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Abstract

Interdisciplinary collaboration between physicians and engineers is now widespread in funda-
mental and clinical studies, due to the increasing complexity of the physiological problems tackled,
and the development of novel measurement devices and data analysis techniques. The present work
is a clear illustration of this fact. In the study that triggered it, elaborate experiments on an animal
model yielded large amounts of data perturbed by unavoidable interferences, and the phenomenon
of interest had an elusive nature. This thesis describes the physiological motivation for this study,
introduces the signal processing techniques developed to remove interferences and extract the pa-
rameters of interest, and proposes an interpretation of the results obtained. The present thesis is
aimed at providing new insights into the mechanisms promoting atrial fibrillation during rapid pac-
ing.

Atrial fibrillation is the most common arrhythmia in the developed world, affecting millions
of individuals. Atrial fibrillation initiates when triggers such as pulmonary vein tachycardias in-
teract with substrates. However, the exact nature of the electrophysiological substrates that favor
transition from runs of pulmonary veins tachycardia to persistent atrial fibrillation remains unclear.
Interestingly, repolarization alternans, a beat-to-beat alternation in action potential duration or am-
plitude, has been mechanistically implicated in transitions from rapid pacing to atrial fibrillation by
facilitating dispersion of atrial refractory periods. During rapid pacing, however, transitions from
1:1 to 2:1 atrial capture may supposedly antagonized the dispersion of repolarization driven by
repolarization alternans.

The ability of atrial unipolar depolarization and repolarization parameters (i.e. activation time
and repolarization alternans) to predict the imminence of atrial fibrillation initiation by rapid pacing
was evaluated at baseline (i.e. before any burst-pacing induced remodeling occurred). A chronic
free-behaving ovine pacing model was developed to study the interplay between atrial repolarization
alternans that may facilitate atrial fibrillation initiation during rapid pacing, and the onset of reduced
excitability that may cause atrial capture failure and prevent atrial fibrillation initiation.

We observed in human atria using monophasic action potential recordings transient decrease
in excitability (as exemplified by activation time prolongation) and capture failure that appeared to
quench repolarization alternans driven by rapid pacing. Using our ovine model of rapid pacing,
human observations were successfully reproduced, which allowed us to analyze repolarization al-
ternans and activation time kinetics until the first beat of capture failure. Prolongation of activation
time suggestive of decreased excitability and repolarization alternans preceded 90% of the transi-
tions from 1:1 to 2:1 atrial capture during rapid pacing. Notably, 2:1 atrial capture was imminent at
pacing cycle lengths <40 ms above effective refractory period. In the rare cases where capture fail-



ure did not occur, repolarization alternans preceded most episodes of non sustained atrial fibrillation,
suggesting that intermittent capture plays a protective role against repolarization alternans-induced
reentrant arrhythmias. Moreover, the dynamics of atrial repolarization alternans as a function of
pacing rate were studied in details. Repolarization alternans amplitude increased as a function of
pacing rates, but appeared intermittently without periodicity. This latter finding was suggestive of
the presence of nodes (i.e. sites separating islands in opposite phase) spanning the atrial surface.

In summary, since rapid atrial tachycardias may also slow propagation velocity, known to be
proarrhythmic, transitions to 2:1 atrial capture may protect against dispersion of repolarization and
atrial fibrillation. A better understanding of the mechanisms causing intermittent atrial capture may
allow treatments to be tailored for preventing atrial fibrillation induction at lower rates.

Keywords: atrial fibrillation, intracardiac unipolar electrograms, ventricular cancellation, in-
termittent atrial capture, decreased excitability, atrial repolarization alternans.
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Resumé

De nos jours, la complexité des problémes physiologiques, le développement de nouveaux outils
de mesure ainsi que les techniques d’analyse de données aménent & des collaborations interdisci-
plinaires entre médecins et ingénieurs. Ce travail de these, effectué a la fois dans le cadre d’une
étude fondamentale et clinique, s’inscrit dans cette optique. Les expériences menées sur un modele
animal ont conduit a de nombreuses données perturbées par des interférences inévitables, le phé-
nomene d’intérét présentait un comportement difficile a observer. Cette these décrit les motivations
physiologiques de cette étude, introduit les techniques de traitement de signaux développées pour
supprimer ces interférences et extraire les parametres d’intérét et propose une interprétation des
résultats obtenus. Le but de cette these est de fournir de nouvelles pistes concernant les mécanismes
favorisant la fibrillation auriculaire durant une stimulation rapide.

La fibrillation auriculaire est I’arythmie cardiaque soutenue la plus commune dans le monde,
affectant des millions de personnes. La fibrillation auriculaire est initiée lorsque certains déclen-
cheurs, tels que des décharges électriques provenant des veines pulmonaires, interagissent avec le
substrat. Néanmoins, la nature électrophysiologique exacte de ce substrat favorisant I’initiation de
la fibrillation auriculaire reste floue. Il est intéressant de souligner que le phénomene d’alternance de
la repolarisation, représenté par des changements dans la durée ou I’amplitude des potentiels d’ac-
tions de battement a battement, a été systématiquement observé lors de transitions d’une stimulation
rapide vers une fibrillation auriculaire en favorisant la dispersion des périodes réfractaires auricu-
laires. Cependant, pendant une stimulation rapide, les transitions d’une capture auriculaire 1 :1 a
une capture auriculaire 2 :1 seraient opposées au phénomene de dispersion induite par 1’alternance
de la repolarisation.

Certains parametres de dépolarisation et de repolarisation, tels que le temps d’activation et 1’al-
ternance de la repolarisation, ont été extraits d’électrogrammes unipolaires. La capacité de ces mar-
queurs a prédire I’initiation de la fibrillation auriculaire par stimulation rapide a été évaluée a 1’état
basal (c’est-a-dire avant tout remodelage induit par stimulation). Un modele ovin de stimulation
rapide a été concu pour étudier le lien entre, d’une part le phénomene d’alternance de la repolari-
sation qui peut faciliter I’initiation de la fibrillation auriculaire pendant une stimulation rapide, et
d’autre part une réduction de I’excitabilité qui peut causer un défaut de capture auriculaire et ainsi
empécher I'initiation de la fibrillation auriculaire.

A Tl’aide d’enregistrements de potentiels d’action monophasiques, nous avons observé chez
I’homme une diminution transitoire de 1’excitabilité (illustrée par la prolongation du temps d’ac-
tivation), puis un défaut de capture qui a pour conséquence de supprimer I’alternance de la repola-
risation induite par la stimulation rapide. Les observations faites chez 1’humain ont été reproduites
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avec succes dans notre modele ovin, ce qui nous a permis d’analyser 1’alternance de la repolarisation
et les dynamiques des temps d’activation jusqu’au premier défaut de capture. La prolongation du
temps d’activation et I’alternance de la repolarisation ont précédé 90% des transitions d’une capture
auriculaire 1 :1 a une capture auriculaire 2 :1. En particulier, en réponse a des périodes de stimu-
lation proches de la période réfractaire effective, le nombre de captures auriculaires 2 :1 augmente
rapidement. Dans les rares cas ou il n’y a pas de défaut de capture, I’alternance de la repolarisation
a précédé la plupart des épisodes de fibrillation auriculaire non-soutenue, suggérant que la capture
intermittente joue un rdle protecteur contre les réentrées dues a I’alternance de la repolarisation.
D’autre part, les dynamiques de 1’alternance de la repolarisation auriculaire en fonction de la fré-
quence de stimulation ont été étudiées en détail. L’ amplitude de cette alternance augmente avec la
fréquence de stimulation mais apparait de facon intermittente sans périodicité. Cette derniere ob-
servation suggere la présence de nceuds, c’est-a-dire des sites séparant des zones d’alternance de
phase opposée, balayant la surface auriculaire.

Les tachycardies auriculaires, connues pour €tre proarythmiques, peuvent également ralentir
la vitesse de propagation. Dans ce cas, les transitions vers une capture auriculaire 2 :1 peuvent
prémunir contre une dispersion de la repolarisation, et donc contre la fibrillation auriculaire. Une
meilleure compréhension des mécanismes sous-jacents aux captures auriculaires intermittentes
pourrait permettre 1’amélioration des traitements prévenant I’induction de la fibrillation auriculaire
a des rythmes moins soutenus.

Mots clés : fibrillation auriculaire, électrogrammes intracavitaires unipolaires, suppression de
Uactivité ventriculaire, capture auriculaire intermittente, réduction de I’excitabilité, alternance de
la repolarisation auriculaire.
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Introduction

1.1 Problem statement

Atrial fibrillation (AF) is the most common arrhythmia in the developed world, affecting mil-
lions of individuals [1]. Paroxysmal AF, a common manifestation of the disease, naturally evolves
at unpredictable speed toward persistent AF [2]. AF initiates when triggers such as pulmonary vein
(PV) tachycardias interact with substrates [3-5]. However, the exact nature of the electrophysiolog-
ical substrates that favor transition from runs of PV tachycardia to persistent AF remains unclear.

Over the last years, several studies have associated ventricular arrhythmias risks to electrocar-
diographic markers, such as T wave alternans (TWA). TWA, a beat-to-beat variation in the shape,
amplitude or timing of the T waves on the electrocardiogram has been linked with inducible and
spontaneous ventricular arrthythmias and with basic mechanisms leading to their initiation [6, 7].
TWA is felt to reflect a combination of spatial and temporal dispersion of repolarization.

Although most efforts have focused on the role played by alternans in reentrant ventricular
arrhythmias, clinical, experimental and modeling studies suggest that atrial repolarization alternans
(Re-ALT) may play a role in promoting atrial arrhythmias [8-11]. Re-ALT appears involved in the
transition to AF during rapid pacing or following atrial flutter by facilitating spatial dispersion of
refractory periods.



2 CHAPTER 1. INTRODUCTION

1.2 Objectives

The present thesis intends to investigate the ability of original electrophysiological parameters
extracted from intracardiac unipolar EGMs, such as repolarization alternans and activation time
kinetics, to predict AF susceptibility in a pacing-induced model of AF.

In this study, a chronic free-behaving ovine model of pacing-induced atrial tachycardia has been
developed. This experimental model makes possible the acquisition of intracardiac unipolar atrial
electrograms (EGMs) during rapid pacing protocols and allows us to study the dynamics of atrial
Re-ALT in vivo during rapid pacing mimicking firing from pulmonary veins, as seen in humans
suffering from AF.

We hypothesized that decreased excitability during rapid pacing plays a protective role against
Re-ALT induced wavebreaks and AF. A chronic free-behaving ovine pacing model was developed
to study the interplay between atrial Re-ALT that may facilitate AF initiation during rapid pacing,
and the onset of decreased excitability that may cause 2:1 capture and prevent AF initiation.

Intracardiac EGMs can provide local informations that cannot be extracted from the surface
ECG. However, they include activities related to both local atrial activity and far-field ventricular
depolarization and repolarization waves.

To provide a useful tool which permits the practical observation and exportation of signals, we
have developed a standalone application which enables to:

— cancel the ventricular far-field activity from unipolar atrial electrograms,
— characterize atrial repolarization alternans,
— analyze specific patterns in activation times or activation recovery intervals.

1.3 Organization

This dissertation is divided in three parts:

1. Introduction to cardiac electrophysiology, atrial fibrillation and repolarization alter-
nans. After introducing the cardiovascular system and the normal propagation of electrical
impulses throughout the heart, electrocardiographic measurements and principles of electro-
physiology study are presented in chapter 2. The mechanisms underlying AF and alternans
are detailed in chapter 3 and 4, respectively.

2. Presentation of the experimental model. The second part introduces the ovine model and
the pacing protocols used (chapter 5).

3. Signal processing of the unipolar atrial electrograms. The final part explores the process-
ing techniques applied to detect fiducial points, denoise the signal and cancel the ventricular
activity (chapter 6). The detection of transient repolarization alternans is addressed in chapter
7. Finally, the results from the analysis of experimental data are presented and compared to
clinical observations in chapter 8.
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1.4 Original contributions

The main contributions of this work are:

e [n vivo experimental model
— The development of an ovine model of pacing-induced AF.
— The acquisition of intracardiac unipolar EGMs displaying atrial repolarization during
pacing protocols.

o Signal processing
— The development of a synthetic model of intracardiac unipolar EGMs.
— The adaptation of preprocessing and denoising techniques applied to EGMs.
— The refinement of ventricular cancellation techniques to single lead atrial EGMs.
— The detection of transient short duration repolarization sequences.

e Electrophysiological results
— The assessment of the rate dependence of atrial repolarization alternans.
— The evaluation of the intermittency of atrial repolarization alternans.
— The prevalence of repolarization and activation time prolongation preceding transitions
from 1:1 to 2:1 atrial capture.
— The distribution of 2:1 atrial capture duration in function of the paced effective
refractory period.
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Cardiac electrophysiology
and electrography

As an introduction, this chapter reviews the anatomy of the cardiovascular system and describes
how electrical impulses are normally generated and propagated throughout the heart. Then, the
different electrocardiographic measures are explained in section 2.2 and the principles of electro-
physiology study introduced in section 2.3.

2.1 Cardiac electrophysiology

The heart spontaneously generates electrical impulses, which are vital to all cardiac functions.
On a basic level, by controlling the flux of ions across the cardiac cell membrane, electrical impulses
trigger cardiac muscle contraction. On a higher level, electrical impulses organize the sequence of
muscle contractions during each heartbeat, and optimize the stroke volume. Finally, the pattern and
timing of these impulses determine the heart rhythm. Derangements in this rhythm often impair the
ability of the heart to pump enough blood to meet the natural body demand.

2.1.1 The cardiovascular system

The cardiovascular system is composed of two primary components: the heart and the blood
vessels. The main function of the cardiovascular system is to facilitate exchange of gases, fluid,
large molecules and heat between cells and the outside environment. The heart and vasculature
ensure that adequate blood flow is delivered to organs so that this exchange can take place [12].

The heart can be viewed functionally as two pumps with the pulmonary and systemic circu-
lations situated between the two pumps (fig. 2.1.1). The pulmonary circulation is the blood flow
within the lungs that is involved in the exchange of gases between the blood and the alveoli. The
systemic circulation is comprised of all the blood vessels within and outside of the organs, excluding
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Figure 2.1: Overview of the cardiovascular system. The right side of the heart, pulmonary circulation, left
side of the heart and systemic circulation are arranged in series. Red indicates oxygenated blood, blue indicates
deoxygenated. RA, right atrium; RV, right ventricle; PA, pulmonary artery; Ao, aorta; LA, left atrium; LV, left
ventricle. Image adapted from Klabunde [12].

the lungs.

The right side of the heart is composed of the right atrium and the right ventricle. The right
atrium receives venous blood from the systemic circulation and the right ventricle pumps it into
the pulmonary circulation where oxygen and carbon dioxide are exchanged between the blood and
alveolar gases.

The left side of the heart comprises the left atrium and the left ventricle. The blood leaving the
lungs enters the left atrium by way of the pulmonary veins. Blood then flows from the left atrium
into the left ventricle. The left ventricle ejects the blood into the aorta, which then distributes the
blood to all the organs via the arterial system. Within the organs, the vasculature divides into smaller
and smaller vessels, eventually forming capillaries, which are the primary site of exchange. Blood
from the capillaries enters veins, which return blood to the right atrium via large systemic veins, the
superior and inferior vena cava.

2.1.2 Cardiac cycle

The successive mechanical events characterizing the pump function of the heart during the car-
diac cycle can be divided into two general categories: diastole (filling) and systole (ejection). The
diastole refers to the period of time when the ventricles are undergoing relaxation and filling with
blood from the atria (fig. 2.2a). Ventricular filling is primarily passive, although atrial contraction
has a variable effect on the final extent of ventricular filling (end-diastolic volume). The systole is
associated with the ventricular contraction and ejection and is initiated by electrical depolarization
of the ventricles (fig. 2.2b). Ventricular ejection begins when ventricular pressure exceed the pres-
sure within the outflow tract (aorta or pulmonary artery) and continues until ventricular relaxation
causes the ventricular pressure to fall sufficiently below the aortic and pulmonary artery pressures
leading to the aortic and pulmonic valves closing. The volume of blood remaining in the ventricle at
the end of ejection is the end-systolic volume. The cardiac cycle can be further divided into seven
phases: atrial systole, isovolumetric contraction, rapid ejection, reduced ejection, isovolumetric
relaxation, rapid filling and reduced filling [12].
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(a) (b)

Figure 2.2: Atrial 2.2a and ventricular 2.2b systoles. Image from wikipedia (cc by-sa).

2.1.3 Cardiac electrical activity

Cardiac mechanical function is the consequence of an organized electrical activation of the
myocardium. In order to properly accomplish this pumping role, the myocardium is mainly made
up of two types of tissues: contractile and conducting tissue [13]. Contractile cells are the cells
of the working myocardium and constitute the bulk of the muscle cells that make up the atria and
the ventricles. An action potential in any one of these cells leads to vigorous force development
and/or mechanical shortening. Conducting cells are specialized muscle cells that are involved in the
initiation or propagation of action potentials rather than direct generation of force. The conducting
cells are principally concentrated in the structures indicated in figure 2.4.

The primary function of cardiac myocytes is to contract. Electrical changes within the myocytes
initiate this contraction. This section examines:

1. the electrical activity of individual myocytes, including resting membrane potentials and ac-
tion potentials;

2. the way action potentials are conducted throughout the heart to initiate coordinated contrac-
tion of the entire heart.

The cardiac action potential

The inside of the cardiac cells have a negative electrical charge compared to the outside of
the cells. The resulting voltage difference across the cell membrane is called the transmembrane
potential . The resting transmembrane potential is around -80 to -90 mV in cardiac muscle [13].

When the cardiac cells are stimulated appropriately, channels in the cell membrane open and
close sequentially. Channels opening allows ions to travel back and forth across the cell membrane,
leading to patterned changes in the transmembrane potential. When these voltage changes are
graphed against time, the result is the cardiac action potential (AP), illustrated in fig. 2.3. The
cardiac AP is the reflection of the electrical activity of a single cardiac cell.

By convention, the AP is classically divided into five phases. The following description intro-
duces them and indicates the current involved during each phase:
— Phase 0. Phase 0 is the rapid depolarization phase, caused by a rapid influx of Na* ions into
the cell (Iy,).
— Phase 1. Phase 1 represents the initial fast repolarization caused by the inactivation of the
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fast Na* channels and the opening of a special type of K* channels (transient outward, I;,1).

— Phase 2. This plateau phase is sustained by a balance between inward movement of
Ca** (Icy, through L-type calcium channels) and outward movement of K* (Ig,, through
the slow delayed rectifier potassium channels).

— Phase 3. During this phase of rapid repolarization, the L-type calcium channels close while
the slow delayed rectifier potassium channels (Ig;) are still open. This ensures a net outward
current, corresponding to negative change in membrane potential, thus allowing more types
of potassium channels to open (Ix, and Ix;). This net outward current causes the cell to
repolarize.

The delayed rectifier K* channels close when the membrane potential is restored to about -80
to -85 mV, while the inward rectifier K* channels (Ix1) remains conducting throughout phase
4, contributing to set the resting membrane potential.

— Phase 4. Phase 4 is the resting membrane potential. This is the period that the cell remains

in until it is stimulated by an external electrical stimulus (typically an adjacent cell).

During the phases 0, 1, 2 and part of phase 3, the cell is refractory to the initiation of a new
AP (absolute refractory period). This period is followed by the relative refractory period during
which high intensity stimuli are required to elicit APs. Because not all the sodium channels have
fully recovered at this time, the APs generated during this phase have a decreased phase 0 slope and
lower amplitude.

<K+ CI (out)
® lo1,7 (transient outward) *Ca* (in), K* (out)
\ I, (Ca long)
1 / ® |y (Kslow delayed rect.)
+52 mV 2 “ fout]
* s (Kslovs delayed rect.) )
* I (Krapid delayed rect.) 0 Upstroke
ta (ivvardrect) 1: Early repolarization
“Na* (in) /
i [0 3 2: Plateau
3: Final repolarization
4 4: Resting
-90 mV—Nl N
Y »
200 ms

*K*

* |y (inwardrect )

Figure 2.3: Phases of the cardiac action potential. The types of ion channels (blue) and the currents (black) are
indicated in the text boxes. The sharp rise in voltage (phase 0) corresponds to the influx of sodium ions, whereas the
two decays (phase 1 and 3) corresponds to the sodium channel inactivation and the repolarizing efflux of potassium
ions. The characteristic plateau (phase 2) results from the opening of voltage-sensitive calcium channels. Image
adapted from wikipedia (cc by-sa).

Excitability property

Cardiac muscle differs from skeletal or smooth muscles in three important aspects. First, the
cardiac action potential is not initiated by neural activity. Instead, specialized muscle tissue in
the heart itself spontaneously initiates the action potential (i.e. automaticity), making the heart
contraction originating within the muscle (myogenic). Because of gap junctions between adjacent
cardiac muscle cells, electrical activation spreads directly from cell-to-cell. Second, the duration
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Figure 2.4: The conduction system of the heart. Image from wikipedia (cc by-sa).

of the cardiac action potential is much longer than that in skeletal muscle and lasts for almost a
third of a second. As a result, a single action potential maintains tension development throughout
systole. Neural and humoral influences have only a modulatory effect on heart rate. The third
difference is that the contraction is not an all-or-none phenomenon. Skeletal muscle grades the
strength of contraction through temporal and spatial summation. Because the heart contraction
responses to a single action potential transmitted to all fibers, the cardiac muscle cells have evolved
in a sophisticated system by which the force of contraction can be modulated from beat to beat (fig.
2.4) [13].

Of critical importance, is the sinoatrial (SA) node. The SA node lies in the right atrium near
the entrance of the superior vena cava. SA nodal cells generate spontaneous action potentials and
act as the normal pacemaker of the heart. An action potential in a cardiac muscle cell will, through
its gap junctions, stimulate neighboring cells to generate an action potential such that each action
potential in the SA node will be propagated over the whole heart. Because the SA node is located
within the atria, action potentials will first be propagated over the atria.

