1)* NS
dRT BL 45.0 (21.0) 41.0 (23.8) NS
(ms) DO 39.0 (23.0) 38.3 (26.0) NS
D1 43.5 (26.0) 40.5 (22.0) NS
Y1 45.0 (17.0) 41.0 (20.3) NS
dRT4 ¢ BL 25.0 (27.0) 18.0 (28.5) NS
(ms) DO 20.0 (17.5) 12.0 (16.0) NS
D1 22.5 (23.0) 25.5(27.0) NS
Y1 19.0 (25.3) 31.0 (18.5) NS
Ta BL 23.1 (22.8) 37.3(29.3) 0.043
(1Vs) DO | 39.6 (45.8)* 92.8 (96.8)" | 4.4x 107
D1 53.5 (44.2)* 79.5 (69.1)* 1.2x1073
Y1 43.7 (41.3)* 64.2 (32.2)* 0.034
PRD BL 5.00 (3.86) 4.01 (3.13) NS
(degrees) | DO 3.95 (3.30) 2.44 (2.56)* NS
D1 4.06 (3.59) 2.68 (3.28) NS
Y1 3.94 (2.67) 3.79 (4.06) NS

Table 5.4 ECG repolarization markers measured at BL DO, D1 and Y1 in
patients with narrow QRS, separated in two groups according to whether
they received LBBP or RVP. Data are represented as median (interquartile
range). LBBP, left bundle branch pacing; RVP, right ventricular pacing; QT.,
corrected QT interval; RT, median repolarization time over leads; dRT, RT
dispersion in all precordial leads; dRT4_¢, RT dispersion in leads V4-V6; T,,
T-wave area; PRD, Periodic repolarization dynamics. *p-value < 0.05 with
respect to BL.
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LBBP RVP
(Wide QRS) | (Wide QRS) p-value

QT BL | 442(82.0) | 483(100.5) NS
(ms) DO | 444 (59.0) 453 (56.0) NS

D1 | 409 (45.5)* | 428 (51.0)* | 2.6 x 1073

Y1 | 415(61.0)° | 443 (60.0)* NS
QT, BL | 455 (50.5) 476 (67.8) 0.029
(ms) DO | 467 (44.9) 476 (42.2) NS

D1 | 440 (40.2)* | 459 (33.6)* | 1.3x 1073

Y1 | 440 (43.2)* | 458 (36.7) 0.010
RT BL | 326(75.2) 347 (79.0) NS
(ms) DO | 320(47.8) | 324 (32.5)" NS

D1 | 298 (42.8)" | 316 (39.9)* 0.013

Y1 | 311 (47.5)* | 318 (49.5)" NS
dRT BL | 47.0(29.8) | 48.5(27.0) NS
(ms) DO | 40.0 (24.0) | 37.8 (23.5)* NS

D1 | 43.0(23.8) | 42.0(30.0) NS

Y1 | 40.0(22.0) | 45.0(25.0) NS
dRT4_¢ | BL | 21.0(26.0) | 28.0(28.0) NS
(ms) DO | 20.0(16.8) | 10.5(14.0)* | 5.0 x 1073

D1 | 24.0(18.8) | 24.0(26.8) NS

Y1 | 16.5(16.0) | 25.0(29.0) NS
T, BL | 452(25.7) | 46.0(47.2) NS
(UVs) DO | 57.7 (28.2)* | 91.2(118.7)* | 1.0x 1073

D1 | 47.5(30.3) | 81.0(83.7)* | 1.8 x 1077

Y1 | 37.7(23.8) | 74.8 (69.1) 0.043
PRD BL | 3.97(3.82) | 3.50(2.36) NS
(degrees) | DO | 2.66 (3.59)* | 1.79 (1.79)* | 8.0 x 10~*

D1 | 2.64 (2.88)" | 1.79 (2.27)* | 9.0x 10~

Y1 | 3.60(3.72) | 1.92(2.62) 0.018

Table 5.5 ECG repolarization markers measured at BL. DO, D1 and Y1 in
patients with wide QRS, separated in two groups according to whether they
received LBBP or RVP. Data are represented as median (interquartile range).
LBBP, left bundle branch pacing; RVP, right ventricular pacing; QT., cor-
rected QT interval; RT, median repolarization time over leads; dRT, RT
dispersion in all precordial leads; dRT4_¢, RT dispersion in leads V4-V6; T,,
T-wave area; PRD, Periodic repolarization dynamics. *p-value < 0.05 with

respect to BL.
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The baseline values of the analyzed ECG repolarization markers did
not show any significant differences between the two pacing techniques in
BL, and this was applicable to both the group of patients with narrow QRS
complexes and the group of patients with wide QRS complexes. The only
exceptions were QT and T,, which showed higher BL values for RVP than
for LBBP in patients with wide and narrow QRS complexes, respectively.