Action potentials spreading across the atria eventually reach another conduction structure
known as the atrioventricular (AV) node. The AV node is located at the junction between the
interatrial septum and the ventricular one, between the origin of the coronary sinus and the septal
leaflet of the tricuspid valve. The AV node serves two important functions. The first is to relay the
wave of depolarization from the atria to the ventricles. A skeleton of connective tissue associated
with the valves separates the atria from the ventricles, and the AV node is normally the only con-
ductive link between the atria and the ventricles. The second function of the AV node is to delay the
spread of excitation from the atria to the ventricles. AV node cells are specialized to conduct very
slowly from cell to cell. This delay permits the atrial contraction (i.e. atrial systole, section 2.1.2),
to fill the ventricles before the next contraction.

Fibers of the AV node give rise to fibers of the AV bundle (common bundle or bundle of His),
which in turn divides into the left bundle branch and the right bundle branch (fig. 2.4). These
branches then divides into an extensive network of Purkinje fibers. Purkinje fibers are conductile
cells that conduct action potentials very rapidly. They are interconnected among the contractile
cells of the ventricles and serve to quickly spread the wave of excitation throughout the ventricles.
If conduction over the ventricles were slow, the heart would contract in a wave from base to apex,
which would be very inefficient at ejecting blood out of the ventricles. The rapidly conducting
Purkinje fibers, however, cause the ventricular cardiomyocytes to contract almost simultaneously.
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Regional differences in action potentials

It is important to emphasize that all of these conducting structures (i.e. SA node, AV node,
Purkinje network) are made of specialized cardiac muscle cells. Action potentials differ from region
to region, reflecting the roles played by the different cell types.

Atrial cells have action potentials similar in many aspects to the ventricular action potentials
described earlier. Thus, the resting potential (phase 4) is approximately -85 mV, and there is a fast
upstroke (phase 0) generated by Iy,. The most distinguishing feature of the atrial action potential
is that it has a more triangular appearance than the ventricular one [13]. This feature seems to be
due to a prominent phase 1. Thus, in atrial cells, phases 1, 2 and 3 tend to run together, producing a
triangular shape, with a distinct plateau not always apparent. This is likely due to a large Iy, in atrial
cells (cf. fig. 2.3) [13]. Figure 2.5 shows simulated atrial action potentials obtained with a modified
Luo-Rudy membrane kinetics model at different pacing cycle lengths [14, 15]. This figure shows
the rate-dependence of the action potential duration [16].

Vi [mV]

o 20 40 60 80 100 120 140 160 180 200
Time [ms]

Figure 2.5: Atrial action potentials at different pacing cycle length, from left to right: 80 ms, 100 ms, 120 ms,
150 ms and 200 ms. Image from Uldry et al. [ 16].
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2.2 Electrocardiography

2.2.1 Electrocardiogram

As cardiac cells depolarize and repolarize, electrical currents spread throughout the body and
potential differences are established on the surface of the skin. The recording of body surface po-
tentials as a function of time is called an electrocardiogram (ECG). The goal of electrocardiography
is to utilize body surface potentials, available noninvasively, to evaluate the state of the heart.

The very first ECG recordings in man were made by Augustus Waller in the 1880s [17]. The
Dutch physiologist Willem Einthoven further developed the recording device in the beginning of
the 20th century by making use of a string galvanometer to record electrical potentials on the body
surface [18]. He also defined sites for electrode placement on the arms and legs (first row of fig.
2.6), which remain in use today. Einthoven was rewarded with the Nobel Prize in medicine in
1924. Since then, the ECG has been widely developed, becoming an indispensable clinical tool in
different contexts.

ECG recording

The electrical activity of the heart is measured on the body surface by attaching a set of elec-
trodes to the skin. The electrodes are positioned so that the spatiotemporal variations of the cardiac
electrical fields are sufficiently well reflected. For an ECG recording, the difference in voltage be-
tween a pair of electrodes is referred to as a lead. The ECG is typically recorded in a multiple-lead
configuration, including unipolar and/or bipolar leads. An unipolar lead reflects the voltage varia-
tion of a single electrode and is measured in relation to a reference electrode whose voltage remains
almost constant throughout the cardiac cycle. A bipolar lead reflects the voltage difference between
two electrodes, e.g. between the left and right arm.

AR
YT

Figure 2.6: Bipolar derivations forming Einthoven’s triangle (upper row) and augmented unipolar derivations
(lower row).
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A number of lead systems exist today with standardized electrode positions, including the stan-
dard 12-lead ECG and the orthogonal lead system producing a vectocardiogram (VCG). In practice,
the preferred lead system is not necessarily chosen on the basis of maximized information content,
but more often by clinical issues and practical considerations.

Standard 12-lead ECG

The standard 12-lead ECG is the most widely used lead system in clinical routine and is defined
by a combination of three different lead configurations: the bipolar limb leads, the augmented
unipolar limb leads (fig. 2.6) and the unipolar precordial leads. The 12-lead ECG is recorded by
placing 10 electrodes at standardized positions on the body surface.

The three bipolar limb leads are denoted /, /1 and /11, and are obtained by measuring the voltage
difference between the left arm (Vp,4), right arm (Vza) and left leg (Vp).

The augmented unipolar limb leads (aVF, aVL and aVR) use the same electrodes as the bipolar
limb leads, but are defined as voltage differences between one corner of the triangle and the average
of the remaining two corners. The augmented limb leads are considered to be unipolar because
one electrode is exploring while the average of the other two serves as the reference electrode. The
electrodes for the precordial leads (V1,V>,V3,V4,Vs and Vi) are directly on the chest (fig. 2.7) and
are considered to be unipolar.

Clavicula \ _Mid-clavicular
) 2

E ,7 Mlid-axillary

Figure 2.7: Position of the precordial electrodes. Image adapted from Malmivuo and Plonsey [19].

ECG waves and time intervals

We will now introduce the wave-naming convention and the relations between the different
ECG complexes and the heart activation.

Each cycle of depolarization/repolarization of the heart (fig. 2.8) corresponds to the electri-
cal activation of the atria and then the ventricles. On an electrocardiographic view, it becomes a
sequences of waves named: P, Q, R, S and T.
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Figure 2.8: APs and corresponding surface ECG. Image adapted from Malmivuo and Plonsey [19].

The P wave represents the wave of depolarization that spread from the SA node throughout the
atria. Its duration ranges usually usually from 80 to 110 msec. The brief isoelectric period after the
P wave represents the time during which the atrial cells are depolarized and the impulse is traveling
within the AV node. The QRS complex represents the depolarization of the ventricles. Its duration
ranges from 60 to 110 ms, indicating that ventricular depolarization occurs rapidly. The T wave
represents ventricular repolarization. The ST segment following the QRS is the period during which
the ventricle is fully depolarized, and roughly corresponds to the plateau phase of the ventricular
AP (fig. 2.8). The QT interval roughly estimates the duration of the ventricular AP.

2.2.2 Electrograms

The recording made of the cardiac electrical activity from an electrode placed inside the heart is
called an intracardiac electrogram (EGM). The EGM is essentially an ECG recorded from within
the heart. The major difference between a body surface ECG and an EGM is that the surface ECG
gives a summation of the electrical activity of the entire heart, whereas the intracardiac EGM records
the electrical activity of a localized area of the heart only, that is, the cardiac tissue surrounding the
electrode.

The electrode is an electrical conductor used to make contact with the heart and convert ionic
currents into electric currents that can be detected by electronic devices. The measured electrical
potentials are actually measuring difference in potentials between two points. Unipolar EGMs
represent the potential difference between the electrode in contact with the heart and a reference
indifferent electrode, distant from the heart. Ideally, this reference electrode is placed at infinite
distance, in practice, the pacemaker can is used (fig. 2.10a). Bipolar EGMs represent the potential
difference between two closely spaced electrodes, the tip electrode and the ring electrode, proximal
to the lead tip (fig. 2.10b). This setting is only possible with bipolar leads (fig. 2.9).
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Figure 2.9: Example of bipolar lead. Image from Barold et al. [20].

The location of the electrode will define the type of EGM, i.e. atrial EGM (AEGM) or ven-
tricular EGM (VEGM). An EGM may also record an electrical component originating away from
the lead tip which is called the “far-field” signal, while the signal originating at the lead is called
the “near-field” signal. For example, an AEGM may have a ventricular component, as illustrated in
figure 2.11, where a far-field ventricular R wave (Ry) can be observed following the atrial near-field

wave. Far-field signals are typically less sharp. Unipolar atrial EGM is thus typically composed of
atrial and ventricular activities.

Cathode -

(a) Unipolar system (b) Bipolar system

Figure 2.10: Unipolar and bipolar configurations in a single chamber example.

= 500 ms

Figure 2.11: Example of an unipolar atrial EGM. S: pacemaker stimulus; R,: atrial depolarization wave; T,:
atrial repolarization wave; Ry: ventricular far-field depolarization wave.
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The potential being recorded is extracellular, but is a direct result of the transmembrane currents
generated during the action potential of excited myocardial cells in a volume conductor (represented
by the myocardial extracellular space, intracardiac blood and surrounding tissues) [21].

2.2.3 Monophasic action potentials

The monophasic action potential (MAP) is a reflection of local transmembrane action potentials
[22], as illustrated in figure 2.12. MAP recordings are used to explore local myocardial activation
and repolarization kinetics.

The sharp upstroke of the MAP waveform denotes cellular activation of surrounding tissue. The
crest of the MAP plateau phase defines the peak positive amplitude (zero repolarization, denoted
by an arrow in fig. 2.12), while the diastolic MAP level is determined as the 100% repolarization
potential.

The action potential duration (APD) is commonly measured from the most rapid upstroke to
the point on the repolarization phase that has returned to 90% of the amplitude towards baseline
(APDyg) [23]. Other APD corresponding to different percentages of repolarization can be defined,
as shown by the dashed lines (APDgg, APD3p). The most rapid upstroke is labeled “intrinsic deflec-
tion” (i.d.) in figure 2.12.
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Figure 2.12: Simultaneous recordings of intracellular transmembrane action potential and extracellular

monophasic action potential (MAP). The white arrow denotes the 0% repolarization and the dashed lines the 30%,
60% and 90% of the return from plateau to resting potential. Image adapted from Moore et al. [22].
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2.3 Principles of electrophysiology study

In this section, we introduce the principles used in performing an electrophysiology (EP) study.

2.3.1 Recording and pacing

To discuss intracardiac recording and pacing, we need to introduce two terms related to time
measurements: the cycle length and the coupling interval. When physicians talk about heart rate,
they typically speak in terms of cycle length defined as the time interval between heartbeats. Thus,
the faster the heart rate, the shorter the cycle length. The time interval between pacemaker stimuli
is called pacing cycle length (PCL). When using a pacemaker to introduce a premature impulse, the
time interval between the last normal impulse and the premature impulse is called coupling interval.

2.3.2 The leads

An EP study is performed by inserting conducting wires (electrodes) in strategic locations
within the heart. Once in position, electrodes are used to perform the two essential tasks: recording
and pacing.

Leads are made of 2 to 10 poles used for the simultaneous recording of cardiac EGM. They
consist of insulated wires; each wire is attached to an electrode, which is exposed to the intracardiac
surface. At the proximal end, wires are attached to a pin, connected to an external or internal device
(such as a recording device or a pacemaker).

2.3.3 Pacing

To pace, a pulse of electrical current is delivered by an electrode to the cardiac muscle, where
it causes cardiac cells near the electrode to depolarize, which is then propagated across the heart.
By careful positioning of an electrode, one can initiate electrical impulses from almost any desired
intracardiac location.

During EP study, programmed stimulation designates the delivery of stimuli at given PCL.
There are several reasons for performing programmed stimulation. Precisely timed premature im-
pulses (S2) allow one to measure the refractory periods of cardiac tissues. By introducing premature
impulses in one location and recording EGMs in other locations, one can also assess the conduction
properties of cardiac tissue.

Programmed stimulation consists of two general types of pacing: incremental pacing and deliv-
ery of extrastimulus.

Incremental pacing consists of delivering trains of impulses whose coupling interval decreases
gradually (increased rate). The train may last for a few beats or for several minutes.

The extrastimulus technique consists in introducing one or more premature extrastimuli, each at
its own specific coupling interval. The first extrastimulus is introduced at a coupling interval timed
from the last of a short train of incrementally paced impulses. The term S1 (stimulus 1) is used for
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Figure 2.13: (a) Example of MAP with the corresponding APD and DI. (b) Example of a restitution curve with
slope >1.

the incrementally paced impulses; S2 is used for the first programmed extrastimulus; S3 stands for
the second programmed extrastimulus and so on.

2.3.4 Restitution curves

Restitution curve describes the relationship between the duration of an AP and its preceding
diastolic interval (DI, fig. 2.13). This relationship describes the gradual decrease in APD with
shorter DIs. The decrease in APD at faster rates decreases systolic (contraction) time which, in
turn, maintains diastolic time and adequate cardiac filling for the next contraction.

Two restitution protocols are commonly used: the standard and the dynamic restitution proto-
cols.

In the standard S1S2 restitution protocol, the preparation is paced at a fixed CL (S1S1) until
steady-state is reached and is then perturbed by the delivery of an extrastimulus (S2) of varying
coupling. Couples of DI and APDs are then used to build the APD restitution curve.

In the dynamic restitution protocol [24], the preparation is paced at a given CL until steady-state
is reached. APD and DI couples acquired at multiple PCLs are used to construct the APD restitution
curve.

2.3.5 Evaluation of the electrophysiologic properties of the heart

By recording and pacing from electrode leads, one can evaluate the fundamental EP properties
of the heart, namely: conduction velocity and refractory periods.

Conduction velocity

Conduction velocity refers to the speed of conduction of an electrical impulse across the heart
and is related both to the rate of rise (i.e., the slope) of the depolarization phase (phase 0) of the
action potential and to the intercellular coupling (i.e. connexins). By measuring the time it takes for
an electrical impulse to travel from one intracardiac location to another (referred to as a conduction
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interval), one can use electrode catheters to assess the conduction velocities of a given portion of
the cardiac tissue.

Refractory periods

The effective refractory period (ERP) is the period after depolarization during which a cell
cannot be depolarized again and the relative refractory period (RRP) as the time period during
which an incomplete AP is generated. Typically, the ERP extends to the end of the second third of
the APD and the RRP from the ERP to the end of the APD at a time point where the first full blown
AP is generated.

The refractory periods are assessed by the extrastimulus technique. The ERP is associated
to the longest premature coupling interval (S1S2) at a designated stimulus amplitude that fails to
propagate. The RRP is associated to the longest premature coupling interval that results in capture,
generally at a prolonged conduction time.



Atrial Fibrillation

Atrial fibrillation (AF) is characterized by rapid and irregular activation of the atrium, at a rate
between 300-600 bpm [25], as exemplified in figure 3.1. AF is the most common and troublesome
arrhythmia in clinical practice and is a significant contributor to cardiovascular morbidity and mor-
tality. Although AF can clearly occur in patients without evident heart disease (so-called lone AF),
organic heart diseases, such as congestive heart failure (CHF), mitral valve disease and coronary
artery disease, are major co-existing conditions contributing to the occurrence and persistence of
AF. Understanding the mechanisms by which cardiac conditions favor the occurrence of AF may
help designing more effective therapeutic interventions.

ECG

Atrial
EGM

B
<

I sec
Figure 3.1: Example of sustained AF. The upper row shows an ECG during AF. Note the absence of P waves,

replaced by disorganized atrial depolarization and irregular R-R intervals due to irregular AV conduction. The
bottom row shows the corresponding intracardiac atrial EGM.
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3.1 Mechanisms of atrial fibrillation

The underlying mechanisms of AF can be divided in two main components: the factors that
trigger the arrhythmia and the factors that perpetuate the arrhythmia [26]. In general, patients with
frequent, self-terminating episodes of AF are likely to have a predominance of triggering factors,
whereas patients with persistent AF display some atrial remodeling perpetuating the arrhythmia.

The onset and maintenance of reentrant arrhythmias usually require the simultaneous presence
of triggers and substrates. In human AF, foci from the pulmonary veins or other cardiac veins (i.e
coronary sinus, superior and inferior vena cava) have been identified as common sources of rapid
tachycardia, promoting fibrillatory conduction and reentry [26].

3.1.1 Mechanisms of atrial fibrillation initiation

The mechanisms favoring the emergence of foci from great cardiac vein have not been fully
characterized and are likely to be multifactorial. Atrial triggers may initiate multiple reentrant
wavelets and AF. In some patients with paroxysmal AF ! impulses initiated by ectopic foci prop-
agate across the left atrium and encounter tissue with variable recovery states that may in turn
promote wavebreaks and reentry. If reentry is assumed to be the mechanism of AF, initiation would
require an area of conduction block and a wavelength of activation short enough to maintain reentry.

AF triggering factors include sympathetic or parasympathetic stimulation, bradycardia, prema-
ture atrial complexes, atrial flutter, supraventricular tachycardias and acute atrial stretch.

3.1.2 Mechanism of maintenance of atrial fibrillation

Multiple factors may perpetuate and maintain AF [26]. For instance, AF can be maintained
by sustained rapid firings from pulmonary veins, whose isolation helps to restore sinus rhythm.
However, most AF episodes, once triggered, last without sustained focal firing, which is suggestive
of additional factors such as electrical and structural remodeling. Importantly, atrial remodeling is
associated with reduced atrial ERP, slowing of conduction velocity and decreased wavelength, all
favoring emergence of multiple reentrant wavelets.

3.2 Role of regional factors

3.2.1 Pulmonary veins

Since the first description of spontaneous, independent firings of the pulmonary veins (PVs) by
Brunton and Fayrer in 1876 [27], it has been known that PVs may exhibit electrical activity. More
recently, PVs have been identified as potential source of AF triggers as reported for the first time by
Haissaguerre et al. in 1998 [3]. However, the mechanism of focal activity within the PVs and what
makes the PVs such fertile ground for focal activity remain unclear.

1. characterized by self-terminating episodes that generally last less than seven days.
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3.2.2 Other vein triggers

Although over 90% of triggers that are mapped during EP studies occur in the PVs in parox-
ysmal AF, foci within the superior vena cava, the ligament of Marshall and the musculature of the
coronary sinus have been identified [3]. Although these latter locations of triggering foci are un-
common, they helped to develop the concept that great cardiac veins harboring striated muscles are
potentiel sources of triggers.

3.3 Atrial remodeling and atrial fibrillation

The term remodeling refers to the adaptation of the atria to sustained rapid rhythm such as
during tachycardia or chronically elevated pressure such as during hypertension. More specifi-
cally, changes primarily affecting excitability and AP characteristics of atrial myocytes have been
termed electrical remodeling , and the changes in chamber size, collagen deposition, and gross tis-
sue structure have been termed structural remodeling [28]. This section focuses on recent studies
that characterized the electrophysiologic remodeling taking place in human AF and in experimental
models and on some of the molecular mechanisms underlying these changes. Historical aspects of
electrical remodeling in human AF have been recently reviewed by Allessie et al. [29].

From experimental and clinical studies, it appears that electrical and structural remodeling play
a significant role in the genesis and maintenance of AF. In figure 3.2, the different types of remod-
eling and their interactions are depicted.
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Figure 3.2: Three proposed positive feedback-loops of atrial remodeling on AF. Figure adapted from Allessie et
al. [30].

3.3.1 Atrial electrical remodeling

Two independent experimental studies published in 1995 renewed the interest for the remodel-
ing process taking place during AF [31, 32]. In a dog model of prolonged rapid atrial pacing (400
bpm), Morillo et al. found that the atrial ERP was reduced by about 15%. In a goat model, Wijffels
et al. induced and maintained AF by automatically delivering bursts of stimuli (1 s, 50 Hz) as soon
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as sinus rhythm occurred. This study showed that, in the presence of maintained fibrillation, the
atrial ERP was reproducibly and rapidly attenuated, with much of the effect being evident within 24
hours of AF. Changes in the ERP were complete within one week of high-rate activity and after 2-3
weeks AF was persistent in 90% of the goats. This observation of tachycardia-induced electrical
remodeling creating a substrate for persistent AF, led to the concept that “AF begets AF” [32].

The ionic mechanisms related to tachycardia-induced electrical remodeling have been explored
in experimental [33] and clinical studies [34, 35]. AP recordings and patch clamp experiments in
isolated atrial cells from animal models and patients in chronic AF showed a consistent pattern. AF
affected the ion channels and mostly reduced the L-type Ca>* current, explaining the shortening of
the atrial AP and the loss of the physiological rate adaptation of the APD [33].

It has been shown that this process can be repeated several times without accumulation of ERP
changes. Clinical studies showed that even very brief periods (minutes) of high-rate pacing were
associated with reversible abbreviation of the atrial ERP [36].

The lack of accumulation in ERP changes, together with the clinical observation that the time
course for development of persistent AF is somewhat slower than that for the atrial electrical re-
modeling, suggests that a second factor (structural remodeling) is important in the development of
sustained AF.

3.3.2 Atrial structural remodeling

Structural change have been described in atrial myocytes after long-term lone AF and AF in
combination with other etiologies. The first study to show that AF causes alterations in the structure
of atrial myocytes was published by Morillo et al., in 1995 [31]. Rapid atrial pacing was applied
to dogs over prolonged periods (6 weeks). Light microscopy and electron microscopy revealed
changes in the atria. This observation was confirmed later in experimental study involving dogs and
goats [5, 37-41].

The remodeling produced by atrial tachycardia and AF has been termed “tachycardia remod-
eling” to differentiate it from other forms of atrial remodeling [25]. The AF-induced structural
changes in atrial myocytes include [30]:

— increase in cell size,
perinuclear accumulation of glycogen,

— central loss of sarcomeres,

alterations in the proteins involved in cell-to-cell propagation (connexins),
changes in mitochondrial shape,

fragmentation of sarcoplasmic reticulum,

changes in quantity and localization of cellular and nuclear proteins.

To summarize, it appears from clinical and experimental studies that electrical and structural
remodeling play an important role in the genesis and maintenance of AF. Uncomplicated AF induces
mainly electrical remodeling as represented by shortening of ERP.



Alternans

Congestive heart failure (CHF) is a major public health problem. It affects nearly 5 million
people in the United States, with about half a million new cases each year [42].

T wave alternans (TWA) is a promising ECG index that indicates risk for sudden cardiac arrest
from beat-to-beat alternations in the shape, amplitude or timing of ventricular T waves on the ECG
[43]. This pattern was first described by Herring in 1909 and was initially thought to be of little
significance [44]. TWA was subsequently observed in a surprisingly wide variety of clinical and
experimental conditions associated with ventricular arrhythmias [45, 46].

As will be shown in this chapter, TWA is felt to reflect a combination of spatial and temporal
dispersion of repolarization (fig. 4.1). Furthermore, TWA has been linked with inducible [6, 47]
and spontaneous [7, 48, 49] ventricular arrhythmias and with basic mechanisms leading to their
initiation [50, 51].

4.1 Microvolt T wave alternans

In the 80’s Cohen and co-workers measured visually undetectable microvolt T wave alternans
(MTWA) using signal processing tools based on a power spectrum analysis of T wave indices [47,
53]. They established for the first time a quantitative relationship between MTWA and susceptibility
to ventricular fibrillation (VF). A clear relationship emerged from these studies: faster pacing rates
were associated with a decrease in the minimum electrical current able to trigger VF (VF threshold)
and an increase in TWA amplitude. Importantly, this peculiar pattern was generally not detectable
by visual inspection of the ECG. In 1994, MTWA was established as a marker of susceptibility to
sudden cardiac death (SCD) in patients with structural heart disease including CHF [6], a finding
which was subsequently reaffirmed by a number of clinical trials [49, 54-64].

Recently, some advances have been made regarding the mechanisms of repolarization alternans
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Figure 4.1: Mechanisms underlying TWA. Left: spatial dispersion of repolarization. Compared to region 2,
region 1 has longer APD and depolarizes every other cycle (beats 1 and 3). Right: temporal dispersion of repolar-
ization. APD alternates between cycles. Figure adapted from Narayan [52].

in patients suffering from CHF. Starting from the hypothesis that action potential duration (APD)
restitution kinetics drives repolarization alternans, Koller et al. [65] compared dynamic (i.e. con-
stant pacing) and standard (S1S2) APD restitution kinetics in patients with moderately reduced and
normal left ventricular (LV) function. They found that in patients with LV dysfunction, alternans
of APD occurred at lower heart rates, but both APD restitution kinetics showed similar steepness
compared to the control group. The authors did show, however, that the dynamic restitution kinetics
predicted APD alternans during induced ventricular tachycardia (VT) or rapid pacing, where VTs
showing APD alternans had a diastolic interval (DI) that fell below the slope >1.

Narayan et al. [66] later on showed that MTWA results but not the steepness of the standard
APD restitution separated patients with and without an adverse outcome during follow-up, and
that DIs during which APD alternans was observed fell largely above the slope >1. Moreover,
kinetics of standard APD restitution were similar between the right ventricle with normal function
and the left ventricle with depressed function. More recently, Narayan et al. [67] observed that
MTWA test correlated better with alternans of phase 2 (i.e. plateau) of the AP than with phase
3 (i.e. APD). They also showed that propagation velocity was not involved in the onset of APD
alternans and that AP alternans was intermittent and of longer duration in CHF patients than in
control ones. In a companion modeling study, the authors reported that decreasing I, lowered the
CL at which APD alternans appears (alternans threshold), increased phase 2 AP alternans and the
number of alternating beats (i.e. decreased intermittency). Neither the clamping of /¢, nor that
of cytosolic Ca®* prevented alternans, but AP alternans was prevented by clamping sarcoplasmic
reticulum Ca®* .

Recently, Selvaraj et al. [68] studied spatiotemporal distribution of intracardiac alternans based
on unipolar signals recorded from the endocardium and epicardium, and its relationship with
MTWA. They found that intracardiac alternans was more prevalent at the epicardium than at the
endocardium, that the amount of alternating electrodes increased as function of pacing rate, and
that spatially discordant alternans displayed a base to apex distribution with non-alternating pat-
terns (nodes) preferentially located at the mid myocardium. Moreover, LV apex (see Figure 4.2)
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preferentially displayed alternans of the early ST segment (suggestive of phase 2 AP alternans),
while the LV base preferentially showed alternans of the late ST segment (suggestive of phase 3 AP
alternans). Similarly to the findings of Narayan et al. [67], repolarization alternans also appeared
intermittent. Figure 4.2 shows an example of alternans intermittency at which apical early-ST al-
ternans was present at the beginning of the recording, while basal late-ST alternans appeared at
the end of the recording. Of note is the observation that a critical amount of intracardiac unipolar
signals ought to alternate before being visible with MTWA testing.
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Figure 4.2: Temporal heterogeneity of alternans. The top line shows a surface QRS complex and JT segment
from lead II. The other lines show a measure of alternans based on power spectrum analysis, as a function of the
JT interval for 16 epicardial electrodes (epi) along the anteroseptal ventricle. Figure adapted from Selvaraj et al.
[68].

4.2 Mechanism of repolarization alternans

TWA results from alternation of cardiac repolarization (i.e. APD and amplitude) at the cellular
level [50, 51, 69]; however, the underlying mechanisms are not fully understood. One hypothesis
states that repolarization alternans arises when the heart rate exceeds the capacity of myocytes to
cycle intracellular Ca®* [69, 70]. When one or more of the Ca’* cycling proteins are impaired,
the amount of released Ca>* can only be fully reclaimed on an alternating beat basis, giving rise to
alternation of free cytosolic Ca’* levels. This, in turn, can cause alternans of membrane voltage (i.e.
AP) via several electrogenic Ca®* sensitive sarcolemmal currents (Ic 2+ Tip2 and Ik for instance). A
second hypothesis states that alternans of APD occurs when the slope of the APD restitution curve
is >1 as determined by the kinetics of membrane currents [71-74]. The slope of the APD restitution
curve appears to play a critical role in APD alternans and wavebreak [71, 74-76]. A number of ex-
perimental [75, 76] and theoretical studies [71, 77] have shown that a slope >1 promotes alternans,
while a slope <1 prevents it. The APD restitution curve depicts the relationship between APD and
its DI (see fig. 2.13). This relationship is typically monotone and concave. Theoretical studies have
shown that below a critical value, which corresponds to the APD-DI coordinates of slope =1, stable
alternans occurs in response to an increase in heart rate. Above this critical value, repolarization
alternans will subside progressively (i.e. transient alternans) until a new steady state APD value is
reached (i.e. APD accommodation).

Theoretically, it is believed that stable APD alternans occurs when the new pacing rate is above
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the recovery kinetics of some sarcolemmal currents [78]. Some recent experimental works, how-
ever, seem to contradict this hypothesis, while pointing toward intracellular Ca>* handling proteins
as potential candidates for the pathogenesis of TWA [70, 79-84]. In the early nineties, it was shown
that intracellular Ca®* could alternate while keeping the membrane voltage clamped, suggesting
that alternation of intracellular Ca2* is the mechanism for AP alternans [85, 86].

Alternans of cytosolic Ca?* [87, 88] may underlie APD alternans at an ionic level [82]. Nor-
mally, Ca?* ions enter the myocyte via voltage-gated L-type Ca>* channels and activate ryanodine
receptors to trigger Ca’* release, from the sarcoplasmic reticulum (SR), and cell contraction. A re-
circulating fraction of this Ca®* is sequestered by Ca’>* -ATPase, and the remainder is extruded by
the Na*-Ca®* exchanger (NCX). Rapid heart rates may overload this homeostatic capacity to cause
alternans of Ca>* cycling [86, 87] and AP, via effects on membrane currents [82, 89]. Ca>* accu-
mulation appears to underlie the hysteresis in repolarization alternans [90] and TWA threshold [91],
such that alternans is larger in magnitude following deceleration from a rapid heart rate. Impaired
Ca’* cycling may facilitate APD alternans in heart failure [92]. Ca?* cycling also links electri-
cal with mechanical alternans [88, 93], giving a reasonable explanation for mechanical alternans
preceding electrical alternans in some preparations [86]. Finally, APD alternans during ischemia
may also follow transmural differences in potassium channel (Ixa7p) activity [94], reduced ATP
availability [70], or cellular uncoupling [95].

As discussed in the preceding section, the “restitution” hypothesis as the driving mechanism
for AP alternans in humans can be reasonably discarded. Single cell studies, either based on ex-
perimental preparation or on computer models, have also recently reported the lack of relationship
between standard and dynamic restitutions and AP alternans. The elegant study by Goldhaber et al.
[84] showed that the DI at which AP alternans appeared was largely above the value of slope >1
for both restitution protocols. Inhibiting SR Ca®* cycling function or buffering cytosolic Ca>* both
suppressed APD alternans, but did not affect the slope of the standard APD restitution, which is
mostly dependent on the recovery kinetics from inactivation of the I, ;. On the contrary, because
rapid pacing increases diastolic and systolic Ca>* , preventing Ca>* build-up at the tubular SR space
with SR Ca®* cycling blockers flattened dynamic APD restitution and prevented APD alternans.

In a modeling study, Livshitz et al. recently attempted to determine the respective role of key SR
Ca’* cycling proteins in the promotion of AP and Ca®* alternans [96]. Fitting experimental data,
they observed that the releasable pool of SR Ca>* (junctional SR) after reaching a maximum during
incremental pacing slightly decreased with a further increase in pacing rate; then, due to the long
time constant of SR Ca®* release from the junctional SR compartment, Ca>* release started to alter-
nate. Both /,,, the SR Ca* uptake and I,,., the refractoriness of Ca>* release by Ryanodine receptor
and Ca®* diffusion across the SR, were involved. Importantly, inhibition of CaMKII suppressed
Ca* build-up during rapid pacing (i.e. force-frequency relationship) and AP alternans. CaMKII is
an SR regulatory enzyme that is overexpressed in CHF and cardiac hypertrophy. Its overexpression,
as an attempt to compensate for the reduced cardiac function, may therefore facilitate Ca>* and AP
alternans, and predispose patients to tachyarrhythmias.

4.3 From spatially concordant to spatially discordant alternans

Experimentally, two types of repolarization alternans have been reported, i.e. spatially concor-
dant alternans (SCA) and spatially discordant alternans (SDA). When alternans occurs in a tissue,
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different spatial patterns can develop. In the simplest case, the entire tissue experiences collectively
a long or short AP. However, a number of factors can promote the formation of more complex spa-
tial dynamics, when different regions of the tissue respond inhomogeneously. The APD may vary
spatially, but as long as the entire tissue still alternates “long-short” uniformly, the tissue is said
to exhibit SCA. When the tissue begins to alternate “long-short” in some areas but “short-long” in
other areas, SDA is present [50].

It is possible to determine whether alternans is concordant or discordant by plotting two suc-
cessive APDs at all points in the tissue. In a one-dimensional cable, for instance, such a plot will
show two non-intersecting lines of APD if the alternans is concordant, but will have one or more
intersections during discordant alternans. The points of intersection are called nodes (or nodal lines
or surfaces in two or three dimensions) and represent locations where the APD is constant from
beat to beat. Nodes may be stationary or may travel, generally toward the site of stimulation [97].

During SCA, dispersion of repolarization was not different from values measured at slower
rates without AP alternans [50]. SDA is usually triggered by faster rates than SCA [50]. Dispersion
of refractoriness increased substantially during SDA, which greatly enhanced the susceptibility to
reentrant arrhythmias [50, 51]. The delivery of a single premature beat resulted in a unidirectional
block of conduction in the region of most delayed repolarization, which was retrogradely activated,
forming the first spontaneous beat of a reentrant arrhythmia [50, 51]. Importantly, initiation of
reentrant arrhythmias requires a certain amount of repolarization dispersion to favor unidirectional
block of conduction, retrograde invasion of the refractory tissue and reentry [50, 98]. However, all
arrhythmogenic diseases do not necessarily display the required amount of APD dispersion. SDA
is a mechanism for amplifying physiological heterogeneity of repolarization to pathophysiological
level which serves as a substrate for reentrant excitation. SDA might be one of the candidates,
because it appears only above a given heart rate threshold.

Despite considerable progress in the understanding of the pathophysiological process leading
to alternans, the mechanisms promoting SDA remain elusive. Interestingly, some clues have been
recently provided by theoretical studies using computer models [71, 72, 77]. These studies are
pointing towards conduction velocity (CV) as a possible candidate for the promotion of phase re-
versal between islands of alternating tissue. CV depends on many cellular and extracellular factors
among which membrane excitability and cell-to-cell coupling play a major role. Interestingly, both
abnormal membrane excitability and cellular uncoupling have been shown to be arrhythmogenic.
Restitution of CV assesses the ability of an excitation front to propagate across a tissue as a function
of the pacing or DI. Under normal conditions, CV is maintained over a broader range of DI (i.e.
CV is engaged for shorter DI) than APD. The earlier the premature beat, the slower its propagation
and the longer its activation time (AT). Theoretical studies suggest that CV restitution opposes APD
restitution. The increase in AT over space at short coupling interval (i.e. rapid rates) tends to oppose
the reduction in DI as a result of the APD-DI relationship. Figure 4.3 shows two consecutive APD
and their AT values in a fiber paced at the left end [72]. The plain line represents the even beat and
the dashed line the odd beat. At an intermediate pacing rate (CL 230 ms), APD alternans appears
maximal at the pacing site, but decreases over space because of the small engagement of CV as
shown by the small alternation in AT values. At a faster pacing rate, CV is much more engaged as
shown by the increase in AT. For the even beat for instance, the prolongation of the AT at a given
point may overcome the reduction in DI, allowing the DI and therefore its APD to increase again.
This, in turn, results in a phase reversal of APD value, also called SDA because islands of APD are
spatially in opposite phase [72]. Importantly, theoretical studies have clearly established that the
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Figure 4.3: APD and AT dynamics of even (plain) and odd (dashed) beats at two different pacing CL. Image
from Fox et al. [72].

engagement of CV at low heart rate (i.e. CV restitution curve with a long time constant) promotes
phase reversal and therefore SDA and dispersion of refractory periods.

Over the last years, two hypotheses prevail for the formation of SDA:

1. pre-existing tissue heterogeneities result in variation in alternans amplitude, upon which an
appropriately timed premature beat or an increase in pacing rate reverses alternans phase in
one part of the tissue [50, 99, 100]. SDA thus appears around locations of heterogeneity
immediately as pacing rate increases [101];

2. modeling and experimental studies also suggested that steep CV restitution underlies SDA
formation [72, 77, 102-104].

Finally, others [71, 73] have suggested that both tissue heterogeneities and steep CV restitution may
be involved in SDA.

Recently, Hayashi et al. [101] in a modeling study reported that these two mechanisms may be
distinguished by behavior of nodal lines. If SDA develops according to the 1% mechanism: nodal
lines would form at locations dictated by underlying tissue heterogeneity with two different scenar-
ios: 1A) in presence of APD heterogeneity, nodal lines form and drift away from the pacing site on
a beat-to-beat basis without reaching steady state; 1B) in presence of intracellular Ca>* heterogene-
ity, nodal line may reach steady state and remain pinned despite an increase in pacing rate. If SDA
develops according to the 2" mechanism: nodal lines may reach steady state and move towards
pacing site as pacing rate increases.

In 2008, in an elegant optical mapping study based on langendorft-perfused rabbit hearts, Miri-
nov et al. [105] reproducibly reported two patterns of nodal lines behavior. The first and most
prevalent one was a pattern of stable SDA, where nodal lines drifted towards the stimulus site as
pacing rate increased. This pattern showed a tight spatial correlation between CV alternans and
APD alternans (top row of Figure 4.4) suggesting that CV restitution kinetics may be the mecha-
nism for stable SDA formation. The second and less prevalent behavior was a pattern of unstable
SDA, where nodal lines continuously drifted across the recording field. Importantly, both the stable
and the unstable behaviors did not correlate with APD heterogeneity. Bottom row of Figure 4.4
shows the lack of spatial correlation between CV and APD alternans for the unstable behavior as
opposed to the stable one (top row). Most importantly, sites showing unstable nodal line behavior
displayed slower APD accommodation to changes in pacing rate than sites with stable behavior,
suggesting that short-term memory, i.e. the dependence of APD on the entire pacing history and
not only on the preceding DI, plays a significant role in preventing the spatial pining of SDA. It
can be speculated that because APD continuously change over time but also depend on the overall
pacing history, APD values may never reach steady state. The cellular mechanisms underlying the
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Figure 4.4: CV and APD alternans. Steady-state alternans maps for posterior and anterior surfaces at a basic
cycle length of 135 ms showing alternans in CV (left), alternans in APD (middle), and superposition of their nodal
lines (right). The APD and CV nodal lines are shown in white and red, respectively. Image from Mironov et al.
[105].

slow APD accommodation remains, however, undetermined yet.

4.4 Repolarization alternans and susceptibility to arrhythmias

Although most efforts have focused on the role played by APD alternans in reentrant ventricular
arrhythmias, clinical, experimental and modeling studies suggest that repolarization alternans may
also play a role in promoting atrial arrhythmias [8-11].

Kim et al. [10] were among the first to report APD restitution kinetics and AP alternans from the
right atrium of patients with persistent and paroxysmal AF. Patients with persistent AF displayed
shorter APD and ERP, allowing steeper APD restitution slopes as compared to controls. Patients
with paroxysmal AF laid in between. Interestingly, patients with persistent AF showed an increased
dispersion of APD slopes as measured at five right atrium sites. The increased dispersion produced
an increase in APD dispersion near ERP but not at slow pacing rate. The same year, Narayan et
al. [8] showed that in patients with typical atrial flutter (i.e. isthmus dependent) who developed
AF during overdrive pacing, a progressive increase in pacing rate caused alternans of APD from
the cavo-tricuspid isthmus, followed by AF. Conversely, in patient with typical atrial flutter who
did not develop AF, APD alternans was less common and occurred only at faster pacing rates.
Cavo-tricuspid isthmus of inducible patients displayed longer APD, rate-maladaptation and lower
APD alternans threshold than non inducible patients. SDA was also observed in the right atrium
of inducible cases. Importantly, APD alternans and conduction block also preceded episodes of
spontaneous disorganization of atrial flutter into AF.

In a canine experiment with autonomic blockade, Watanabe et al. [9] showed that 60 min
of rapid atrial pacing decreased APD alternans threshold as compared to baseline values. APD
alternans was also observed before episodes of rapid-pacing induced AF. Interestingly, the right
atrium ERP measured at short pacing CL that induced APD alternans showed double values, with
long ERP following long APD and short ERP following short APD. This substantiates the concept
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that APD alternans increases dynamically the dispersion of ERP, and may explain the paradoxical
increase in atrial ERP observed in several atrial experiments at rapid pacing [32]. Recently, Narayan
et al. [106] compared right and left atrium APD and AT kinetics in patients with paroxysmal
and persistent AF. Major differences in both kinetics were reported. Patients with paroxysmal AF
displayed steep APD and AT kinetics as compared to persistent AF patients whose APD restitution
was flat because of an early prolongation of AT at long coupling intervals. Only patients with
paroxysmal AF developed AF following the delivery of a single premature beat. Interestingly, the
oscillations of APD of the first beats at AF onset followed tightly the APD restitution curve. This
finding suggests that APD restitution governs APD values for this mode of AF onset triggered by
single premature beat, but not by rapid pacing. In patients with persistent AF, striking differences
in APD and AT kinetics were observed between the left and the right atrium. In contrast to the
left atrium, right atrium APD and AT kinetics were steep and comparable to the values of patients
with paroxysmal AF, confirming the findings of Kim et al. [10]. The underlying mechanisms
for right and left atrium differences as well as for the early prolongation of AT in the left atrium of
persistent AF remained undetermined yet. One can speculate, nevertheless, that if the driving source
of persistent AF is indeed in the left atrium, as suggested by recent clinical papers [107], the right
atrium is partly protected from electrical and/or structural remodeling by left-to-right fibrillatory
conduction.

TWA is dependent on the heart rate but is independent of any sympathetic activity as shown by
experimental [50, 51] and clinical studies [64]. TWA amplitude, however, increased more during
exercise than during atrial pacing [108]. Furthermore, beta-blockers reduced the amplitude of TWA
but did not change the threshold at which alternans occurred [64], suggesting that the sympathetic
nervous system may play a substantial role. Experimentally, the autonomic nervous system (ANS)
plays a role in the initiation and maintenance of AF. Stimulation of the parasympathetic system
alters substantially the electrophysiology of the atria. Vagal stimulation decreases APD, increases
dispersion of refractoriness, promotes triggered beats, all of which favors AF during rapid pacing
[109-113]. Although sympathetic stimulation also decreases APD and increases triggered beats, it
does not promote dispersion of refractoriness and thus AF during fast pacing [110]. The precise
role of the ANS for AF in humans remains elusive. Coumel and colleagues were the first to report
vagal and adrenergic AF [114, 115]. These cases typically concerned young adults, in their 30’s to
40’s. Vagal AF was preceded by some slowing of the sinus rhythm, which favored the emergence of
ectopic beats (presumably early afterdepolarization from the pulmonary veins) and AF. In contrast
adrenergic AF was preceded by some critical increase in heart rate, above which AF was triggered
by some ectopic beats. Interestingly, these cases appear to fit the clinical description originally done
by Haissaguerre and colleagues of young adults with focal paroxysmal AF [3].

Is there a link between susceptibility to AF, repolarization alternans and the ANS? The first clue
came from the elegant study of Jayachandran and colleagues [116]. The authors showed that weeks
of rapid atrial pacing in dogs resulted in some heterogeneous sympathetic hyperinnervation, which,
in turn, favored dispersion of repolarization and AF in contrast to unpaced dogs. Then, Miyauchi
and colleagues [117] showed that myocardial infarction of limited size in dogs produced sympa-
thetic hyperinnervation but no mechanical remodeling of the atria. Dogs with sympathetic hyperin-
nervation showed increased susceptibility to AF and dispersion of repolarization, and steeper APD
restitution curves. Immediately before the onset of AF, APD alternans was maximal in remodeled
dogs, but not in controls. Optical mapping showed multiple wavebreaks at the onset of AF, suggest-
ing that repolarization alternans, by enhancing dynamically dispersion of APD, promoted block of
conduction and reentry.
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4.5 Concluding remarks

Considerable progress has been made in the understanding of the mechanisms leading to AF.
Decreased APD [118], increased dispersion of refractory periods [118] and inhomogeneous atrial
conduction [119] due to electro-anatomical remodeling are the hallmark of patients suffering from
AF. However, up to 30% of AF episodes occur without cardiopulmonary disease (i.e. lone AF),
and experimentally specific interventions such as vagal stimulation or rapid pacing are necessary to
reach the critical amount of dispersion of repolarization for wavebreaks and reentry. Repolarization
alternans, a beat-to-beat alternation in APD [61], appears to be dependent both on the heart rate
and on the ability of Ca>* cycling proteins to recycle intracellular Ca®* [51, 64, 76]. Importantly,
repolarization alternans: 1) is promoted by interventions decreasing the function of Ca?* -induced
Ca?* release mechanisms [51, 64, 74, 76] (such as seen in electromechanically remodeled atria
and ventricles), 2) enhances dynamically dispersion of repolarization (i.e. SDA) when conduction
velocity is engaged at long coupling intervals [105] (i.e. slowing of propagation at long DI), 3)
has been shown to be theoretically [120, 121] and experimentally [61, 63, 67, 87, 121] involved in
reentry and wavebreaks, and 4) appears to be enhanced by sympathetic activation [59, 87].
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Experimental setup

In this study, we have developed a chronic model of pacing-induced atrial tachycardia in sheep.
This ovine model makes possible the acquisition of unipolar atrial EGMs during EP (electrophys-
iological) protocols, from baseline conditions until the development of pacing-induced sustained
AF. This chapter explains the implantation procedure, recording setup, pacing protocols and anal-
yses performed. Experiments were carried out in accordance with the European convention for the
protection of vertebrate animals used for scientific purposes.