In patients with narrow QRS complexes in BL, significantly higher QT
and QT, interval values were found in DO and D1, whereas the values of these
two markers returned to their BL values after one year of pacing.

The median RT was significantly higher for patients receiving RVP than
for patients receiving LBBP in DO, but not in D1 and Y1. When analyzing
the spatial dispersion dRT in all precordial leads and dRT,_¢ in the precordial
leads overlooking the left ventricle, no significant differences were observed
between RVP and LBBP at any of the time points DO, D1, and Y1. For
dRT4_¢, LBBP led to the recovery of BL values in Y1 whereas RVP was
associated with higher values after one year of pacemaker implantation,
although the differences between the two groups were not significant.

Regarding the T-wave area, T, it was found to be significantly different
between the two techniques at all time points DO, D1, and Y 1. Statistically
significantly higher T, values were found for RVP, with differences indicating
areas more than double in RVP than in LBBP. PRD did not show relevant
differences between the two pacing groups. RVP led to a transient decrease
in DO, which was no longer maintained in D1 or Y1.

In patients with wide QRS complexes in BL, the interval values of QT
and QT. were higher in RVP than in LBBP, reaching statistical significance
in D1 and/or Y1. RT, dRT and dRT4_¢ only showed relevant differences at
specific time points, with RT higher in the RVP group at time point D1 and
dRT,4_¢ higher in the LBBP group at time point DO. T, was remarkably higher
after conventional pacing than after physiological pacing, with consistent
differences between the two pacing groups at all time points DO, D1, and Y1.
In contrast, PRD was significantly lower following RVP compared to LBBP
at the same three time points.

Similarly to ventricular depolarization analysis, AX was calculated for

each X repolarization index as the difference between the value at a time point
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after pacemaker implantation (DO, D1, Y1) minus the respective value at BL.
Figure 5.6 illustrates the results for AT,. In patients with narrow and wide
QRS complexes, AT, values took statistically significantly higher values of
T-wave area in the RVP group than in the LBBP group in DO and D1. The
differences in Y1 were not significant when calculated only for the patients
who had acquired ECG recordings in BL, DO, D1, and Y1, who were the ones
selected to be represented in the figure.

Figure 5.7 illustrates the results for AART4_¢. No significant differences
in dRT4_¢ were found with respect to BL, except in DO for patients with wide
QRS complexes undergoing RVP.
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Figure 5.6 Boxplots of AT, for patients with narrow (left panel) and wide
(right panel) QRS complexes. Results for the LBBP group are shown in blue
and for the RVP group in red. *p<0.05 for differences at DO, D1 or Y1 with
respect to BL, °p<0.05 for differences between LBBP and RVP.
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Figure 5.7 Boxplots of AdRT,_¢ for patients with narrow (left panel) and
wide (right panel) QRS complexes. Results for the LBBP group are shown in
blue and for the RVP group in red. *p<0.05 for differences at DO, D1 or Y1
with respect to BL, “p<0.05 for differences between LBBP and RVP.



130 Chapter 5. Conventional vs physiological cardiac pacings

5.5 Discussion

This study assesses electrophysiological changes induced by two types of
cardiac pacing techniques, LBBP and RVP, by characterization of various
markers of ventricular depolarization and repolarization. The results of this
study indicate that there are significant differences in ventricular electrical

activity between patients who underwent RVP and LBBP.

5.6 Analysis of ventricular depolarization

In general, our results on the effects of pacing on ventricular activation are in
agreement with previous studies investigating conventional and physiological
pacing techniques.

The marker QRS reflects the duration of ventricular depolarization and
is negatively related to cardiac function [238, 382]. In this study, QRSq4
increases after LBBP in patients with narrow QRS complexes, which is
explained by stimulation of only the LBB of the conduction system, and
notably decreases in patients with wide QRS complexes, which is indicative
of improved electrical synchrony. In contrast, RVP more notably prolongs
the QRS complex in patients with narrow QRS complexes and leads to wider
paced QRS complexes in patients with already wide QRS complexes in BL.