5.1 Implantation procedure

The implantation procedure is organized as follows: sheep are premedicated, sedated and in-
tubated. Under general anesthesia, two pacemakers are implanted. The first one is used for the
recording of intracardiac unipolar EGMs and is implanted subcutaneously in the right neck region.
The second one is used for stimulating the right atrium and is implanted under the muscles in the
right shoulder region. The screw-in leads (fig. 5.1) are inserted via the right jugular vein into the
right atrium or the right ventricle as shown in figure 5.2.

ek

Figure 5.1: Tip of a screw-in lead.

We developed two different experimental setups, the first one with normal atrioventricular (AV)
conduction and the second one with AV block after the ablation of the AV node. In the first setup,
two atrial leads are implanted and connected to one of the pacemakers. An impulse initiated in
the right atrium will therefore propagate normally to the ventricles via the AV node. In the sec-
ond setup, two additional ventricular leads are implanted and the AV node is ablated by applying
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Figure 5.2: Schematic of dual chamber pacemaker implantation. One lead is implanted in the right atrium, the
other one in the right ventricle.

(a) Two leads (b) Four leads

Figure 5.3: Radiographs (X-ray images) of the electrodes. (a) Two atrial leads with normal AV junction. (b)
Two atrial and two ventricular leads following ablation of the AV junction.

radiofrequency currents. In the latter setup, the ventricular rhythm is maintained by the pace-
maker. Importantly, far-field ventricular potentials of variable amplitude altered the recording of
atrial EGMs. During rapid pacing with 2:1 AV conduction, far-field ventricular waves impinging
on atrial repolarization waves could artificially produce atrial repolarization alternans and prevent
quantitative measurement of alternans. Thus, controlling the ventricular rate is useful to avoid 2:1
AV conduction at short pacing cycle lengths.

5.1.1 Atrioventricular node ablation

As introduced before, the AV junction has been ablated in a subgroup of sheep with additional
ventricular leads. 8-mm ablation catheters (EPT, Boston Scientific) were successfully used for the
ablation of the AV junction. Figure 5.3 shows representative radiographs of a sheep with two right
atrial leads and normal AV conduction (5.3a) and of a second sheep with two right atrial and right
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Figure 5.4: Intracardiac and surface recordings before (a) and after (b) ablation of the atrioventricular node.
The intracardiac signal in panel (a) was recorded with the ablation catheter, the labels A, H and V refer to the right
atrial, His and right ventricular potentials respectively. The surface ECG in panel (b) shows the dissociation of
atrial (arrows) and ventricular contractions.

ventricular leads following ablation of the AV junction (5.3b). The ventricular rate was programmed
at 40 bpm (1500 ms) in the AV block group during the recordings of atrial EGMs at variable PCL,
and between 60 and 170 bpm in DDD mode in-between recordings.

Figure 5.4 shows intracardiac EGM and ECG recordings before (5.4a) and after (5.4b) ablation
of the AV junction. In panel (a), the labels A, H and V respectively denote right atrium, His and right
ventricular potentials as recorded by the ablation catheter. Radiofrequency burns at this location,
close to the His bundle, produced sustained AV block as shown in panel (b). Note the lack of
relationship between P waves (red arrows) and right ventricular escape rhythm (Ry).

5.2 Pacemakers

5.2.1 Recording pacemaker

Vitatron T70 pacemakers are used as recording pacemakers. As for most pacemaker connectors,
the atrial port filters the signal using a 20-80 Hz band-pass filter preventing any recording of slow
repolarization components [20]. In contrast, the ventricular port of the T70 Vitatron PM filters the
signal using a 0.4 Hz high-pass filter, which allows the recording of smooth repolarization waves.
The atrial lead is thus plugged into the ventricular channel in order to record both depolarization
and repolarization waves. Figure 5.5 shows a typical unipolar broadband atrial EGM, where the
pacemaker stimulus (S) is followed by atrial depolarization (R,) and repolarization (T,) waves.
A far-field ventricular depolarization (Ry) can also be observed, as discussed before, which may
contaminate atrial repolarization waves during 2:1 AV conduction. The EGM are high-pass filtered
by the pacemaker at 0.4 Hz and digitized at 800 Hz with 8-bit resolution.

5.2.2 Stimulation pacemaker

The stimulation pacemaker model is a Medtronic Diamond 3, with a special routine for the
delivery of customized pacing protocols, including S1S1, S1S2 and burst pacing protocols, devel-
oped in collaboration with Vitatron Arnhem, NL . The uploading and the control parameters of the
pacing protocols are detailed in appendix B.

1. With the collaboration of H. de Bruyn and P. van Dam
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= 500 ms

Figure 5.5: Unipolar atrial EGM. S: pacemaker stimulus; R,: atrial depolarization wave; T,: atrial repolariza-
tion wave; Ry: ventricular depolarization.

5.3 Recording setup

Once the pacemakers have been implanted, EGM recordings during EP protocols are performed
weekly after light sedation (intramuscular Xylazine 0.2 mg/kg). During the stimulation protocols,
three ECG derivations and one intracardiac right atrial EGM are simultaneously recorded. Four
needles are used to record the subcutaneous ECGs, placed at locations corresponding to the limb
electrodes in a standard 12-lead ECG, i.e. on the right arm (RA), left arm (LA), right leg (RL) and
left leg (LL) (fig. 5.6). The needles are connected to a Holter device which stores the three resulting
unipolar ECGs: aVL, aVR and aV'F (as defined in section 2.2.1).

Pacemakers are interrogated and programmed using a Medtronic programmer (fig. 5.6, right
hand side). An antenna connected to the Holter device is placed above the recording pacemaker
and receives the RF signal emitted by the pacemaker. The ECG and EGM signals are stored by the
Holter on an internal memory and can be monitored during the acquisition on a laptop connected to
the Holter by Bluetooth™.

Antenna
ECG leads
it ~
9 [ R RAG@ ™ |
K |
Laptop Bluetooth TX Holter Programmer
Stimulation Recording
Pacemaker Pacemaker

Figure 5.6: Recording setup. The programmer (right) sets the pacing parameters to the stimulation pacemaker
(right shoulder). The recording pacemaker (neck) transmits the atrial EGM (RF signal) via the antenna to the
Holter device. Four subcutaneous electrodes (RA, LA, RL and LL) are used to record three ECGs, stored by the
Holter device. Subcutaneous ECG and EGM signals are monitored on a laptop, communicating with the Holter
device via a Bluetooth transmission.
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5.4 Pacing protocols

The recording sessions typically included three parts: a few minutes in sinus rhythm, one S1S2
protocols and one S1S1 protocol. The burst pacing protocol was used to remodel the atria.

S1S2 protocol

The S1S2 protocol consisted of 20 paced impulses (S1) followed by an extrastimulus (S2), which
automatically decreased by steps of 10 ms (fig. 5.7). The pacing CL of the S1 impulses was set at
400 ms. Figure 5.7 shows a representative example during a S1S2 protocol. The extrastimulus is
delivered after a train of 20 paced beats to allocate time for reasonable stabilization of refractori-
ness, which is usually accomplished after the first three or four paced beats [122].The stimuli are
rectangular pulses of 0.5 ms duration with a voltage at least twice the diastolic threshold and usually
set at 2.5 V at 0.5 ms. The atrial diastolic threshold is defined as the minimal voltage resulting in
consistent atrial capture at 120 bpm.

This protocol allows us to measure the kinetics of atrial activation time (AT) and effective refrac-
tory period (ERP) during pacing-induced remodeling. AT is measured from the pacing stimulus to
the atrial depolarization peak. As shown in figure 5.7, AT gets prolonged for shorter S1S2 intervals,
close to ERP. At ERP, the S2 fails to capture the atrium.

S1 S1 S‘l 5‘2
Rv —>| «— AT =30 ms

5152 =400 ms

5152 = 140 ms

No capture = ERP

5152 =130 ms

500 ms

Figure 5.7: EGM during a S152 pacing protocol with a drive train set at 400 ms. The first row shows a 400 ms
S182 interval. The middle row shows a prolongation of the activation time at a 140 ms S1S2 interval. The last row
shows the largest S1S2 interval failing to capture the atrium, which corresponds to the ERP.

S1S1 protocol
The S1S1 protocol consisted of a sequence of 400 impulses, starting at 400 ms CL down to the
atrial ERP, with steps of 50 ms down to 300 ms and followed by steps of 10 ms afterwards. The
number and duration of the beats are programmable, but 400 beats have been chosen in order to
reach steady state and being able to assess patterns in repolarization alternans.

Burst pacing protocol
The pacing protocol used to remodel the atria consisted of bursts of programmable CL and duration,
in intermittence with sinus rhythm of variable duration in order to mimic salvos of pulmonary
vein atrial tachycardia. Figure 5.8 shows a representative example consisting of a burst of 5 sec
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duration followed by 4 sec of sinus rhythm. The programmable CL ranges from 80 to 200 ms with
incremental steps of 10 ms.

&}
Q
3]
5 sec
of burst pacing pause
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Figure 5.8: Intermittent atrial burst pacing of 5-second duration with 3 seconds of sinus rhythm in-between.

Figure 5.9 shows an example of AT as a function of S1S2 coupling interval, before burst pacing
activation, after 2 and 4 weeks of burst pacing. Paced ERP decreased from 150 ms at baseline to
100 ms and 90 ms after 2 and 4 weeks of burst pacing.

(72}
£ 60
o 55 A/ --e-Baseline
1
E 50 ram
-

S4 . .y ZamE 2 weeks
= ) < ( \ :
@ 40 R Gs B9 -2 e o s
= PAgHE ’\gl ot w-o-‘v'*' R S .:.-\‘-’ 4 weeks
o 35 ‘ >
< 30

9] 1] 9] 1] %] [0 9] (9] %] 9] %] 9] %] 9] 1] 9]

E E E E E E E E E E E E E E E E

o o o o o o o o o o o o o o o o

O O O I N O 0O O < N ©O o © ¥ N O

<r [sp] (2] o« [se} (<o) o N N N N ~ ~ ~ ~

Figure 5.9: Activation time and ERP as a function of S1S2 coupling interval, throughout remodeling process for
one representative sheep with normal AV conduction.

5.5 Biochemistry and histology

Biochemistry was performed on samples from the right and left atria to determine the expression
of proteins involved in intracellular Ca>* cycling and histological analysis to determine any fibrosis
or enlarged nuclei. Details and preliminary findings can be found in Annexe A.

5.6 Inter-electrodes distance

In order estimate the linear distance between the stimulating and the recording electrodes, X-
rays were taken and inter-electrode distance measured at the end of the implantation, during the
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remodeling process and once the sheep were in AF. Sheep were under general anesthesia and in-
tubated (tracheal intubation), with a tube whose diameter was used as a reference (typically 10.2
mm). Once the plane maximizing the inter-electrodes distance has been found, a simple translation
of the X-ray device was performed. The distance from the X-ray tube to the electrodes and to the
tracheal the tube is considered constant as they lay approximately in the same plane.

Figure 5.10 shows an example of two radiographs of the tracheal tube (left) and the right atrial
electrode leads (right). Knowing the distance between the electrodes, one can compute an estimate
of the propagation velocity from the stimulation electrode to the recording electrode. Any large
atrial stretch would result in an increase of the measured inter-electrode distances.

Mesure Distance Inter-Electrodes

[ Tube ] ( Electrodes

Diametre réel 102 Distance réelle 26.6593

Figure 5.10: Inter-electrodes distance. X-ray of the tracheal tube (left) and of the two right atrial leads (right).
Using the diameter of the tracheal tube as reference (10.2 mm) gave a distance of 26.7 mm between the two leads.

5.7 Echocardiography

Echocardiograms were performed following X-ray pictures. We typically measured ventricular
and atrial diameters during diastole and systole, and looked for signs of pericardial effusion.

5.8 Sheep database

Our study included two main groups of sheep, the group with normal AV conduction and the
group with AV block. Those two groups were further divided in two subsets, remodeled until
sustained AF appeared and non remodeled ones. The subsets are listed in table 5.1. Five additional
sheep without pacemaker implantation were used for biochemistry and histology as a non operated
control group. Data have not been analyzed yet.
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Remodeled | Not remodeled
‘With normal AV conduction 8 8
With AV block 3 5

Table 5.1: Sheep database

5.9 Conclusion

This chapter introduced our chronic free-behaving sheep model of pacing-induced AF. This
model has the unique ability to allow the follow-up from a healthy non remodeled state to the initia-
tion of AF. Once the pacemakers are implanted, the setup makes possible the non-invasive recording
of in vivo intracardiac EGMs, which is of great advantage compared to ex vivo experiments where
measurements are done in a non physiological environment.
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EGM and ECG processing

One relevant issue to understand the pathophysiological mechanisms of AF is the analysis
and interpretation of atrial EGM. Therapies can be improved through this analysis, such as radio-
frequency ablation [123], analysis of antiarrhythmic drug effects [124] or performance improvement
of atrial implantable cardioverter defibrillators [125].

The major problem in the analysis of atrial EGM is the presence of ventricular activity (VA).
A straightforward approach to solve it consists in performing analysis on EGM segments free of
ventricular complexes. However, the information contained in the rejected parts is lost, which
is not suitable for analysis requiring continuous atrial segments (as Re-ALT analysis) or when the
ventricular rate is too high to produce EGM segments without VA, with most of the atrial complexes
superimposed with VA.

To properly study the EGM signals, VA has to be removed from the EGM. In a similar context,
various methods to cancel out this activity from the surface ECG during AF have been proposed
[126-128]. Because of the spectral overlapping of the AA and VA, linear filter based methods do
not permit the extraction of AA. Two approaches are usually used: source separation algorithms
and average beat subtraction [129].

The source separation algorithms assume that AA and VA arise from different electrical sources,
and that they possess different statistical characteristics. Principal component analysis (PCA) and
independent component analysis (ICA) are the main representatives of this approach [127, 130,
131]. However blind source separation algorithms using ICA require at least as many recordings
as sources, and are generally applied to 12-lead ECG, eight of them being linearly independent.
Application of such algorithms in our study provides poor results, due to the large morphological
differences between the ECG and EGM signals and to the limited quality of our ECG recordings.
The application of PCA will be detailed in this chapter and illustrated with recordings obtained
from sheep with normal AV conduction and with AV block.
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The average beat subtraction method applied to the analysis of AA in ECG during AF, relies on
the uncoupling between AA and VA during AF. It also assumes small variabilities in the ventricular
complexes in the same patient. The main idea is to create an average VA template and to subtract it
from the signal; the residual signal should be the AA. This technique has been used in non-invasive
AF studies [132].

The purpose of this chapter is to evaluate preprocessing and VA cancellation techniques. First,
preprocessing of the signals, fiducial point detection and denoising are introduced in section 6.1.
Then, in order to evaluate the denoising procedure and the cancellation techniques, a model of
EGM signals, used as ground truth is proposed in section 6.2. The modeled EGM signals contain
atrial and ventricular activities displaying characteristics similar to those of experimental EGM
signals. Finally, in section 6.3, VA cancellation algorithms adapted to our single-lead configuration
are presented: median template subtraction (MTS), PCA applied on atrial beats (PCA) and PCA
applied on atrial and ventricular beats (PCA;,). These cancellation techniques are illustrated on
experimental EGM signals and their performance validated on modeled EGMs.

6.1 Preprocessing

ECGs and EGMs may be corrupted by various kinds of noise and artifacts, including baseline
wander, electrode motion artifacts, powerline interference or muscle noise [133].

6.1.1 Baseline wandering

Baseline wander may result from various causes including respiration, body movements and
poor electrode contact [133]. The upper row of figure 6.1 provides an example of an ECG showing
baseline wander. ECG baseline wandering is suppressed with a fifth-order Butterworth high-pass
filter with a 0.5 Hz cutoff frequency (fig. 6.1, bottom row). Signals are first filtered in the forward
time direction and then the filter output is filtered again in the backward time direction. The result
has precisely zero-phase distortion [133].
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Figure 6.1: Baseline wander. Example of an ECG before (upper row) and after filtering (bottom row).

6.1.2 Wavelet denoising

Wavelet transform analysis uses wavelike functions known as wavelets. These wavelets are used
to transform the signal under investigation into another representation, where the signal information
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is in a more useful form [134]. Wavelet transform is the convolution of the basis wavelet function
with the signal. The so called mother wavelet is manipulated in two ways: it can be translated to
various locations on the signal and it can be stretched or squeezed. If the wavelet matches well the
shape of the signal at a given scale and location, the transform results in a large value. On the other
hand, if the signal and the wavelet do not correlate well, a low transform value is obtained.

Computation of the wavelet coefficients is possible at any scale, but would be too large to handle
easily. Selection of a subset of scales and positions based on powers of two results in a more efficient
analysis. Mallat introduced repetitive application of high pass and low pass filters to calculate the
wavelet decomposition of a given sequence, as depicted in figure 6.2 [135]. The pairs of filters at
each level are defined by the mother wavelet and its scaling function (complementary). Temporal
analysis is performed with a contracted, high frequency version of the wavelet, while frequency
analysis is performed with a dilated, low-frequency version of the same wavelet. The signal is
thus represented in terms of a wavelet expansion, using coefficients in a linear combination of the
wavelet function. Data manipulation such as denoising can be performed using just the wavelet

coefficients.
X g —@ d,
h o ) d,
Level 1 - @ 2 : o:|L
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g: high pass filter | Level 2
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@ Subsampling by 2 Level L

Figure 6.2: Mallat’s cascaded filters. d; refers to the detail coefficients at level i and ay, to the approximation
coefficients at level L.

Conventional wavelet denoising (WD) is now a common approach for the denoising of biomed-
ical ssignals such as ECGs. Donoho and Johnstone [136] proposed a soft thresholding method for
the so-called shrinkage of the noise components in the wavelet domain. Their approach, together
with variants, has since been used in many applications. The general denoising procedure involves
three steps:

1. Decomposition
A mother wavelet and a level L are chosen. Wavelet decomposition of the signal at level L is
performed.

2. Thresholding of the detail coeflicients
For each level from 1 to L, a suitable threshold is selected and soft thresholding is applied to
the detail coefficients.

3. Reconstruction
Wavelet reconstruction using the original approximation coefficients at level L and the modi-
fied detail coefficients at levels from 1 to L is computed.
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WD schemes are characterized by various parameters that customize the algorithms for different
mixtures of signal and noise sources. The type of the mother wavelet, shrinkage rule, rescaling
strategies are the main WD parameters to select [137].

The mother wavelet is usually selected from a wavelet family with a shape close to the shape
of the signal to be denoised, and the rescaling approach and shrinkage rules are selected according
to the nature and variance of the noise. Four threshold selection rules are available, namely the
Stein’s Unbiased Risk Estimate (SURE), the fixed threshold form, a mixture of the two (heursure),
and the minimax principle [137]. The universal fixed threshold selection rule by Donoho and John-
stone [138] proposes a threshold value o /2 log M proportional to the amount of noise o and the
number of samples M . In practice, the universal threshold tends to over-smooth the signal. The
SURE threshold selection rule estimates Stein’s unbiased risk for a particular threshold value and
minimizes it [139]. The minimax threshold selection presented by Donoho and Johnstone [138]
uses an optimal threshold in terms of L? risk. This optimal threshold depends on the sample size M
and is derived to minimize an upper bound of the risk involved in estimating a function. The SURE
and minimax threshold selection rules are more conservative and are thus more convenient to keep
small details of signal close to the noise level (like the pacemaker stimuli). Those two selection
rules and the hybrid version (heursure) were tested.

A wavelet denoising method was applied on both EGM and ECG signals. The wavelet decom-
positions (Symmlet 4 level 4 decomposition) were soft-thresholded. The threshold was rescaled
based on a level-dependent estimation of the level noise. The choice of the wavelet and threshold
selection rule are detailed in section 6.2.4.

6.1.3 Fiducial point detection

Identification of the timing of pacemaker stimuli, atrial depolarization and repolarization waves
(fig. 6.4) was performed as follows: atrial depolarization was detected by applying a nonlinear
energy operator (NEO) to the EGM and thresholding its output. The NEO is defined by [140] as:

x[n]=x2[n]—x[n+6]x[n—5], 1<6<4 (6.1)

This first stage emphasized the spikes and the threshold determined their position. The NEO
parameter was typically set to 6 = 4 and the threshold to 30% of the maximal value of the processed
signal (fig. 6.3). The same procedure can be applied to an ECG derivation in order to get the
time location of ventricular depolarization. Thus, any false detection on the EGM of ventricular
depolarization can be discarded, based on ECG information. The pacemaker stimuli were defined
as the maximum in an interval preceding atrial depolarization.

Following the detection of atrial depolarization waves, repolarization waves were smoothed by
a Savitzky-Golay filter of order three [141]. Then, the zeros of the second derivative determined the
onset and end of the repolarization wave. For each fitted T wave segment, the local maximum was
extracted and defined the amplitude apex (T,) (fig. 6.4).
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Figure 6.3: EGM (upper row) and output of the non linear energy operator (bottom row). The threshold is
indicated by the red line and the detected atrial R wave by triangles.
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Figure 6.4: Examples of fiducial points from two consecutive atrial beats. The pacemaker stimuli are denoted by
green circles, the atrial depolarizations by cyan triangles and the apex of the T waves by black stars. The T waves
smoothed by the Savitzky-Golay filter are shown in red.

6.2 Modeling of the EGM

In order to evaluate the performance of the denoising procedure and the VA cancellation algo-
rithms, the need for a reference signal arose. This section presents models of AA, VA and noise.

6.2.1 Modeling of the atrial activity

Synthetic EGM were generated using a combination of bi-Gaussian waveforms. A bi-Gaussian
function (BGF) is a four-parameter function, composed of two half-Gaussian functions (fig. 6.5)
[142]. As defined in eq. 6.2, the parameters of the function are:

u: location in time

oq: standard deviation of the first Gaussian
o,: standard deviation of the second Gaussian
A:  amplitude

()| ifx<u

()| ifx>u

A-exp|—

BGF (x,p1,01,02,A) = (6.2)

SIS

A-exp|—

In order to build a synthetic EGM as close to real ones as possible, an experimental EGM
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J

Figure 6.5: Bi-Gaussian function (BGF). y represents the position of the function, o the standard deviation of
the first Gaussian function, o the standard deviation of the second Gaussian function and A the amplitude of the
function.
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Figure 6.6: (a) Original EGM (red) and combination of BGF (blue). (b) Decomposition into three BGF and one
pacemaker stimulus.

at a PCL of 400 ms was considered and a combination of three BGF was used to model it (fig.
6.6a). The parameters of each BGF used to model the R, S and T waves were optimized in order
to minimize the mean square modeling error MS E defined in equation 6.3, where Sggm was the
EGM signal template used as reference and N, the number of samples. Two optimizations were
performed, using the intervals of Sggpm corresponding to the QRS complex and the T wave. Note
that a constrained optimization was performed since o1, o2 must be positive. Figure 6.6b shows
the decomposition into three BGF of the synthetic EGM shown in figure 6.6a (blue).

N,
RN . .
MSE (u.1,02,4) = = > (Seam(i) = BGF (. .01, 02, A))’ (6.3)
§ =1

Once the parameters minimizing the modeling error had been determined (tab. 6.1), the re-
sulting model was used as a basic EGM beat. Variations in the parameters of the BGFs (tab. 6.2)
allowed the creation of synthetic EGM with various R, S and T waves shapes, close to intracardiac
EGMs (fig. 6.7).
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Figure 6.7: Synthetic EGM at a PCL of 400 ms. The apexes of the T waves are highlighted with triangles.

u oy 0 A
I*BGF Rwave 81 25 1 1650
2dBGF Swave 82 0.1 198 -1789
3dBGF Twave 175 21 315 317

Table 6.1: Parameters of the BGF to model a standard EGM.

6.2.2 Modeling of the ventricular activity

The next step was to add ventricular activity (VA) to this model. The VA was extracted in a
sheep with AV block (see section 6.3). Four BGF were used to model the Q, R, S and T waves of
the VA. The parameters of the QRS part were jointly optimized. Figure 6.8a shows an experimental
VA (in red) and the resulting combination of BGF (in blue). The decomposition is shown in figure
6.8b and the values of the parameters are given in table 6.3.

U loa| o A
I BGF Rwave 8148 2.5+1 1 1650+250
2" BGF S wave Ur+1 0.1 19.8+5 -1789+250
34 BGF Twave 17510 21+2 31.5+2 317430

Table 6.2: Range of the parameters of the BGF to model a standard EGM. pig denotes the time location of the
BGF related to the R wave.

u o o) A
I BGF Qwave 10 1.8 2 -159.6
24MBGF Rwave 19 25 6.1 4269
3BGF Swave 50 59 272 -463
4" BGF Twave 223 24.1 132 -2354

Table 6.3: Parameters of the BGF to model VA.
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Figure 6.8: (a) Ventricular activity (red) and combination of BGF (blue). (b) Decomposition into four bi-
Gaussian functions.

Modeling AV conduction

As introduced before, our data is composed of two main groups, the group with normal AV
conduction and the group with AV block. During normal AV conduction, the ventricular contraction
follows the atrial one, on a Ny4:1 basis (Va4 atrial beats for one ventricular). During AV block, the
VA is programmed at 40 bpm (1500 ms), VA is completely dissociated from AA and the ventricular
beats superimpose to different interval of atrial beats.

The length of atrial and ventricular beats can easily be adjusted in order to create these types
of AV conductions. Figure 6.9 shows examples of 2:1 AV conduction (left), 3:1 AV conduction
(center) and AV block (right).

2:1 AV cond. 3:1 AV cond. AV block

Figure 6.9: Simulated AV conductions. Red arrows indicate Ry. Left: AA at 350 ms PCL with 2:1 AV conduction.
Center: AA at 300 ms PCL with 3:1 AV conduction. Right: AA at 400 ms PCL with AV block.

6.2.3 Modeling of the noise

In order to quantify the noise in terms of signal-to-noise ratio (SNR) and then create a model of
it (subsection 6.2.3), T waves were extracted from an experimental EGM (fig. 6.10). The difference
between the T waves and the fitted curves is shown in panel B of figure 6.10.
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Figure 6.10: Estimating noise. Panel A shows consecutive T waves from an experimental EGM (blue) and the

corresponding fitted curves (red). Panel B shows the difference of the signals from panel A and defines the noise
present in the experimental EGM.

The SNR measured in the different experiments (nine sheep, three recording sessions per sheep),
ranged from 10.0 to 19.4 dB (14.5 + 2.6 dB).

Additive AR noise

The residue after T wave fitting can be considered approximately as the additive noise present
in experiments. A Kolmogorov-Smirnov test confirmed that it is indeed Gaussian-distributed, but
the classical Ljung-Box test for randomness [143] revealed that this residue is correlated. Hence we
modeled this noise using an autoregressive (AR) model instead of using a non-correlated (white)
noise as typically done in signal simulations.

An AR model of order p (AR(p)) is defined as:

x(n)=—=> apxx(n—-10)+en) (6.4)

e

i=1

where ay,--- ,a, are the parameters of the model and e (n) is a white noise. An autoregressive
model can thus be viewed as the output of an all-pole filter of the form:

1
H(z) = W (6.5)

the input of which is a white noise.

1+ Zle aiz‘i
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Estimation of the AR parameters. The Yule-Walker equations provide a direct correspon-
dence between the model parameters and the covariance function of the process, and this corre-

spondence can be inverted to determine the parameters (ay, - - - ,a,) from the autocorrelation func-
tion (7y):
p
ruk) = ) airdk—i)+ 0ok (6.6)
i=1
where k = 0,---, p, vyielding p + 1 equations. The parameter o is the standard deviation of the

input noise process and dy g is the Kronecker delta function [144]. Of course, in practice estimates
of the autocorrelation function obtained from the available samples are used.

Selecting the model order. The order of the model has been set using the simplified Rissanen’s
minimum description length (MDL) criterion:

MDL(p) = NIné2 + (InN) p (6.7)

where &2 is the estimated variance of the excitation, N is the number of samples, and p the number
of parameters [145]. The MDL contains a penalty term (In N)p, which increases with the data
record length N and the model order p. The idea is to select the model corresponding to the best
compromise between model complexity (size) and accurate representation of the data (6-2).

The order minimizing the MDL was eight as shown in figure 6.11.

3.175

MDL

3.155 - B

315 B

3.145

2 4 6 8 10 12 14 16 18 20
Model order

Figure 6.11: MDL and AR model order. The smallest MDL was found on AR model order of 8.

Example of synthetic EGM with an AR noise

Figure 6.12 shows an example of a clean synthetic EGM (upper row) to which AR noise has
been added (middle row). An experimental EGM is shown for comparison (bottom row).
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Figure 6.12: Synthetic EGM with AR noise. The upper row shows a synthetic EGM to which is added the AR
noise. The result is shown in the middle row. The bottom row shows an experimental EGM.

6.2.4 Wavelet denoising results

Synthetic signals (400 beats) with additive AR noise were used to compute the SNR improve-
ment, given by

SNR;mp[dB] = IOIOg( (6.8)

i Pni) - x(i)F)
i Ixa(d = x@)P

where x denotes the clean EGM, x,, the noisy EGM and x; the denoised EGM. A mean SNR im-
provement was computed over 50 noise realizations. Figure 6.13 shows an example of the thresh-

olding procedure, using the heursure threshold selection rule.

The parameters investigated were:

— Threshold selection rules
SURE
minimax
heursure

— Types of mother wavelet basis function:
Daubechies filters of order 1 to 8
Coiflet filters of order 1 to 5
Symmlet filters of order 1 to 8

— Decomposition levels, from 3 to 6

The combinations of parameters were ranked based on their mean SNR improvement over the
50 noise realizations. The best improvement was obtained with the Symmlet4 wavelet with four lev-
els of decomposition, using the heuristic SURE shrinkage rule, together with a multi-level rescaling
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Figure 6.13: Wavelet coefficients thresholding (heursure). Symmletd wavelets with 4 levels of decompositions
(dy to dy). On the left hand side are shown the decomposition coefficient (green) and the thresholds (blue) at
each of the 4 levels. On the right hand side are shown the noisy (red) and denoised (black) signals (top), the
original coefficients (middle) and the soft-thresholded coefficients (bottom). In this representation, large values of
the coefficients are bright. Note the shrinkage of the coefficients present between the threshold values.

and a soft thresholding strategy.

6.3 Ventricular activity cancellation

As introduced above, the major problem in the analysis of atrial EGM is the presence of VA.
This section details VA cancellation using median template subtraction (MTS), principal component
analysis based on atrial beats (PCA) and on both atrial and ventricular beats (PCA;).

6.3.1 Median template subtraction

This section introduces the principle of median template subtraction, during AV block and nor-
mal AV conduction. An average template of VA can be obtained by extracting several observations
of VA from the EGM and computing the mean or the median of it. The median is selected, being
more robust than the mean. The location of the ventricular activity is detected from the ECG, where
it is clearly visible.

In the AV block case, the resulting median template represents well VA, as long as the latter does
not express large variability. A median template of VA is created at each PCL and assumes small
variations in VA. The AA is obtained by subtracting the VA template from the original EGM. Figure
6.14 illustrates the extraction of VA, the obtained median template and the resulting subtraction
(black) superimposed to the original signal (red dotted). The median template is not computed for
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PCLs 300 and 250 ms, since the ventricular rate (40 bpm) is a multiple of those PCLs. The median
template from PCLs 290 and 260 ms are preferred.

[ PR — 1mv

1sec

Figure 6.14: Ventricular cancellation using template subtraction. (A) Experimental EGM with VA shown by
black dotted rectangles. (B) Median template of VA. (C) Estimated AA obtained by subtracting (B) to (A).

During normal AV conduction, building a median template of VA is not efficient. Because each
observation of a ventricular beat contains the same segments of atrial beats, the median template
represents both activities. The subtraction of such a template creates more distortion on AA than it
removes. Another approach is needed and the next section introduces PCA and its ability to cancel
VA.

6.3.2 Principal component analysis

Principal component analysis (PCA) is a well known statistical technique aiming at projecting
a set of large-dimensional correlated vectors onto a smaller dimension space, while minimizing the
resulting distortion. This is achieved by linearly mapping the vector components to the so-called
principal components. Principal components are uncorrelated and can be ordered such that the first
components account for most of the variability[146].

In signal processing, PCA is performed on the set of vectors built from one-dimensional signal
samples. When the signals are recurrent in nature, like ECG or EGM signals, the analysis is based
on vectors extracted from the same segment of different periods of the signal. PCA has been used in
ECG analysis to deal with various issues such as data compression, beat detection and classification,
noise reduction, signal separation and feature extraction [131].

Signal separation during AF is another recent application of PCA, in which the atrial activity is
extracted so that the characteristics of the arrhythmia can be studied without interference from ven-
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tricular activity. Such separation is based on the fact that the two activities originate from different
bioelectrical sources. Separation may exploit temporal redundancy among successive heartbeats.

PCA on EGM starts from the sample vector of a segment located in a suitable part of the
heartbeat. A fiducial point must be determined (R,, section 6.1.3) to extract the appropriate segment
within the signal. Accurate time alignment of the segment is an important point in PCA.

The signal segment of an atrial beat is represented by the column vector:

x(1)
x(2)

X = (6.9)

x(N)
where N is the number of samples of the segment. Segments are extracted from successive beats,
resulting in an ensemble of M beats. The entire ensemble is compactly represented by the N x M

data matrix:
X =[x1X2 - Xy]. (6.10)

The beats x1, - - - , Xy can be viewed as M observations of a random process X.

The derivation of principal components is based on the assumption that the signal x is a zero-
mean random process characterized by a correlation matrix R, = E [XXT]. The principal compo-

nents of x result from applying an orthonormal linear transformation ¥ = [y ¥, --- Y] to X,
w="'x (6.11)
so that the elements of the principal component vector w = [wy wy --- wy]? become mutually

uncorrelated. The first principal component is obtained as a scalar product w; = t//lTx, where the
vector ¥ is chosen so that the variance of w

E[w}| = E[p]xx"y,| = y] R, (6.12)

is maximized subject to the constraint that !/llTllll = 1. The maximal variance is obtained when ¥,
is chosen as the normalized eigenvector corresponding to the largest eigenvalue of R,, denoted A;.
The resulting variance is
2 T T
E[wi| =y R, = 1y, = A1, (6.13)

Subject to the constraint that w and the second principal component w; should be uncorrelated,
wy is obtained by choosing ¥, as the eigenvector corresponding to the second largest eigenvalue of
R,, and so on until the variance of x is completely represented by w. To obtain the whole set of N
different principal components, the eigenvector equation for R, needs to be solved

R,¥ = YA (6.14)

where A denotes a diagonal matrix composed of the eigenvalues A;,--- , Ay and ¥ denotes the
eigenvector matrix. Since R, is not exactly known in practice, the N X N sample correlation matrix,

defined by

N 1
R, = XX (6.15)

replaces R,when the eigenvectors are calculated in 6.14.
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(a) ECG and EGM - AV block (b) PCA\, reconstruction using the first PC (K = 1)

Figure 6.15: Experimental EGM and reconstruction using the first principal component. Panel (a) shows an
ECG (top) and an EGM (bottom) in a sheep with AV block. The atrial and ventricular activities (blue brackets)
are dissociated. Red dotted boxes show the atrial segments (x;) used to build the matrix X. Panel (b) shows the
reconstruction using the first principal component (black) and the original signal (red dotted).

The morphological beat-to-beat variability of an ensemble of beats X is reflected in the eigenval-
ues. A first principal component (PC) much larger than the other ones (i.e. 4} >>> A;,i =2,--- ,N)
indicates that the ensemble exhibits a low morphological variability, while a slow fall-off indicates a
large variability. The goal of PCA is to concentrate the information of x into a subset of components
wi,- - ,wg, where K < min(N, M). In practice, K is chosen so that the performance is clinically
acceptable and that no vital signal information is lost.

Castells et al. applied PCA to reconstruct AA during AF from ECG signals [131]. They showed
that the most significant component was related to the main QRST morphology, the next few to the
dynamic of QRST waveform, the subsequent to AA and the remaining components to noise. The
matrix W was partitioned into three sub-matrices (¥ = [Wya Waa ¥n]) and used to reconstruct the
atrial, ventricular and noise activities. This partitioning is possible since VA and AA are uncorre-
lated and VA is of much larger amplitude than AA.

With AV block, the ventricular rate is programmed by the pacemaker at 40 bpm (1500 ms). The
period of the ventricular activity is dissociated from that of the atrial contraction as shown in figure
6.15a; VA and AA can be considered as independent. The idea is to extract consecutive atrial beats,
based on the R, location and apply the PCA to exploit the atrial beats redundancy and remove VA.
This approach is named PCA.

The signal shown in figure 6.15a has been converted into a data matrix X so that each of its
columns contains one atrial beat, beginning before the R, wave. Based on the correlation matrix
detailed in equation 6.15, the original signal (red) has been reconstructed using only the first PC
(K = 1), as illustrated in figure 6.15b. Reconstructing AA from the first PC indeed removes VA, but
cancels also any beat-to-beat alternans, as Re-ALT (fig. 6.18). Using more principal components
(i.e. increasing K) permits to reconstruct the morphological differences between the beats but not
to cancel VA.
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We propose here an alternative algorithm, named PCA,, to cancel VA and to preserve morpho-
logical changes between atrial beats. The proposed method consists in investigating the residue of
the PCA based on atrial beats (X) instead of the reconstructed signal. The residue is devoid of the
main morphology of AA. A second PCA is then applied to the ventricular activity (Y) present in
the residue and an estimate of VA is constructed (\72). The locations of ventricular contractions
are detected on the ECG. VA is finally subtracted from the original EGM to obtain the AA. Figure
6.16 obtained from an experimental EGM (AV block, 400 ms PCL), illustrates the following steps:

Build X from the EGM signal, based on R,

Perform PCA on the correlation matrix of X

Remove rough estimate of AA (K4 = 1), keep residual

Build Y from the residual, based on Ry

Perform PCA on the correlation matrix of Y

Reconstruct an estimate of VA using Ky4 principal components (VA)
Subtract VA from the ori ginal EGM to obtain AA

A o

The level of reconstruction in step 6 can be adapted in case of large variability in the VA mor-
phology. However, on simulated data with +20% variation in VA parameters, K44 = 1 and Ky4 = 1
give the lowest MSE, as shown in figure 6.17.

Figure 6.18 shows the result of both algorithms (PCA; and PCA;) on an experimental EGM
with AV block displaying Re-ALT. The top row shows the ECG signal while the middle and bottom
rows show the original signal in red and the result of PCA| and PCA;, respectively. PCA| does not
preserve atrial beat-to-beat variations. PCA, focuses on VA and permits to conserve beat-to-beat
variations of AA.
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Figure 6.16: Schematic of VA cancellation using two PCAs (PCA,). Step 1: Build a matrix X aligned on atrial
beats. Step 2: Perform PCA on R,. Step 3: Reconstruct the signcAzl without the first PC (residue). Step 4: Build a
matrix Y aligned on ventricular beats. Step 5: Perform PCA on R,. Step 6: Reconstruct the signal using the first
PC, corresponding to VA. Step 7: Subtract VA from the original EGM. The bottom trace shows the initial EGM
(red dotted) and the result of the VA cancellation (black) using PCA,.
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Figure 6.17: Ventricular cancellation using PCA,. The x-axis corresponds to increasing values of Kaa, defining
the number of principal components used in step 3. The colors of the bars are associated with the value of Ky,
defining the number of principal components used to estimate VA in step 6. The MSE is computed between the
initial AA and the reconstructed AA from step 7.
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Figure 6.18: Re-ALT and PCA. The top row shows an ECG where the ventricular contractions can easily be
seen. The middle row shows the original EGM (red dotted) and the result of the cancellation (black) using PCA
with K = 1 (PCA;). Note that Re-ALT is flattened using this method. The bottom row shows the same EGM (red
dotted) and the result of the cancellation (black) using two-step PCA (PCA;). Note that Re-ALT is still present.
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6.3.3 Results on simulated data

Simulated data were used to evaluate the performance of the ventricular cancellation methods
presented: the median template subtraction (MTS), the single PCA (PCA) and the two-step PCA
(PCA;). The simulated data contained both AA and VA (s = sa4 + sya). The signal ssa was
composed of 400 atrial beats with variations in the parameters (sec. 6.2). sy4 was generated in order
to simulate normal AV conduction (2:1 and 3:1 AV conduction) and AV block with fixed ventricular
rate (40 bpm), as shown in figure 6.9. Variations of up to 20% in the amplitude parameter of the
depolarization and repolarization waves of VA were included.

The performance of the AA estimation in simulated recordings was computed by comparing
the estimated and original AA (S44 and sa4, respectively) in terms of Pearson correlation index p:

_ E[saaSaal
TAAT AA
with E the expectation operator, and 044 and G 44 the standard deviations of original and estimated
AA.

(6.16)

Figure 6.19 shows the initial correlation between s and ss4 (dark blue bars) and compares it
to the result of the cancellation methods in different cases of AV conduction. The simple MTS
algorithm (brown bars) performs well only in the AV block case, and degrades the signal during
2:1 and 3:1 AV conduction, since the median template still contains AA. It can be seen that even
if PCA; (light blue bars) removes VA, the distortion induced to AA results in a poorer correlation
index in the three AV conduction schemes. To conclude, PCA; (yellow bars) improves the signals
in the three cases, while keeping the morphological changes in AA (as seen before in figure 6.18).
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Figure 6.19: Results of the cancellation algorithms in terms of correlation. The cancellation is performed on
AA exhibiting Re-ALT. VA segments were added on a 2:1 and 3:1 basis and at a fixed rate as in AV block (40 bpm).

6.4 Conclusions

In this chapter, initial preprocessing and denoising steps applied to ECGs and EGMs have been
presented. A modeling of AA and VA using BGFs has been proposed to create synthetic EGMs
mimicking different AV conductions and reproducing Re-ALT sequences. An AR model of the
noise has been described and added to modeled EGM in order to select the best parameters for WD.

Three algorithms (MTS, PCA;| and PCA;) have been proposed to cancel VA in a single-lead
EGM, during different AV conductions. Based on the synthetic EGMs, the limitations of the MTS
algorithm have been rapidly shown in normal AV conduction. This approach has only been useful
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in case of AV block and when VA displays small morphological variations. PCA offered an alter-
native for removing VA but presented a major drawback, the beat-to-beat morphological differences
in AA were attenuated. Finally, PCA, canceled VA while keeping beat-to-beat information in AA.
The performance of each algorithm turned out to be optimal with AV block.



Analysis of atrial
repolarization

This chapter reviews the existing methods developed to analyze ventricular T wave alternans
(TWA) in sec. 7.1. Then, the algorithm used to detect atrial repolarization alternans is explained
in sec. 7.2, tested on simulated EGM and illustrated with experimental signals. The detection of
periodic behavior of Re-ALT sequences onset during S1S1 protocols is detailed in sec. 7.2.4. Using
a computer model of the atria, the different measurement techniques of APD and ARI in unipolar
EGM are presented in sec. 7.3.

7.1 Overview of existing methods

Energy spectral method (ESM). The first study which quantitatively related TWA to VF sus-
ceptibility was published by Adam et al. [53]. They observed beat-to-beat T wave morphology
fluctuations and quantified it in terms of a T wave alternans index (TWAI). The TWAI is measured
as the periodogram evaluated at 0.5 cycles-per-beat (cpb) of the normalized T wave energy series
minus an estimate of the spectral background noise.