In studies investigating pacemaker-indicated patients with normal cardiac
function, LBBP has been reported to lead to significantly shorter paced QRS
complexes than those observed with right ventricular septal pacing [165].
The capture of the LBB led to the achievement of favorable electrical and
mechanical synchrony of the LV. Patients with LBBP with LBB potential had
a shorter left ventricular activation time compared to patients without LBB
potential. This result suggests that pacing the septum without engaging the
His-Purkinje system may result in a relatively delayed activation of the LV
free wall. Improved electrical synchrony and mechanical LV synchrony were
reported in patients with LBB potential compared to those without it.

Our results are consistent with those reported in previous work [75, 389,
443, 451]. Differences in the paced QRS complex associated with conven-

tional and physiological pacing techniques were also found in a pediatric
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population (less than 7 years) in [212]. In a follow-up study with 12 children
[438], QRS4 was found to be similar at implantation and months later when
the children underwent LBBP but not when they underwent RVP. The feasi-
bility and safety of LBBP have been analyzed in other populations, including
elderly patients (more than 75 years) with an indication for cardiac resyn-
chronization therapy (CRT) [146], and the results have shown that the LBBP
technique induced synchronous ventricular activation measured by QRSg.

In a systematic review [373], the feasibility and safety of LBBP and HBP
were assessed in patients with prosthetic heart valves. The results indicated
that patients who underwent LBBP had paced QRSq values similar to those
undergoing HBP, and a significantly higher success rate. High success rates
were also found when LBBP was applied to patients with atrioventricular
conduction disease [336] or patients with third-degree atrioventricular block
[443].

The improved electrical synchrony associated with LBBP compared to
RVP is corroborated in our study by the analysis of AT and the spatial disper-
sion of AT in all precordial leads and in precordial leads overlooking the LV.
Patients who underwent LBBP generally showed lower values of AT and their
dispersion, particularly when focusing on the V4-V6 leads. Previous work
in the literature has shown the benefits of a reduction in AT in populations
different from the one investigated here [314].

This study investigated other ECG depolarization markers derived from
the VCG, such as the QRS area, which have been suggested to provide greater
accuracy than QRSy in predicting responses to various pacing techniques
[225]. Furthermore, they can be measured with reduced variability compared
to QRSy [409] due to the temporal uncertainty in precisely determining
the beginning and end of the QRS complex, which, however, minimally
contributes to the area calculation [115, 313]. The marker QRS, serves as a
representation of dyssynchronous electrical activation, where a larger QRS,
corresponds to more delayed activation of the posterolateral wall of the LV,
independent of QRS morphology [228]. Our results indicate an increase
in QRS; immediately after pacemaker implantation and after 24 hours for
the two pacing techniques in patients with wide and narrow QRS, but the
values of QRS, are significantly higher in the RVP group than in the LBBP
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group. Importantly, there is a recovery to the original values in patients
undergoing LBBP, but not in patients undergoing RVP. These results point to
an improved electrical synchrony with LBBP, which could be indicative of a
better prognosis based on previous literature reports. In fact, a reduction in
QRS, has been explored as an independent predictor of survival and reverse
cardiac remodeling [138, 239].

5.7 Analysis of ventricular repolarization

Prolongation of the QT interval is a recognized risk factor for the development
of ventricular arrhythmias [368] and its measurement allows estimation of the
associated risk for different types of cardiac stimulation. Here, QT was found
to be significantly higher after RVP than after LBBP. The results obtained
the day after pacemaker implantation are comparable to those reported in
previous studies [431], where significant differences in QT and QT, intervals
were described between RVP, septal area pacing, and LBBP 48 hours after
implantation. Importantly, our study performed after one year of pace finding
significant differences in QT. between conventional and physiological pacing
techniques in the long term.

To date, not many studies have calculated RT from the surface ECG,
although it has been studied along with ventricular AT in electrograms in
canine hearts [288] and human hearts [154]. Furthermore, few studies have
assessed the changes in RT that occur in patients subjected to different types of
cardiac stimulation. In the previous chapter, conducted in patients with narrow
QRS and indication of pacemakers (Short-term evaluation of ECG ventricular
depolarization and repolarization response to conventional and physiological
pacing), ECG records acquired at time DO (immediately after pacemaker
implantation) showed that LBBP was associated with RT values similar to
those at baseline. This behavior was not observed with RVP recordings.
The results of the present study indicate that RT after one year of pacing is
similar between both types of stimulation (LBBP and RVP) and preserved
with respect to BL in patients with narrow QRS but reduced in patients with
wide QRS. Similar observations apply to dRT and dRT4_¢. Previous studies

in the literature have shown that dispersion of repolarization times has clinical
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value. Patients at high risk of cardiomyopathy, such as those with moderate
or severe left ventricular dysfunction, show an increase in the heterogeneity
of ventricular RT [388].