Spectral method (SM). The SM was proposed in 1988 by Smith [47] as an improved version of
the ESM. The ECG beats (typically 128 beats) are aligned and periodogram-based power spectral
estimates are computed for each sample in a segment of interest. The value in the aggregate power
spectrum corresponding to alternans (0.5 cpb) is compared with an estimate of the noise in an
adjacent spectral band to decide if TWA is present.

Complex demodulation method (CD). CD was presented in 1991 by Nearing et al. [147, 148]
as an alternative to SM. CD provides a relative tolerance to non-stationary data, independence to
phase shift perturbations and requires less data (i.e. < 30 s). The ECG beats are aligned, and TWA
is modeled as a sinusoidal signal of frequency f = 0.5 cpb of variable amplitude and phase. TWA
amplitude in each beat-to-beat series is estimated by demodulation of the 0.5-cpb component.

67



68 CHAPTER 7. ANALYSIS OF ATRIAL REPOLARIZATION

Correlation method (CM). This time-domain approach was proposed by Burattini et al. in 1997
[149-151]. Successive T waves are jointly analyzed and the information is reduced to a single
cross-correlation coefficient, named alternans correlation index (ACI). A T wave is classified as
alternating when it belongs to a string of a least seven T waves, the ACI of which are alternating.

Karhunen-Loéve transform (KLT). In the work of Laguna et al. [152], each T wave is reduced
to the first four coefficients of the KLT. Then each beat-to-beat series of coefficients is spectrally
analyzed by means of the periodogram.

Poincarré mapping method (PM). The Poincarré maps are used to analyze dynamical systems
displaying periodicity. Strumillo et al. applied it to TWA analysis in 2000 [153]. For each sample of
the T wave, a Poincarré map is obtained by representing pairs of consecutive beat-to-beat differences
(odd and even beats) in the phase space. Alternans is considered present when two clusters of points
are present in the map, and is measured in terms of distance between the centroids of odd and even
points.

Periodicity transform method (PT). An approach based on the periodicity transform from
Sethares [154] was presented in 2002 by Srikanth et al. [155]. T wave amplitude, area and variance
around a median T wave are extracted into beat-to-beat time series. The energy of the orthogonal
projection of each time series on the subspace of sequences with 2-beat periodicity is used to detect
alternans.

Modified moving average method (MMA). Nearing et al. proposed in 2002 the MMA as a
more robust approach compared to their CD method [156]. A recursive running average of odd and
even beats is continuously computed and a limiting nonlinearity is applied to the update terms of
every new beat to avoid negative effects of impulsive artifacts. TWA is measured as the maximum
difference between the odd and even averages over a 15-second interval.

ESM, SM and CM underestimate TWA amplitude, since they assume TWA being distributed
along the entire length of the T wave. SM is not adequate for detecting non-stationary TWA;
an accurate estimation of the power spectrum requires a relatively large number of beats (64 to
128) during which stationarity is assumed [149]. Spectral methods (ESM, SM, KLT) require long
alternating sequences (64 to 1024 beats) to provide accurate results. The MMA method is robust
to impulsive artifacts in the ECG but at the cost of underestimating transient alternans. The MMA
method also needs at least the complete measurement window length (15-second interval) to adapt
to phase reversal of the alternans patterns [156].

7.2 Detection of repolarization alternans

In the present study, we aimed at detecting transient Re-ALT of short duration, which prevented
the use of conventional spectral methods [47, 147], as well as the MMA time-domain method [156],
both of which requiring long Re-ALT sequences.

We thus developed a simple short interval time-domain algorithm based on a local feature,
the apex of the T waves (T,), and a Student t-test to detect transient Re-ALT. The T waves are
smoothed by a Savitzky-Golay filter of order three to remove any residual artifact following the
wavelet denoising and VA cancellation. The local maximum of each T wave segment is defined as
T,. Time series of T, are used to determine Re-ALT sequences, which were considered significant
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when the two following conditions were fulfilled:
1. T, were alternating for more than four consecutive beats

2. odd and even T, distributions were statistically different based on a Student t-test (p < alpha,
one sided).

The Student t-test yields a significance threshold to decide whether the differences observed
between the T, of the odd and even beats are significant. For an alternating sequence of length Ngeq,
composed of Nygq and Neyep beats, the time series of T, can be represented as:

Todda = {Ta(1), Ta(3), ..., Ta(Nodd)} (7.1)
Teven = {Tu(2), Ta(4), ..., Ta(Neven)} (7.2)

with Nseq = Nodd + Neven > 5.

The actual value of the t-statistic is calculated as:

t= Todd — Teven (73)
1 1
Useq Nodd + Neven

where Toqq and Teven are the sample mean of odd and even T,, and o, is the pooled sample
standard deviation, defined by the odd (0oqq) and even(ceven) standard deviations:

(7.4)
Nodd + Neven -2

\/(Nodd - 1)O-§dd + (Neven — l)a-gven
O seq =

Given the t-statistic and the numbers of degrees of freedom (Nygg + Neven — 2), a one-tailed
p-value is computed. When p > a, the Re-ALT sequence is not considered significant and smaller
sub-sequences of length (Nseq — 0) are tested iteratively, starting with 6 = 1. At each step, there
are (6 + 1) possible sub-sequences of (Ngq — 6) consecutive T,. The iterative testing stops when
alternans is considered significant in a sub-sequence (p < @) or when Ngeq — 6 < 5.

7.2.1 Noise and repolarization alternans

In order to quantify the effect of noise on the amplitude of the T wave apexes, AR noise was
added to synthetic EGM (400 beats) with constant T waves morphology and amplitude. The apexes
were extracted from the fitted curves of T waves and sequences of more than five alternating beats
were detected. The detection of Re-ALT sequences was performed on the noisy signal without and
with wavelet denoising. Table 7.1 reports the proportion of alternating sequences and the mean
amplitude of the alternans over 1000 noise realizations, with and without wavelet denoising and
when the t-test was applied (@« = 5%). The t-test removes partially false detection of Re-ALT
sequences.

7.2.2 VA activity and repolarization alternans

This section evaluates the effect of VA on Re-ALT analysis. Synthetic EGM of 400 beats
contained AA, VA and additive AR noise. AA and VA were generated in order to simulate AV
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No preprocessing WD WD & t-test
% Re-ALT sequences 30.0 £5.8 % 26.4 £ 5.6 % 92+57%
Amplitude Re-ALT 139 £ 8.0 uVvV 140 £85uV 18.0+7.3uV

Table 7.1: Percentage of Re-ALT sequences induced by additive AR noise and their corresponding amplitude
(mean=SD) in modeled EGM. WD refers to wavelet denoising.

block, 3:1 and 2:1 AV conduction. Wavelet denoising was applied, VA was canceled using PCA,
and detection of Re-ALT was performed. As in experimental EGM, VA can impinge on different
segment of AA, the time from atrial to ventricular depolarization varied from 150 ms to 250 ms,
with steps of 10 ms. In addition, three behaviors of atrial repolarization patterns were simulated:
without Re-ALT (tab. 7.2), with Re-ALT (tab. 7.3) and mixed (i.e. transient Re-ALT, tab. 7.4). The
alternans in the amplitude of Re-ALT was set to 50 uV.

The results are reported in terms of false and true positive ratios, with detection performed
on EGM with constant T wave and constant Re-ALT, respectively. Performance of detection with
transient Re-ALT is reported in terms of specificity (eq. 7.5) and sensitivity (eq. 7.6).

- True positive (TP):  alternating beat correctly identified as alternating
- False positive (FP): non alternating beat incorrectly identified as alternating
- True negative (TN): non alternating beat correctly identified as non alternating

- False negative (FN): alternating beat incorrectly identified as non alternating
Specificity
TN
Specificity = ———— 7.5
pecificity TN < TP (7.5)

A specificity of 100% means that the test recognizes all actual negatives.
Sensitivity

TP
Sensitivity = m (76)

A sensitivity of 100% means that the test recognizes all actual positives.

Table 7.2 reports the non-alternating sequences detected as alternating (false positive), induced
by VA. Satisfactory results are obtained in the case of AV block and 3:1 conduction, both because
VA cancellation performed better for these types of AV conduction and VA did not induce a 2:1
pattern. During 2:1 AV conduction simulation, a worst case has been set: the ventricular T wave
flattened the atrial repolarization on a 2:1 basis. VA cancellation was only able to correct it partially
as shown in figure 7.1.

Table 7.3 reports the results of the detection during stable Re-ALT (50 V). The best results
were obtained, quite logically, in the case of AV block. In the case of 3:1 AV conduction, the
standard deviation of the alternans amplitude increases, indicating residual distortion induced by
VA. During 2:1 AV conduction, VA can flatten or amplify the alternans, depending on the initial
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] AV block 3:1 AV conduction 2:1 AV conduction

% Re-ALT sequences (false positive) | 21.3 £ 11.7 % 143+7.5% 74.4 +36.0 %

Re-ALT amplitude 31+3.1uV  182=115uV 543+ 11.7 4V

Table 7.2: Percentage of false Re-ALT sequences induced by VA and their corresponding amplitude (mean+SD)
in modeled EGM.

---- AA
o JJ P JFA“J /\,-JFJ\JMF/\ ------- AA+ VA + noise

T
AA

1mV|

1sec

Figure 7.1: 2:1 AV conduction inducing Re-ALT. The ventricular far-field T wave flattens the atrial T wave every
two beats. Initial AA: dashed red line. AA, VA and noise: dotted black line. AA: estimated AA.

alternans pattern (high-low-high or low-high-low). The results presented in the table correspond to
the case where VA flattened alternans.

Detection of transient Re-ALT is reported in table 7.4. During AV block, the algorithm was
able to correctly cancel VA and track transient Re-ALT with measured Re-ALT close to simulated
Re-ALT values and small standard deviation. During 3:1 AV conduction, residual VA resulted in
a higher standard deviation of the detected Re-ALT and a lower sensitivity and specificity. During
2:1 AV conduction, VA induced false Re-ALT sequences (low specificity), which resulted in an
overestimated amplitude of Re-ALT sequences.

] AV block 3:1 AV conduction 2:1 AV conduction

% Re-ALT sequences (true positive) | 96.4 £2.9 % 914+ 82 % 723 +224 %

Re-ALT amplitude 49.0 £ 85uV 52.8 £22.3 uVvV 449 +20.8 uV

Table 7.3: Percentage of Re-ALT sequences detected (true positive) and their corresponding amplitude
(mean+SD) in modeled EGM with constant Re-ALT of 50 uV.

] AV block 3:1 AV conduction 2:1 AV conduction
Specificity 925+32% 89.0+49 % 312+ 152 %
Sensitivity 949 +£34 % 819+ 17.6 % 86.7+ 142 %
Detected Re-ALT amplitude | 46.5 +7.7uV ~ 53.4 +23.8 uV 95.6 +50.2 uv

Table 7.4: Specificity and sensitivity of the detection algorithm during transient Re-ALT (50 uV) and amplitude
of the detected Re-ALT sequences (mean+SD).
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7.2.3 Comparison with the spectral method

This section describes the most commonly used method: the spectral method (SM). The details
as well as the potential benefits and drawbacks of this method are described.

SM follows the description of Narayan and Smith [157]. The spectral method uses fast Fourier
transform (FFT) to quantify alternation in a segment from beat-to-beat. An analysis window of Np
consecutive beats is chosen (from 64 to 1028). The alternans series are composed of amplitude
values at points within the T wave segment in every beat from the analysis window. The alternans
series are detrended by removal of the best-fit linear trend before periodogram estimation. The
alternans series periodogram is obtained by taking the squared modulus values of the FFT. The
periodograms obtained for every offset in the T wave segment are then summed over the whole
segment to provide a summary statistic, as shown in figure 7.2. The spectral magnitude at 0.5 cycle
per beat (Pg 5) indicates repolarization alternans.

A

T segment (m samples)

B Extract sample from each beat C
Summation of the m spectra

Alternans

l[m time series of length Ng)
Peak

FFT

Magnitude [pVv2]

Amplitude
Sample T wave

L

0 01 02 03 04 05
20 40 60 80 100 120 Frequency [cycle/beat]

Beat number

Figure 7.2: Spectral method. (A) The Ny beats are aligned by QRS complexes. (B) Beat-to-beat oscillations
reflect alternans at each time point of the segment (arrows in A). (C) Spectral analysis applies a FFT to yield a
power spectrum in which alternans is the peak at 0.5 cycle/beat.

The mean and standard deviation of the noise level (tnoise and Opeise) are computed from ~ 8
points in a band adjacent to the alternans one, such as 0.34-0.44 cpb or 0.39-0.49 cpb [158]. The
voltage of alternans (Vy, measured in ¢£V) and the ratio of alternans (k score) are defined as:

PO.S — Mnoise (7 7)
—m .

k = (Po.5 = fnoise) / Tnoise (7.8)

Vaie = 2 %



7.2. DETECTION OF REPOLARIZATION ALTERNANS 73

i 300 mcV

1mv ‘ : _ _ . ‘ _ ! 100 meV
1sec 50 100 150 200 250 300 350 400 W,
Beat number
C 2 .
g
(@] ]
a 1 * >
= o g% 8
&
LM%
10sec 50 100 150 200 250 300 350 400
Starting beat of the analysis window
(64-beats)

Figure 7.3: Re-ALT detection base on time-domain and spectral method. Panel A shows Re-ALT sequence
detected based on the time-domain approach (upper row) and the 400 beats of an S1S1 at 220 ms (bottom row).
Panel B shows the mean peak-to-peak amplitude for each detected sequence. Panel C shows the k score obtained
with the spectral method on sliding windows of 64 beats.

where m is the length of the T wave segment. The « score is a measure of the signal-to-noise ratio
of the measurement. In clinical applications, the analysis is performed on windows of 64 or 128
beats and a positive TWA is defined as a TWA sustained for > 1 min and a « score > 3 on several
ECG leads [158].

Analysis of Re-ALT using the spectral method leads to robust results on noisy data, the long
beat windows assuring a good signal-to-noise ratio. The drawback is however the averaging of Re-
ALT over these periods, which reduces the ability to detect Re-ALT for shorter periods that may be
relevant.

Figure 7.3 shows an example of the time-domain approach based on T, and the « score obtained
with the SM using a sliding window of 64 beats applied to a sheep atrial EGM paced at 220 ms
(sheep with AV block, not remodeled). The T waves have been extracted at a fixed interval from
the R peak ([30-180] ms) and the noise band has been computed on the interval 0.39-0.49 cpb.
Vgt obtained from the spectral method is not reported since it computes the alternans over the
complete T wave while the analysis based on T, reports a peak-to-peak alternans. Note that Re-
ALT sequences of short duration with phase reversal of the alternans pattern (beats 34 to 54 and 106
to 170) are not detected by SM (panel C). Re-ALT sequences of short duration but with constant
alternans pattern (beats 191 to 243 and 340 to 385) result in a higher « score.

Figure 7.4 compares the same two algorithms, on a sheep right atrial EGM paced at PCL 180
ms. In the absence of phase reversal, the SM method yields a large « score (note the difference in
the range of « score). This example also shows the large differences in « score values depending on
the choice of the 64-beats window.

7.2.4 Identifying periodicity in Re-ALT sequences onset

In experimental EGM, sequences of transient Re-ALT were observed. A method to identify
hidden periodicities in the onset of Re-ALT sequences during a protocol is detailed in this section.
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Figure 7.4: Re-ALT detection base on time-domain and spectral method at PCL 180 ms. Panel A shows the
mean peak-to-peak amplitude for each detected sequence using the time-domain approach. Panel C shows the
score obtained with the spectral method on sliding windows of 64 beats.

Periodic phenomena are widespread in biology, including, among others, membrane potential
oscillations, cardiac rhythms or calcium oscillations. The task of finding periodicity in time series
measured from a biological system can be viewed as a decision problem based on spectral analysis
together with hypothesis testing. A formal statistical testing procedure for the detection of periodic
expression profiles was introduced by Wichert et al. [159]. It relies on the use of a so-called g-
statistic for which the exact null-distribution can be derived under a Gaussian noise assumption
[160, 161].

The method proposed by Wichert et al. [159] is based on the periodogram spectral estimator,

defined as:
N
> yme e
n=1

where N is the time series length. The periodogram is further evaluated at discrete normalized
frequencies:

2

w € [0, ] (7.9)

1
I(a)) = N

2nl
wlz%, [=0,1,....a (7.10)
where a = [(N — 1) /2] and [x] denotes the integer part of x. To test for the periodicity formally,

some kind of test statistic must be chosen. The so-called g-statistic for one time series is given by:

_ maxg<ql (wy)

(7.11)

Z?;l I (wy)

In plain words, the g-statistic is the maximum periodogram ordinate divided by the sum of all

periodogram ordinates for / = 1,...,a. A large value of g indicates a strong periodic component
and leads to the rejection of the null hypothesis of a purely random process.
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Wichert et al. [159] resort to a result by Fisher which, under the Gaussian noise assumption,
gives the exact distribution of the g-statistic under the null hypothesis. The exact p-value for a
realization of the g-statistic is:

b
_ k-1 a! a1
P(g > x) = ;( D = (1 — kx) (7.12)

where b is the largest integer less than 1/x and x is the observed value of the g-statistic. Equation
7.12 yields a p-value that allows to test whether a given time series behaves like a random sequence
or not.

To illustrate the presence of hidden periodicities, a simple model for simulated data is used:

y(n) = Acos 2an/T + ¢) + €(n) (7.13)

where T is the period, A is the amplitude of the sinusoid, ¢ € [—n, 7] is the phase,n = 1,..., N,
and e(n) is a sequence of uncorrelated random variables with mean 0 and variance 0'3. Since the
periodogram is invariant to the phase, ¢ can be set to zero for the simulated signals.

This method is applied to identify any periodic behavior of Re-ALT sequences onset at a given
CL, with a significance level. Figure 7.6 illustrates the process. The detection of Re-ALT sequences
is performed on the T, time series (panel A). Then, the beats belonging to an Re-ALT sequence are
assigned to one, the others to zero (panel B). The periodogram is computed and the significance of
the period tested (panel C).

An exhaustive search of an unknown period in the time domain is possible, but is sensitive to
any change in the period. This method allows variations in the length of the alternating sequences,
which may be induced by false detection and therefore yields to a better solution to periodicity
detection than an exhaustive search.
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Figure 7.5: Simulated sinusoids and their periodograms. Panel A shows the series y,, ..., Yaoo from equation
7.13. with period T = 10 and o, = 0. Panel B shows the same series with o¢ = 5. The correct period (T = 10) is
detected in the periodogram and its p-value < 5%. Panel C shows a series with o = 5 where a wrong period is
identified (T = 4) but discarded due to its high p-value.
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Figure 7.6: Simulated T, time series and its periodogram. Panel A shows a time series of T, where the beats
belonging to a Re-ALT sequence are denoted by red circles. Panel B shows the corresponding time series of
alternating (1) and non alternating (0) sequences. Panel C show the resulting periodogram.
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7.3 Correlation between APD and atrial activation recovery interval

Determining activation and repolarization times on the cardiac surface is an important challenge
of experimental and clinical cardiac electrophysiology. The assessment of local repolarization is
related to time indexes associated to the downstroke of the transmembrane or monophasic action
potential [162]. Since transmembrane or monophasic action potentials measurements can not be
performed extensively in in vivo protocols, electrograms offer a practicable alternative to study
excitation and repolarization.

The correlation between in vivo transmembrane APD and activation recovery interval (ARI)
from ventricular EGMs has been investigated in theoretical [163, 164] and experimental studies
[163, 165-167], but the application of the same methods to atrial signals has not been performed in
details.

Using a computer model of the atria, we investigated different methods for the measurement of
APD and ARI in atrial EGMs. The atrial biophysical model of the atria is based on human magnetic
resonance images. The resulting atrial geometry is shown in figure 7.7a, with the major anatom-
ical obstacles labeled. The surface was discretized using a 400-um spatial resolution resulting in
100’000 nodes (fig. 7.7b) [16, 168].

The electrical propagation of the cardiac impulse was simulated using a reaction-diffusion sys-
tem (monodomain formulation) based on a detailed ionic model of the cell membrane kinetics,
formulated by Courtemanche, Ramirez and Nattel (CRN) [15, 169]. A finite volume approach was
used to solve the monodomain propagation equations. This approach interprets the atrial tissue as a
network of resistors (fig. 7.7b) [170].

Anterior View Posterior View

Superior
Vena Cava

&,

Mitral Coronary » ‘ _%
: . Valve Sinus .
Tricuspid Inferior

Valve Vena Cava Resistivity (p)
@) (b)

Figure 7.7: The biophysical model of the atria. (a) Atrial geometry. (b) Atrial tissue: resistivity p sets CV values.
Figure from Uldry et al. [16]

The stimulation protocols were performed at three different PCL: 400, 350 and 300 ms. Two
tissue conditions were used simulating baseline and remodeled states. In the baseline condition, p
was set to 100 Q cm resulting in a CV of 98 cm/s, while in remodeled condition p was set to 300
Q cm resulting in a slower CV of 50 cm/s. In order to approximate our experimental setup, the
pacing site was set in the right lateral wall and the recording site in the right atrial appendage at 1
mm of the surface (fig. 7.8).
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Figure 7.9: Example of transmembrane (V,,, dashed) and extracellular (®,, continuous) potentials.

Transmembrane potentials are directly available from the model and EGMs are generated from
monodomain simulations by the following equation [168]:

1 L,(@,t ,
dr
dro, r—r’|

D, (r,1) = (7.14)
where ¢, is the extracellular potential (i.e. EGM), r is the electrode location, r’ is the source
location, I, is the transmembrane current and o, is the extracellular conductivity. Figure 7.9 shows
a representative example of a transmembrane potential (top) and an extracellular potential (bottom)
at the recording site.

Since AP exhibits a wide repolarization range, APD varies significantly depending on the
method used for its measurement. APD represents the time interval from the maximum deriva-
tive during the phase 0 to the end of phase 3. The definition of the APD end point can be divided
into three groups: percentage of repolarization (APDggg,, APDgog, APD7og, and APDggg,), return
to a fixed threshold (APD_79,v and APD_gs,yv) and time of minimum repolarization derivative
(APDwmp).

Ventricular ARI is measured as the interval between the maximum negative slope of the QRS
complex and the maximum positive slope of the T wave in the unipolar EGM (ARIR,;,Ty,)[163,
166, 171]. In the present study, we also evaluated ARIs as the time interval from the R peak to the
T wave apex (ARIRT,).

A large correlation was found between ARIrt, and APDggg, (fig. 7.11) and between ARIrT, and
APD_7gv. Table 7.5 reports the average absolute difference between APD and ARI, the associated



7.3. CORRELATION BETWEEN APD AND ATRIAL ACTIVATION RECOVERY INTERVAL 79

r A max upstroke
+ 90% repolarization
1 1 1 1 1 1
1600 1800 2000 2200 2400 2600
1
0.5
ew A R peak
0 + Tapex
-0.5
1400 1600 1800 2000 2200 2400 2600
— 001
o
1]
=
a
£ r*/\
T
@
e 0 ! | 1 ! L 1 |
1400 1600 1800 2000 2200 2400 2600
Time [ms]

Figure 7.10: Example of transmembrane (V,,) and extracellular (®,) potentials at PCL 350 ms.
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Figure 7.11: Correlation ARIgr,- APDqgyq, at PCL 350 ms, p = 100 Q cm.

standard devitation, the correlation coefficient and the robust linear fit equation for a PCL of 400
ms. Choosing the R peak instead of the maximum depolarization downstroke on the EGM did not
affect significantly the measure of ARI as the interval was of one or two samples. Table 7.6 reports
the average absolute difference between APDggg, - ARIrT, and APD_7omv - ARIRT, for the different
PCLs and resistivities p.

In summary, a strong correlation between APDgy and ARIr, has been found and these results
using a computer model of the atria show the interest of ARI to track changes in APD in the atria.
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APD ARI Absolute mean Standard Linear Correlation
difference [ms] | deviation [ms] regression coefficient
APDoge; ARIR Ty 50.6 7.9 ARI =-45.8 + 0.65 APD 0.993
° | ARIgr, 7.3 3.7 ARI = 8.9 + 0.94 APD 0.988
APDgy ARIRyp Tyip 27.4 9.2 ARI =23.2 +0.75 APD 0.827
° | ARIgrr, 72.4 7.6 ARI =122 + 0.75 APD 0.992
APD_+ ARIRy,Typ 47.7 6.6 ARI =40 + 0.68 APD 0.995
~70mv ARIgr, 4.4 1.5 ARI = -4.0 + 0.97 APD 0.998
APDyp, ARIR, Typ 22.2 5.8 ARI =-78.7 + 1.49 APD 0.975
ARIgr, 65.5 11.2 ARI =-160 + 2.1 APD 0.955

Table 7.5: Comparisons APD-ARI at PCL 400 ms, p = 100 Qcm.

APDyggg - ARIrT, | APD_70mv - ARIRT,
PCL 400 ms 7.3 +3.7 4415
p =100 Qcm | PCL 350 ms 2.8 +3.7 36+24
PCL 300 ms 151 +23 6.3 +0.7
PCL 400 ms 49+25 1.2+1.3
o =300 Qcm | PCL 350 ms 32+27 1.1+1.3
PCL 300 ms 14 +27 27+ 1.1

Table 7.6: Mean absolute difference + standard deviation [ms] in using ARI to estimate APD for different PCL
and values of p.

7.4 Conclusions

A short review of existing methods has been presented with a particular emphasis on the ad-
vantage and drawbacks of the SM illustrated on experimental EGMs. An algorithm measuring
peak-to-peak alternans on a beat-to-beat basis has been presented in order to detect transient short
duration Re-ALT sequences. The performance of the algorithm has been evaluated on noisy sim-
ulated EGM and on EGM after VA cancellation. Also, an application of periodogram estimate to
recover periodicity in the onset of Re-ALT has been addressed. A comparison of measurement
methods of APD and ARI has be performed using a computer model of the atria.




Clinical links

In this chapter, the results obtained on experimental data from the ovine model (chap. 5) are
presented and linked with clinical observations of human data. The clinical observations are intro-
duced in sec. 8.1. The kinetic of atrial Re-ALT is presented in sec. 8.2.1 and the intermittence of
atrial Re-ALT in sec. 8.2.2. The kinetics of Re-ALT and AT preceding 2:1 atrial capture and AF
episodes are presented in sec. 8.2.3 and 8.2.4, respectively. Finally, a discussion on our results and
the clinical relevance of our analysis is addressed in sec. 8.3.

8.1 Clinical observations

We had observed, in humans, periods of intermittent atrial capture during rapid pacing pre-
ceded by Re-ALT and delayed activation suggestive of decreased excitability (fig. 8.1). We hy-
pothesized that decreased excitability during rapid pacing plays a protective role against Re-ALT
induced wavebreaks and AF. A chronic free-behaving ovine pacing model was developed to study
the interplay during rapid pacing between atrial Re-ALT that may facilitate AF initiation, and the
onset of decreased excitability that may cause 2:1 capture and prevent AF initiation.

Patients were recruited in a parallel study whose aim was to study APD and conduction velocity
dynamics in patients with clinical AF prior to ablation [106]. Briefly, monophasic action potential
(MAP) catheters were advanced to the right or left atrium, and APDs measured during pacing using
validated software [106]. Pacing was applied for 74 beats at cycle lengths (PCL) of 500 ms, 450 ms,
400 ms, 350 ms, 300 ms, then in 10 ms steps to capture failure or AF. MAPs were filtered at 0.05 to
500 Hz and digitized at 1 kHz to 16-bit resolution. ATap was measured from the pacing stimulus
to the maximal upstroke of the MAP dV/dt, and monophasic action potential duration (MAPD)
from the maximal upstroke to 90% repolarization (APDy, fig. 8.1).

In a subset of patients (n=4 out of 25), rapid pacing failed to initiate AF but instead led to 2:1

81
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F igure 8.1: ECG (top), MAPs (middle) and coronary sinus EGM (CS, bottom) recordings during decremental
PCL. Panel A shows MAPD alternans at PCL 400 ms during 3:1 and 2:1 AV conduction. Panels B and C show
left (LA, PCL 180 ms) and right (RA, PCL 170 ms) atrial MAPD alternans in two patients. Both MAPD alternans
(alternating numbers) and prolongation of activation time (ATyap, red numbers) indicative of a transient reduction
in excitability, gradually increased until the first beat of capture failure (arrow). Also note the presence of MAPD
alternans phase reversal as shown by two consecutive long (panels A and B) and short (panels B and C) beats.
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Figure 8.2: ARI (mean+tstandard deviation) in function of PCL in a subset of eight sheep.

capture failure. In the remaining 21 patients, MAPD alternans amplified to cause AF. MAPs were
recorded in the left atrium in the first two patients and in the right atrium for the two others, during
incremental rapid pacing to PCL 182+13 ms [106].

Figure 8.1 illustrates representative recordings of ECG (top), MAPs (middle) and coronary sinus
EGM (CS, bottom) at decreasing PCLs. Panel A shows alternans of MAP in shape and duration at
PCL 400 ms with variable AV conduction (2:1 and 3:1) indicating the lack of significant far-field
ventricular interference on atrial repolarization in humans. Panels B and C illustrate left and right
atrial MAP recordings from two patients in which MAPD alternans developed (lower numbers), but
was accompanied by ATyap prolongation (upper red numbers) that progressively postponed MAP
repolarization so that successive stimuli fell increasingly earlier on preceding MAPs until capture
failure (arrow).

8.2 Results in animal model

Identification of the timing of pacemaker stimuli, atrial depolarization and repolarization waves
(figure 8.3, panel A) were performed as introduced in sec. 6.1. The activation time (AT) were
measured as the interval between the pacemaker stimuli and the atrial depolarization peak.

Activation recovery intervals (ARI) are correlated with local transmembrane APD or refractory
periods [163, 165, 172, 173]. Typically, ARI are measured from the steepest downslope of QRS
complex to the steepest upslope of T wave or to the peak of T wave [163, 173]. The second
technique was applied to atrial unipolar EGMs (sec. 7.3). Janse et al. reported that T, corresponds
to the maximal gradient of repolarization between local action potentials (APs) [172]. The rate
dependence of ARI was evaluated in a subset of eight sheep. ARI decreased as a function of PCL
(fig. 8.2), supporting its relationship to atrial APDs. Figure 8.2 shows the logarithmic relationship
between ARI (mean+SD) and PCL.

Panel B of figure 8.3 shows representative examples of time series of AT, ARI, T, amplitude and
its beat-to-beat differences (ATa) at a PCL of 210 ms. Although subtle variations were observed,
they did not fulfill the criteria for beat-to-beat alternans (sec. 7.2).
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Figure 8.3: Atrial unipolar EGM and time series. In panel A a representative example of subcutaneous bipolar
ECG (top) and corresponding unipolar EGM (bottom) is shown. Green circles denote pacemaker (PM) stimuli,
cyan triangles the first atrial depolarization wave (R-wave) and black stars atrial T wave apexes (T,). Repolariza-
tion waves are highlighted by red bold curves. Panel B shows from top to bottom time series of AT, ARI, T, and
AT, from the EGM shown above.

8.2.1 Kinetics of atrial repolarization alternans in animal model

Atrial Re-ALT was detected in all sheep (with and without AV block), using the time-domain
algorithm presented in sec. 7.2. At each PCL (S1S1 protocol) the occurrence and mean peak-to-
peak amplitude of Re-ALT sequences were extracted. The first observation is that its amplitude
increased as a function of pacing rate. Panel A of figure 8.4 illustrates representative examples of
atrial unipolar EGMs at decreasing PCLs. Smoothed repolarization waves are shown in red and
T,by black stars. Re-ALT was absent at 400 ms PCL, but appeared and increased in magnitude at
shorter PCLs. The decrease of PCL to 300 ms and 250 ms was associated with progressive increase
in Re-ALT amplitude from a mean peak-to-peak difference (AT,) of 66 uV at 300 ms to 141 uV at
250 ms.

Panel B shows a colormap of amplitude and beat locations (x-axis, from 1 to 400 beats) of Re-
ALT for an entire stimulation protocol (y-axis, range 400 to 220 ms PCL) in an AV block sheep with
ventricular pacing at 40 bpm (1500 ms) to dissociate far-field ventricular activity from atrial EGMs.
Subtle Re-ALT was observed for long PCLs (350 to 300 ms, dark blue). For PCLs < 290 ms, a
progressive increase in duration and amplitude (light blue) of Re-ALT was noticed. Importantly,
Re-ALT amplitude was much higher (red) at fast PCL (220 ms). Analysis of Re-ALT for shorter
PCL (< 210 ms to stable 2:1 capture) was not feasible in this example as the atrial depolarization
waves impinged on the preceding atrial repolarization.
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Figure 8.4: Rate dependence of Re-ALT. Panel A shows examples of atrial EGM at decreasing PCLs. Panel
B displays Re-ALT magnitude over a 400-beat pacing protocol. Significant Re-ALT sequences are displayed as
rectangles of variable duration (number of beats, x-axis) and amplitude (0 to 400 uV, colorscale) at decreasing
PCLs (400 to 220 ms, y-axis).

Panels A and B of figure 8.5 show a summary of the kinetics of Re-ALT, AT-ALT and AT
prolongation (mean+SD) at decremental PCLs (x-axis) in sheep (n=4) with AV block. VA was
canceled and detection of Re-ALT sequences is performed as explained in sec. 7.2. Notably, Re-
ALT amplitude increased linearly (R?=0.971, p<0.001) from PCL 290 ms and became significantly
larger than the background level at PCLs < 230 ms (p<0.05) which we defined as the atrial Re-ALT
threshold.

Panel B shows the kinetics of AT minus its mean value measured at PCL 400 ms (AT4q) as
a function of PCL. AT remained stable until PCL 210 ms, increased exponentially, and became
significantly different from baseline (400 ms PCL) at PCLs < 190 ms (repeated one-way ANOVA,
p<0.05) until the first instance of intermittent atrial capture (<150 ms). Then, the potential contri-
bution of alternans of AT to Re-ALT was evaluated. Panel A (bottom row) shows that AT-ALT was
absent over the pacing protocol. In summary, both the occurrence and amplitude of atrial Re-ALT,
and the kinetics of AT were rate-dependent.
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Figure 8.5: Panel A reports mean+SD (n=4 sheep) of Re-ALT amplitude (top) and AT-ALT (bottom) as a function
of PCL. Panel B reports mean+SD (n=4 sheep) of AT prolongation (defined as the difference from baseline value
(AT-AT 400ms) as a function of PCL.

8.2.2 Atrial Re-ALT was intermittent despite continued pacing

The color map (panel B) of figure 8.4 shows that once atrial Re-ALT had developed, it was not
steady during the time course of the pacing protocol. Atrial Re-ALT amplitude fluctuated over time
without clear periodicity. Panel A of figure 8.6 shows a representative example of atrial unipolar
EGM taken between beats 74 and 135 of a 400 beat protocol at PCL 230 ms. T wave apexes are
emphasized by black stars. Sequences without significant Re-ALT are highlighted by black lines of
variable duration at the top of the recording.

Importantly, Re-ALT appeared intermittently and in a non-periodic pattern with rises and de-
clines of magnitude separated by periods of no Re-ALT of variable duration as well. The periodicity
in the onset of Re-ALT was tested as introduced in sec. 7.2.4.

Panel B of figure 8.6 shows corresponding time series of AT, ARI and Re-ALT (AT,). Notably,
depolarization wave amplitudes in panel A and AT in panel B did not show any beat-to-beat alter-
nation, suggesting that the mechanisms underlying atrial Re-ALT at intermediate PCLs primarily
involves repolarization rather than depolarization. In contrast, AT, clearly exhibited periods of Re-
ALT of variable magnitude and duration. At the maximum amplitude of Re-ALT (beat number 109
to 113 and 131 to 135), ARI also showed significant beat-to-beat alternation, but of shorter duration
compared to AT,.
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Figure 8.6: Intermittence of Re-ALT. In panel A is shown an EGM with intermittent Re-ALT at PCL 230 ms.
T, are marked by black stars and non alternating periods by black lines. Panel B depicts the corresponding time
series of AT, ARI and beat-to-beat differences in T, (AT,).

8.2.3 Intermittent atrial capture

The 400 beat pacing protocols were pursued until stable 2:1 atrial capture which occurred at
mean PCL of 128+19 ms (i.e. steady state ERP). The mean PCL at which the first periods of
intermittent 2:1 atrial capture intermingled with 1:1 capture was 154424 ms (i.e. 389 bpm).

Panel A of figure 8.7 illustrates an example of intermittent 1:1 and 2:1 atrial capture. No clear
periodicity was observed as periods of 2:1 capture varied in duration.

Panel B shows representative recordings prior to 2:1 atrial capture exhibiting the four different
patterns with their atrial unipolar EGM and corresponding AT and AT, time series observed among
the 186 analyzed transitions. Atrial EGMs display 1:1 atrial capture until the first non captured
beat (arrow). Panel B1 shows Re-ALT with a progressive increase in AT, magnitude (maximum
AT, 450 uV) and no AT change preceding 2:1 capture. Panel B2 shows the second pattern char-
acterized by a similar increase in Re-ALT (maximum AT, 280 uV) but associated with a gradual
increase in AT (from 26 to 36 ms). Panel B3 shows the third pattern characterized by the lack of
any significant Re-ALT. AT, however, markedly increased four beats prior to capture failure (from
28 to 54 ms). Panel B4 shows the last pattern characterized by the absence of any Re-ALT and
AT changes preceding 2:1 capture. Table 8.1 displays the prevalence of each of the four patterns
of AT and Re-ALT among the 186 episodes. 40% of the episodes were of the type as shown in
panel B1 and 33% in B2. Importantly, Re-ALT was observed in 73% and AT prolongation in 49%
of episodes. Only 11% of the overall episodes exhibited neither changes in AT nor Re-ALT (panel
B4).



88 CHAPTER 8. CLINICAL LINKS

A

11

Atrial
EGM

i ﬂ
: @:WWWWW

200 ms 200 ms
&0 &0
= w40 =T 40
SE o YEw . AT
97 a7 18 198 200 201 202 203 204 205 206 207 208 208 52 s 54 %5 56 57 56 58 60 61 82 63
o = o =
= 0 = o
= 23 | ,_/\/\/\/\/
O gr 196 199 200 201 202 203 204 208 206 207 208 209 #0053 54 55 56 & 58 58 60 61 62 63
Beat Number Beat Number

(1) (2)

Atrial Atrial
EGM EGM
1 mv 1 mVy

200 ms 200 ms

80
br ) AD _*A__—)q—_,._._x—/_" = g
< g. 0 < E. 0 ——— e
963 @4 65 65 67 o 68 70 71 72 T3 74 75 50: 134 135 136 137 138 138 140 141
o 5 o5
= o E3 o
ey V\_——/\’_’_‘_ =3
O3 es 65 es &7 68 68 70 71 72 73 74 75 00 134 135 136 137 138 138 140 [Ty
Beat Number Beat Number

(3) (4)

Figure 8.7: Intermittency of atrial capture. In panel A is shown an illustrative unipolar EGM with intermittent
1:1 and 2:1 atrial capture of variable duration at PCL 160 ms. Panel B illustrates the four different patterns of
EGMs and corresponding AT, ARI and AT, time series until the first beat of 2:1 capture (arrow).

Using Fisher’s exact test [174] on table 8.1, no significant difference in Re-ALT prevalence
(p=0.14) was observed between sequences with and without AT prolongation, supporting the lack
of relationship between Re-ALT occurrence and decreased excitability exemplified by AT prolon-
gation and capture failure and Re-ALT occurrence. The mean number of beats over which AT
prolonged before capture failure was 4.9+2.5 (95% CI, 2-8).

Also, the faster the pacing rate, the longer the periods of intermittent 2:1 capture until steady
state ERP. Panel A of figure 8.8 shows (top trace) the first short episodes of 2:1 capture at PCL 200
ms. The middle trace shows the same sheep at a shorter PCL (170 ms), with more frequent and
longer periods of 2:1 capture. The bottom trace shows stable 2:1 atrial capture at steady state ERP
(PCL 160 ms). For all pacing protocols between the first beats of capture failure and paced ERP,
durations of 2:1 capture sequences were totaled, divided by the duration of the pacing protocol
and expressed as the percentage of cumulative 2:1 atrial capture. Panel B of figure 8.8 shows
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Table 8.1: Re-ALT and AT prolongation before capture failure. Prevalence of Bl to B4 patterns.

summary data based on 35 recordings in 7 sheep starting at PCL 40 ms above steady state ERP and
decremented by steps of 10 ms. Importantly, the cumulative percentage of intermittent atrial capture

Re-ALT 0 Re-ALT
= AT 40% (B1) 11% (B4)
AT 33% (B2) 16% (B3)

73%

49%

increased as the PCL was decreased. At ERP, cumulative 2:1 capture was 95% as 1:1 capture of
a few beats duration was observed at initiation of the pacing protocol. In a subset of 4 sheep (20

recordings) whose ARIs were reliable enough, the last beat of 2:1 capture and the first beat of 1:1
capture were compared (panel C of figure 8.8). AT remained similar (from 34+14 to 3112 ms,
p=NS) but ARI decreased significantly (from 97+18 to 89+19 ms, p<0.05) at resumption of 1:1

capture. Also, note transient Re-ALT at resumption of 1:1 capture.
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Figure 8.8: Duration of 2:1 atrial capture is rate dependent. Panel A displays representative examples of
unipolar EGM at decreasing PCLs. Rare 2:1 atrial captures of short duration are seen at PCL 40 ms above ERP
(top). Middle trace illustrates the increase in 2:1 atrial capture of short duration followed by 2:1 capture. Panel B
shows mean+SD of cumulative percentage of 2:1 atrial capture as a function of PCL. In panel C are shown EGM
(top), ARI (middle) and Re-ALT (AT,, bottom) time series ate resumption of 1:1 capture. ARI decreased before and
Re-ALT emerged at resumption of 1:1 capture.
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8.2.4 Atrial fibrillation episodes

Forty-four pacing protocols were performed starting at PCL 400 ms until paced ERP, of which
twelve (27%) triggered 20 episodes of non sustained AF at mean PCL 150+36ms. Re-ALT was
detected in 65% of the episodes and AT prolongation in 60% and was not analyzable in 20%. Figure
8.9 shows an illustrative example at resumption of 1:1 capture where Re-ALT (AT,) emerged and
AT prolonged without failure to capture, leading directly to AF. Note the similar dynamics of AT
prolongation and Re-ALT with episodes of 2:1 capture (figure 8.7).

In summary, both Re-ALT and AT prolongation were commonly observed before pacing-
induced AF, but no specific pattern could be identified that predicted the imminence of intermittent
capture rather than AF.
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Figure 8.9: Rapid pacing-induced AF. From top to bottom are shown ECG, atrial EGM and corresponding AT
and AT, time series during the transition from 2:1 to 1:1 atrial capture, followed by non sustained AF (nsAF).
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8.3 Discussion

This chapter focuses on mechanisms whereby rapid atrial pacing fails to induce AF. Based on
observations in human atria that transient decrease in excitability, as exemplified by AT prolon-
gation and capture failure during rapid pacing, may have quenched Re-ALT to cause intermittent
capture and prevent AF initiation, we show in an ovine model of rapid pacing that Re-ALT and AT
prolongation were present in 90% of the transitions from 1:1 to 2:1 atrial capture. Notably, 2:1 cap-
ture was imminent at PCLs <40 ms above ERP. This work also shows the feasibility of recording
intra-atrial repolarization and ARI as a surrogate of APD, using available pacemaker technology.
Atrial Re-ALT was reproducibly observed during rapid pacing, appeared intermittently but without
periodicity and increased in amplitude as a function of pacing rate. Since rapid atrial tachycardias
that promote fibrillatory conduction may also slow propagation velocity, transitions to 2:1 capture
via transient decrease in excitability may protect against Re-ALT induced dispersion of repolariza-
tion and AF. A better understanding of the mechanisms causing Re-ALT and intermittent capture
may allow treatments to be tailored for preventing AF induction at lower rates.