Another ECG marker that we analyzed in the present study is T,. Our
results indicate that RVP subjects have higher T, values immediately after
and the day after pacemaker implantation, that is, DO and D1, compared to
LBBP subjects. After one year, Y1, the values of T, are similar or lower than
in BL only for LBBP but not for RVP in patients with wide QRS complexes.
The value of T, to assess the response to pacing has been tested in previous
work. In [115], baseline T, was found to predict the response to CRT, in
terms of LVEF, in patients with heart failure and LBBB. In [428], a larger
baseline T, was proposed to improve the selection of patients most likely
to benefit from CRT. Other studies suggested using T, together with QRS,
to improve clinical outcome defined as a combination of all-cause mortality,
heart transplantation, and left ventricular assist device implantation[110].

To complete the repolarization analysis, in the present study, we inves-
tigated changes in PRD in response to pacing. No significant differences
are found between narrow QRS patients who underwent LBBP and RVP.
However, patients with wide QRS show that RVP is associated with lower
PRD values compared to LBBP. Future work should further evaluate PRD
and identify the causes of the lower values in RVP versus LBBP. Since PRD
has been shown to be a strong predictor of mortality in different patient pop-
ulations, it is of great interest to understand the mechanisms underlying the
pacing-induced changes, with a separate analysis of patients with different
conduction disorders, such as LBBB and RBBB [343, 340, 34, 35, 48].

Based on our characterization of ventricular depolarization and repolar-
ization on the ECG immediately after pacemaker implantation up to one
year after it, the advantages of LBBBP over RVP are clear. Although some
studies [452, 455] indicate that LBBP requires more procedural time or more
sophisticated instruments than RVP or LVSP, it activates the LV earlier, causes
less mechanical dyssynchrony of the LV [237] and leads to a lower dispersion
of electrical activation and repolarization of the ventricles, as supported by
our findings. This, taken together with the fact that it overcomes some of

the shortcomings associated with HBP, represents an advantage over conven-
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tionally used pacing methods. Our results are in line with other studies that
report positive clinical outcomes after one year of LBBP [148, 252, 375, 417],
including a reduction in hospitalization related to HF compared to conven-
tional techniques [105]. The current work contributes additional supporting

evidence for the long-term efficacy of this technique.

5.8 Study limitations

The analysis was performed on data collected from a large single-center
prospective study and did not include information on the clinical follow-up of
the patients, including the incidence of subacute and chronic complications.
In addition, the complete list of medications prior to the procedure was not
included in the interpretation of the results.

Our findings must be confirmed in extensive multicenter trials with clinical
follow-up and randomized studies with large ECG data to generalize the
findings and confirm the potential clinical benefits of LBBP.

5.9 Conclusions

Patients who undergo LBBP show improved electrical synchrony in ventricu-
lar depolarization and repolarization compared to patients who undergo RVP,
particularly in the long term (after a year of pacing). This is supported by
the analysis of standard ECG indices of ventricular activation, such as QRSq4
and QRS,, but also by other proposed indices quantifying AT and its spatial
dispersion. Regarding ventricular repolarization, our findings are based on
ECG markers such as QT and QT. intervals and QRS, as well as other novel
ECG characteristics such as RT, its spatial dispersion and PRD, which have

not been fully explored for the analysis of pacing effects.



The future will be determined in part by happenings that
it is impossible to foresee; it will also be influenced by

trends that are now existent and observable.

Emily Greene Balch

Conclusions and future work

6.1 Summary and main conclusions

The main objectives of this thesis were to identify ECG-derived markers to
quantify ventricular repolarization in populations with cardiac pathologies or
under conditions that affect the cardiovascular system and to investigate the
effects of cardiac pacing on ventricular electrical dyssynchrony. To achieve
these objectives, robust algorithms have been developed and implemented to
measure variations in the oscillations of the T wave of the surface ECG. In
addition, several novel markers have been proposed to describe the spatial
dispersion of ventricular activation and repolarization in response to different

forms of pacing.

6.1.1 Changes in PRD due to simulated microgravity

A robust method was developed for the calculation of PRD, a marker related to
the magnitude of low-frequency oscillations in the angle between consecutive

T waves in response to sympathetic activity. PRD was computed using two
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techniques that were developed based on the original definition of PRD [343].
One of these techniques works with the CWT, and the other technique uses
the PRSA method.

For the delineation of T waves from ECG recordings, algorithms de-
veloped by our research group and validated in previous studies were used.
Robust delineation marks for the onset and end of each T wave were obtained
by comparing the marks of each beat with those of contiguous beats to im-
prove the delineation accuracy. In addition, to ensure that changes in the
T-wave duration did not influence the angle measurements, the same time
window was used to calculate the angle between consecutive beats.

In Chapter 2, the two techniques implemented for PRD calculation were
applied on ECG recordings of healthy volunteers who underwent a long-
term (60 days) period of simulated microgravity using a ground-based model
known as HDBR. Furthermore, as part of a broader study on the effects
of long-time exposure to microgravity on the human body, some subjects
were subjected to specific countermeasures, either physical or nutritional, to
counteract the harmful effects of microgravity, while others remained in the
control group with no countermeasures applied. All volunteers underwent a
tilt-table test two days before and immediately after the end of the HDBR
procedure. The purpose of this test was to provoke sympathetic activation
and observe the changes of the body in response to it.

When testing the similarities between the two techniques for the PRD
calculation, these were found to be highly correlated, which was indicative of
their ability to compute PRD and quantify the low-frequency oscillations of
ventricular repolarization. Since the PRSA technique had lower computational
costs and its use could be preferable in devices with limited computational
resources, depending on the final application, this technique was selected for
subsequent studies.

PRD values were found to increase after HDBR and also after TTT, with
the latter supporting the fact that PRD is influenced by sympathetic activation.
Considering the effects of microgravity on the ECG, this thesis validates that
simulated microgravity induces an increase in sympathetic activation that is
reflected in an increased magnitude of the repolarization oscillations, which

cannot be explained by HRV changes.
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The exercise-based countermeasure was found to be capable of partially
counteracting the negative effects of microgravity on the T wave, whereas the

dietary countermeasure was not.

6.1.2 Prediction of sudden cardiac death and pump failure death
by PRD

In Chapter 3, the capacity of PRD to predict the risk of SCD and PFD in
patients with CHF was tested. 20-minute ECG signals recorded in the supine
position were processed and PRD was measured using the PRSA technique
described in Chapter 2.

Methodologically, the noise level of each ECG recording was measured
using the root mean square. Based on this information, T waves with an
associated noise level higher than a threshold were excluded. In addition,
as in Chapter 2, the same definition of the time window used to calculate
the angle between consecutive T waves was applied. This updated method
increases the robustness of the PRD calculation.

An increase in PRD values was associated with a higher risk of suffering
from SCD in patients with CHF. Since access to long-duration signals (> 10
minutes) was also available, ECG markers from short and long recordings
were tested. When PRD was combined with another Holter-based ECG
marker, the IAA, the PRD capacity to stratify the risk of SCD was found
to increase. The combination of PRD and the TS, increased the ability to
identify CHF patients with a higher risk of PFD.

6.1.3 Electrical dyssynchrony related to cardiac pacing tech-
niques

Electrical dyssynchrony is a factor that can significantly increase mortality
in pacemaker patients, as it compromises the mechanical efficiency of blood
pumping and can lead to the development of pacing-induced cardiomyopathy.
Chapters 4 and 5 of this thesis investigated the ventricular changes observed
after various cardiac pacing techniques, such as RVP, LVSP, LBBAP, and
HBP. Multiple ECG markers, including the duration of the QRS complex,
the areas of the QRS complex and the T wave, PRD, AT dispersion, and RT
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dispersion, were evaluated to assess which pacing technique offered better
performance in minimizing ventricular electrical dyssynchrony during both
short- and long-term follow-up periods.

By analyzing high-frequency (1,000 Hz) and ultra-high-frequency (5,000
Hz) ECG recordings from different populations, it was confirmed that physio-
logical pacing, which targets specific parts of the cardiac conduction system,
induces better electrical responses compared to conventional techniques,
which capture the right ventricular myocardium.

In terms of ventricular depolarization, HBP showed an electrical activa-
tion response comparable to that of spontaneous rhythm in patients without
any conduction disorder. LBBP and LVSP, although they had greater dif-
ferences with respect to spontaneous rhythm than HBP, were capable of
preserving synchrony in LV activation, with only delayed activation in the
RV. Conventional pacing on the RV led to high depolarization dyssynchrony,
as manifested by large dAT values. The benefits of physiological pacing
versus conventional pacing were maintained up to one year after pacemaker
implantation.

Regarding ventricular repolarization, this thesis confirmed previous ob-
servations on the large similarities between HBP and spontaneous rhythm in
patients without ventricular conduction disorders. LBBP, although different
from spontaneous rhythm in some global measurements of ventricular RT
dispersion, was confirmed to lead to high synchrony in LV repolarization. In
contrast, RVP was associated with high dyssynchrony in ventricular repolar-
ization, particularly in the LV. Our findings and the technical advantages of
LBBP compared to HBP suggest LBBP as a physiological pacing alternative
to HBP that overcomes the limitations of conventional RVP.

6.1.4 Clinical significance

ECG recordings can noninvasively provide information on electrical activa-
tion and recovery of the heart and its autonomic modulation. By measuring
periodic low-frequency dynamics of the T wave through the PRD index, it is
possible to quantify increases in sympathetic modulation of ventricular repo-
larization that can be indicative of increased arrhythmic risk when subjects

are exposed to microgravity for prolonged periods of time.
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In addition, PRD has been shown to be a strong risk stratification marker
in patients with CHF, which can be measured from short 20-minute ECG
recordings. Elevated PRD values are associated with a high risk of SCD,
and when combined with other Holter-derived markers, its ability to stratify
patients with CHF not only by the risk of SCD, but also by the risk of PFD, is
shown to be significantly improved.

Pacemakers are the standard treatment for patients with bradycardia. By
analyzing commonly used ECG markers and proposing new ones, this thesis
shows the benefits and limitations of conventional and physiological pacing
techniques in terms of dyssynchrony in ventricular activation and recovery.
Importantly, this thesis addresses the effects of pacing not only in the short
term (immediately after and one day after pacemaker implantation) but also
in the long term (one year after implantation), providing novel findings to
be considered when taking a clinical decision on the pacing technique to be

applied.

6.2 Future work

Based on the findings presented in this thesis, future research directions are

proposed in the following.

* The methodologies proposed for the PRD calculation should be vali-
dated in other study populations to assess its predictive value and the

reproducibility of the results.

* PRD calculation was performed by proposing modifications to two
methods previously described in the literature. Throughout most of this
thesis, the method with lower computational cost, based on PRSA, was
used, as it was able to track ventricular changes induced by sympathetic
activation in a similar way to the CWT method. Future studies could
derive an explicit formula to convert the values obtained with the two
calculation methods to facilitate comparisons between studies that use
either method for the PRD calculation.

* In the ECG signals of healthy volunteers exposed to artificial micro-

gravity, additional ECG markers of ventricular repolarization and au-
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tonomic activity could be evaluated to more thoroughly characterize
microgravity-induced changes in cardiac function and assess the effec-

tiveness of countermeasures.

* The prognostic value of the PRD index and other ECG-based markers

has been validated for SCD and PFD risk stratification using the MUSIC
database, which includes CHF patients. More studies incorporating
other endpoints and a larger number of patients with SCD and PFD
could be useful to confirm the findings of this thesis and validate the
clinical benefit of the individual and combined markers investigated in
this thesis.

* Although physiological pacing techniques, such as HBP and LBBAP,

have demonstrated benefits in reducing electrical dyssynchrony after
intervention compared to conventional RVP, the long-term impact of
these physiological pacing techniques requires a more comprehensive
analysis. The studies conducted in this thesis could be extended to
investigate longer follow-up periods and perform clinical characteri-
zations to include, among others, information on the development of
pacing-induced cardiomyopathy. In addition, those long-term studies
should include a larger and more representative number of ECG record-
ings of patients undergoing each of the stimulation modalities under

analysis.

Some of the signals analyzed in this work were recorded using ultra-
high-frequency sampling (5,000 Hz), which requires specific equipment
that is not easily accessible by many hospitals. Future studies could
assess the feasibility of obtaining similar information using widely
available ECG recorders that allow a sampling frequency of up to 1,000
Hz.
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