8.3.1 Kinetics of atrial repolarization alternans

Atrial Re-ALT has been recently observed using MAP [8-10, 106] and optical mapping [117].
Re-ALT increased in amplitude with rising heart rate, but none of these studies formally established
the rate-dependence of atrial Re-ALT. Our study is the first to our knowledge to report the kinetics
of atrial Re-ALT based on unipolar EGMs. Atrial Re-ALT was rarely observed at long PCLs, and
progressively increased in duration and linearly in amplitude starting at PCL 280 ms. The PCL
at which Re-ALT amplitude became significantly different from the background level (230 ms)
was similar to the values (i.e. 220 to 190 ms) measured in humans prone to atrial flutter [8] and
atrial fibrillation [10, 175]. Importantly, right atrial Re-ALT arose at PCLs where AT was neither
prolonged nor alternating, indicating that atrial Re-ALT, as for the ventricles [50, 67], is primarily
explained by beat-to-beat alternation in the repolarization time course.

8.3.2 Intermittency of atrial repolarization alternans

Selvaraj et al. reported in heart failure patients spatially out-of-phase (i.e. discordant) inter-
mittent Re-ALT using unipolar signals [68], and Kaufmann et al. reported intermittent microvolt
T wave alternans (TWA) whose oscillations decreased in magnitude in parallel to the increase in
heart rate and alternans amplitude [176]. Mirinov et al. showed that intermittent Re-ALT is related
to unstable nodal lines separating out-of-phase regions spanning the heart surface, which are mech-
anistically linked to slow APD accommodation following a change in pacing rate [105]. Based on
atrial unipolar signals, we observed sequences of intermittent Re-ALT appearing in a non-periodic
pattern. The rise and decline in Re-ALT amplitude preceding non alternating periods is suggestive
of nodal lines spanning the right atrium, but cannot be proven as recordings were performed at a
single site. Interestingly, atrial ARI displayed alternation in duration only at the maximum ampli-
tude of the T apex alternans. ARIs are surrogates of APDs [172, 173] hence alternation of ARIs
indicates APD alternans. The repolarization wave of unipolar signals is the result of repolarization
gradient of surrounding excitable tissue [172]. The peak of the T wave is timed with the maxi-
mal voltage gradient between neighboring APs and the height of the T wave with the magnitude
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of that maximal voltage gradient [172]. Alternation in T apex amplitude without ARI alternans
suggests alternation in the steepness of the phase 2 and 3 of neighboring APs but not necessarily
of APD. This hypothesis is supported by the recent clinical observation that alternans of phase 2 of
MAPs better correlates with microvolt TWA than alternans of phase 3 duration [67]. In summary,
ovine right atrial repolarization kinetics share common features with human and rodent ventricles
including the rate-dependence and the intermittency of Re-ALT.

8.3.3 Potential mechanisms of intermittent atrial capture

Watanabe et al. showed in canine right atrium using MAPs that the ERP measured during Re-
ALT after a long APD is longer than that after a short APD [9]. Hence, atrial Re-ALT combined to
AT prolongation may promote the first non-captured beat by delaying the ERP to a point where the
next stimulus is refractory as illustrated by figure 8.1. However, other mechanisms must be involved
in the maintenance and in the rate-dependence of intermittent capture. The rate-dependence of APD
has been well established with prolonged ERP at slower heart rate [9, 50, 97]. Hence, maintenance
of 2:1 capture may simply be the result of the prolonged diastolic interval and ensuing ERP dur-
ing intermittent capture. However, the rate-dependence of the duration of intermittent capture and
the decrease in ARI preceding resumption of 1:1 capture are both suggestive of a time-dependent
process. Rapid pacing of sheep atrial and ventricular tissue hyperpolarizes the cell membrane,
with additional hyperpolarization at reduction of stimulation rate by way of a rise in intracellular
Na*(Na;,) [177]. The high Na;, in turn, activates the NaKATPase pump which generates a net out-
ward hyperpolarizing current (i.e. extrusion of 3 Na*for the entry of 2 K*). As hyperpolarization is
associated with longer APD [178], the reduction in ARI observed before resumption of 1:1 capture
may simply be a marker of the normalization of membrane diastolic potential, of the NaKATPase
activity and of Na;. Further studies beyond the scope of our research are required to elucidate these
mechanisms.

8.3.4 C(linical relevance

The present study was designed to investigate a clinical observation that transient reduction in
excitability may play a physiological protective role against Re-ALT induced dispersion of repo-
larization and reentrant arrhythmias by promoting intermittent capture during rapid pacing. In the
seminal work of Haissaguerre et al. [3], PV tachycardias triggering AF had a mean CL of 175+30
ms that fell within the ovine atrial Re-ALT window (i.e. PCL 230 ms to ERP). This finding suggest
that atrial Re-ALT might be one of the mechanisms facilitating transition from focal tachycardia to
AF by promoting dispersion of repolarization and wavebreaks. Our study may also explain the lim-
ited success of overdrive pacing in suppressing the AF burden [179, 180] as increasing the pacing
rate may promote Re-ALT and dispersion of repolarization. AF patients and models of rapid-pacing
display multiple atrial alterations including a decrease in ERP [32, 181] that may potentially shift
capture failure to higher rates and Re-ALT to lower rates, both reducing the effectiveness of this
potentially protective mechanism.
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8.3.5 Limitation

Our study bears limitations that deserve some comments. Some uncertainties remain whether
our observations apply to the stimulation site as the recording electrode was remote by 2 cm on
average, and to the left atrium as the pacemaker leads were implanted into the right atrium. The
catheters used in humans for MAPs allowed recording at the pacing site thanks to their original
design (fig. 2.12). Figure 8.1 shows atrial Re-ALT and delayed AT preceding capture failure at the
pacing site that shared all the characteristics observed in our ovine model. Figure 8.1 also shows that
both atria may exhibit Re-ALT and AT prolongation before capture failure, indicating that despite
electrophysiological differences [106] some similarities between atria can be expected during rapid
pacing.



Conclusions

The work presented in this thesis aimed at a better understanding of AF initiation and at link-
ing atrial Re-ALT to AF susceptibility. Original electrophysiological parameters extracted from
unipolar EGMs, such as Re-ALT and activation time were investigated during pacing protocols.

The first step was to develop an ovine model of rapid pacing which allowed us to acquire intrac-
ardiac unipolar EGMs displaying atrial repolarization wave using standard pacemaker technology,
and to design signal analysis techniques to extract the relevant information.

Then, in order to evaluate the performance of the processing techniques, a simple synthetic
model of EGMs mimicking experimental ones was established. This model contained atrial and
ventricular activities and was used as ground truth to evaluate the denoising procedure, the cancel-
lation of ventricular activity and the detection of short Re-ALT sequences.

The use of these processing methods on experimental EGMs led to several electrophysiological
results. We assessed the rate dependence of atrial Re-ALT in a subset of sheep and evaluated
its intermittency. Moreover, the prevalence of specific patterns preceding transitions to 2:1 atrial
capture was exposed. The increase in duration of 2:1 atrial capture in function of the paced ERP
was shown.

This thesis also showed the feasibility of recording intracardiac repolarization and measuring
activation times, repolarization alternans and activation recovery intervals, using available pace-
maker technology. This study is part of a complete framework analyzing the evolution of electro-
graphic measurements, cardiac tissues, gene and protein expressions during rapid pacing. Each of
them allows a better understanding of the results obtained from EGMs.

95
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9.1 Summary of achievements

In this thesis the major achievements can be summarized as follows:
Experimental ovine model

This model allowed us to acquire in vivo atrial unipolar EGMs. Using the ventricular port of the
pacemaker led to high-pass filtered signals (0.4 Hz). The resulting EGMs displayed the slow atrial
repolarization waves which is not standard in pacemaker recordings. Our recording setup was less
invasive than optical or electrical mapping of the atria which alters the conditions, but provided only
a single site recording remote from the pacing site. The intermittent burst pacing used to remodel
the atria was close to intermittent atrial tachycardias seen in human.

Signal processing

We proposed a simple model based on an experimental EGM, which contained atrial and ven-
tricular activities with additive AR noise. This model simulated different atrioventricular conduc-
tions and was used to determine the parameters of the wavelet denoising method and to quantify
the errors of the ventricular cancellation techniques. The detection of Re-ALT with additive noise
and different dynamics of Re-ALT (i.e. stable or transient) was evaluated after cancellation of ven-
tricular activity.

Three cancellation techniques, MTS, PCA;| and PCA; were developed. MTS built a simple
median template of ventricular activity and assumed small morphological variability in ventricu-
lar activity. PCA; offered a better alternative but included a major drawback: it reconstructed the
atrial activity from the first principal component yielding a reduction in atrial morphological varia-
tions. PCA; differed from PCA | by investigating a two-step approach. This new method estimated
the ventricular activity more accurately while it kept important atrial morphological variations.
However, the three algorithms led to optimal results in AV block, pointing out the importance of
atrioventricular node ablation.

Electrophysiological results

We observed in human atria using monophasic action potential recordings transient decrease
in excitability (as exemplified by activation time prolongation) and capture failure that appeared to
quench repolarization alternans driven by rapid pacing. Using our ovine model of rapid pacing,
human observations were successfully reproduced, which allowed us to analyze repolarization al-
ternans and activation time kinetics until the first beat of capture failure. Prolongation of activation
time, which is suggestive of decreased excitability, and repolarization alternans preceded 90% of
the transitions from 1:1 to 2:1 atrial capture during rapid pacing. Notably, 2:1 capture was imminent
at PCLs <40 ms above ERP.

This work also demonstrated the feasibility of recording intra-atrial repolarization and ARI as
a surrogate of APD, using available pacemaker technology. Atrial Re-ALT was reproducibly ob-
served during rapid pacing, appearing intermittently but without periodicity and increasing in am-
plitude as a function of pacing rate. Since rapid atrial tachycardias promoting fibrillatory conduction
may also slow propagation velocity, transitions to 2:1 capture via transient decrease in excitability
may protect against Re-ALT induced dispersion of repolarization and AF. A better understanding
of the mechanisms causing Re-ALT and intermittent capture may allow treatments to be tailored
for preventing AF induction at lower rates.
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This finding suggests that atrial Re-ALT might be one of the mechanisms facilitating transition
from focal tachycardia to AF by promoting dispersion of repolarization and wavebreaks.

9.2 Perspectives

The exploration of the information contained in atrial EGMs to predict AF susceptibility is at
its prelude.

Using a biophysical model of atria, a measure of the ARI as a surrogate of APD has been
presented. Although both realistic anatomical geometry and dedicated atrial cellular model were
implemented in this computer model, it remains that several atrial properties such as tissue hetero-
geneities or anisotropy for conduction were not considered. As a result, it can be expected that
experimental conditions may largely differ. Therefore, investigating in our ovine model the ability
of ARI to track changes in APD from unipolar EGMs is necessary.

We introduced the dynamics of Re-ALT and AT preceding AF episodes. A new analysis con-
cerning the evolution of the duration of AF episodes during rapid pacing from baseline condition
until burst-pacing induced AF is currently under investigation.

Ultimately, if AF susceptibility detection can be accurately determined using implantable de-
vices, a transfer of the proposed method to clinic and industry (i.e. pacemaker upload) can be con-
sidered. Obviously, the processing techniques will have to be adapted to pseudo real-time. Achiev-
ing this new kind of pacemaker able to detect AF susceptibility will constitute a major progress in
patient care, with the potential to contain health care costs.
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Biochemistry and histology

Different behaviors concerning propagation velocity were observed between sheep with and
without AV block. It appears that sheep without AV block displayed a decrease in propagation
velocity at baseline and a further one during the time course of pacing-induced remodeling, while
sheep with AV block maintained a normal propagation velocity over the entire experiment.

A.1 Biochemistry

Samples from control and AF sheep hearts were analyzed to determine the expression of pro-
teins involved in intracellular Ca®* cycling. Ryanodine, SERCA and Phospholamban were success-
fully identified using human and rabbit antibodies. This has not been the case for L-type Ca>* chan-
nels, which do not appear conserved between species. Below is a summary of the preliminary
findings.

Tissues from both right and left ventricles and atria as well as pulmonary veins were frozen
in liquid nitrogen and kept at -80°C before analysis. Cardiac samples were homogenized in Lysis
Buffer. Incubation with first antibodies was done over night at 4°C. Then, secondary antibodies
were added at room temperature. Analysis was performed using Odyssey Infrared Imaging System
and Graphpad prism software. Within each experiment, Serca2 ATPase, Phospholamban and Ryan-
odine receptor expression was normalized with actin level. Statistical evaluations were performed
according to unpaired Student’s t-tests.

Figure A.1 shows the comparison of SERCA and Phospholamban between control (n=3) and
remodeled sheep (n=3) both with AV block. Interestingly, all tested cavities, included both atria,
showed significantly reduced expression of the two measured proteins despite conservation of ven-
tricular function as assessed by echocardiography. Ryanodine receptor expression, however, did not
show any significant difference (data not shown). We intend to confirm these findings by normaliz-
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ing protein expression levels with an intracellular protein (GAPDH) less prone to downregulation.

Discussion: Recent experimental and numerical studies [67, 82, 84, 96, 182] point towards in-
tracellular Ca®* alternans as driving APD alternans. Although the present analysis did not measure
the protein expression of all sarcolemmal channels, our findings of reduced expression of SERCA
and Phospholamban, but not of Ryanodine receptors, point towards the Ca®* re-uptake side of the
SR as the culprit for the increased susceptibility to repolarization alternans during pacing-induced
atrial remodeling. Importantly, in contrast the study of Watanabe et al. [9] which showed lower
APD alternans threshold following short duration of rapid atrial pacing, atrial repolarization alter-
nans threshold did not change over time, but the CL range during which alternans was observed
increased in parallel to the decrease in atrial ERP. How this relates to decreased expression of
SERCA and Phospholamban remains undetermined yet.

Serca2ATPase Phospholamban
32 6 T . .
o control % -

5 o control
m remodeled . m remodeled

- N B ®

4

2.

. . 1

Right Left  Right Left Pulmonary Right  Left Right Left Pulmonary
ventricle ventricle atium  atrium vein ventricle ventricle atrium atrium vein

Figure A.1: Biochemistry. Expression of SERCA and Phospholamban in control (white) and remodeled sheep
(black). * P<0.05; ** P<0.01.

A.2 Histology

Right and left atria of control with AV block (n=3) and remodeled sheep with AV block (n=3)
have been collected and conserved in formalin, and sections were analysed under light microscope.
Below are a short description and illustration of the preliminary findings.

Despite aggressive atrial burst pacing protocol in remodeled sheep, significant changes in atrial
histology were not observed. Figure A.2a shows some nuclei hypertrophy (arrows) suggestive of
slight atrial stress, but no cellular hypertrophy. Figure A.2b shows the absence of interstitial fibrosis
(Masson’s trichrome) in a sheep with AF. Comparison of fibrosis extent in control and remodeled
sheep did not show statistically significant difference. These preliminary findings suggest that elec-
trophysiological alterations such as decreased atrial ERP and increased range of CL during which
repolarization alternans occurred, are unrelated to significant atrial tissue alterations in sheep with
AV block, but involved subcellular alterations including at least important proteins involved in in-
tracellular Ca®* cycling.

An unusual finding was that sheep were prone to VF during ablation of the AV junction, and
showed narrow QRS during ventricular pacing independent of the pacing site. These observations
appear to be related to an unexpectedly broad His-Purkinje system. Figure A.2c shows some fast
conducting fibers (arrows) located at the subendocardial level. This large network of conducting
fibers may favor conduction of alternative radio-frequency current to the ventricles during AV junc-
tion ablation, promoting VF. It is also appealing to hypothesize that this large network of conduction
fibers helps to synchronize ventricular pacing wherever the pacing site is.
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(a) Myocardiocytes with en- (b) Fibrosis (in blue).
larged nuclei.

(¢) Fast conduction fibers in
the left ventricle.

Figure A.2: Histological analysis under light microscope.

Additional samples from non-implanted sheep (n=7) and from sheep with intact AV junction
(n=3) are under analysis (histology and biochemistry).
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Devices

B.1 Pacemakers

B.1.1 Vitatron T70

The Vitatron T70 was used to record the atrial intracardiac signals (fig. B.1). In our study, we
had to connect the atrial lead into the ventricular connector as only the ventricular port displayed
the filter characteristics allowing us to record atrial repolarization wave, i.e. with a high pass filter
set at 0.4 Hz. The atrial port, as for most pacemaker connectors, filters the signal using a 20-80 Hz
bandpass filter preventing any recording of slow repolarization components [20].

B.1.2 Medtronic Diamond 3

The Medtronic Diamond 3 is a double chamber cardiac pacemaker used for permanent atrial
and ventricular stimulation.

Figure B.1: Vitatron® T70 pacemaker.
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Impedance | Voltage threshold

Normal
lead normal normal
placement
Lead
displacement normal high
or exit block
Lead . .
fracture high high
Lead may be
insulation low moderately
defect increased

Table B.1: Analysis of lead problems.

Control

Before any data acquisition, each pacemaker was check to detect any lead problem, listed in
table B.1. The controls were performed by the mean of the Medtronic Carelink programmer.
Downloading

A custom software (called EP RAM-Routine) has been developed to enable the T70 pacemaker
to deliver custom electrophysiological protocols.
Functionality

When the EP RAM-Routine is downloaded, it can be used in three modes:

— OFF The pacemaker functions according to the programmed mode
— Burst The pacemaker delivers bursts of atrial paces
- EP The pacemaker gives one burst of atrial paces

This mode is chosen through the (“PM Syndrome”) parameter on the patient information screen,
accessible from the programmer, according to the following indications:

-« Off, normal programmed mode
— “yes” Burst mode
- “no” EP mode
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Burst on Burst on
Burst off
Atrial
pacing
., Burst
AA interval
Figure B.2: Burst pacing.
Number of S1 paces
Atrial
pacing

S1interval S2 interval = <

A4

S3 interval

Figure B.3: EP mode. Allowing the generation of S1S1, S152 and S152S3 protocols.

Burst mode

In the burst mode, the pacemaker continuously generate bursts of atrial paces (fig. B.2). During
a burst period, atrial and ventricular sensing is disabled. It is possible to enable ventricular backup
pacing in a burst period, with a fixed VV interval.

Between two bursts, the pacemaker behaves as in the programmed mode (e.g. DDD).

The following parameters can be set:

— the duration of a burst period

— the duration of the period between two bursts

— the AA interval during a burst (i.e. the pacing cycle length)
— the VV interval during a burst, if the V backup is enable

EP mode

In the EP mode, the pacemaker generates a single burst of atrial paces. During the burst, atrial
and ventricular sensing are disabled. There is no possibility to enable ventricular backup pacing
during the burst. One burst consists of a series of S1 paces, followed by an S2 and an optional S3
pace (fig. B.3)

After the burst, the pacemaker returns to the programmed mode (e.g. DDD).

Burst duration. The duration of the burst is defined in the number of S1 paces. The number of
S1 paces is programmed through the year of the pacemaker implantation date (“Implant”). Every
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Programmed year (Implant) | 00 | 01 | 02 | --- | 97 | 98 | 99
Number of S1 paces 1 1121 --- | 971|981 | 991

Table B.2: Examples of settings for the number of SI paces.

Programmed year (Birth) | 00 | O1 | --- |07 | 08 | 09 | --- | 97 | 98 | 99
S1 interval [ms] 80|80 | --- |80 |80 |90 | --- | 970 | 980 | 990

Table B.3: Examples of settings for the S1 interval.

year stands for approximatively 10 S1 paces while the century is ignored.

Pacing intervals. The Sl-interval is programmed through the year of the patient birth date
(Birth), and is in 10 ms units (i.e. every year stands for approximatively 10 milliseconds) ignoring
the century. The smallest possible S1 interval is 80 ms, any smaller programmed value is clamped
at 80 ms.

The S2-interval is programmed through the day and month of the patient birth date (Birth).
The S3 interval is programmed through the day and month of the pacemaker implantation date
(Implant). The days field are in 10 ms units. The month field, decreased by 1, is in 100 ms units.
Examples of settings are given in table B.3

The smallest possible value for the S2 and the S3 interval is 30 ms. If the S2 interval is pro-
grammed to a smaller value, the actual value will be clamped to 30 ms. If the S3 interval is pro-
grammed to a smaller value than 30 ms, the S3 pace will be skipped and the burst will end with the
S2 pace. The table B.4 shows examples of settings for the S2 and S3 intervals.

Automation. It is possible to automatically step through different S2 intervals. the auto-
decrease EP mode is activated by programming Angina to yes. The first EP burst has the S2 interval
as programmed and the user interface (implant month and day of the patient birth). After each EP
burst, the S2 interval is decreased by 10 ms, until the minimum S2 interval of 30 ms is reached.
There is a fixed interval of 2 seconds between consecutive bursts. The pacemaker returns to the
programmed mode (e.g. DDD) after the EP burst at the minimum S2 interval of 30 ms has ended,
or whenever EP is disabled by programming PM Syndrome to yes or -.

Programmed month / day

Birth: S2 01/02 | 01/03 | 01/04 | 01/05 || 02/25 || 03/17 || 04/07
Implant: S3

S2 interval [ms] 30 30 40 50 350 370 370
S3 interval [ms] Off 30 40 50 350 370 370

Table B.4: Examples of settings for the S2 and S3 intervals.
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Battery drain

The pacemaker battery was not developed to handle the high pacing rates that are possible
during the EP or the burst mode. To reduce the risk of battery exhaust, the following action can be
performed:

— increasing the pacing interval during a burst

— decreasing the duration of a burst period

— increasing the duration of the period between two bursts

— decreasing the pacing amplitude

B.2 Medtronic Carelink programmer 2090

The Medtronic Carelink® programmer is a transportable system enabling the interrogation and
programming of implantable devices from Medtronic and Vitatron (fig. B.4).

Figure B.4: Medtronic Carelink® programmer.

B.3 The Holter device

The Holter device, named Mobi system, is produced by Twente Medical Systems Interma-
tional (TMSi). The Mobi system is a multichannel system to measure a variety of (electro)-
physiological signals in the field of human movement sciences, rehabilitation, ergonomics, sports
and telemedicine.

The Mobi is designed for ambulatory measurements, but can be used stationary as well. In
stationary use, the data is directly sent to a PC by BlueTooth wireless telemetry. Thus the user has
optimal freedom during the measurement. And of course it is possible to store the data locally on a
flash disk.

The Holter is linked to the recording pacemaker (Diamond 3) by the mean of an antenna (fig.
B.5a). Four needles (fig. B.5b) were connected to the Holter for the recording of subcutaneous
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(a)

Figure B.5: Holter device and connectors. (a) TMSi® Mobi System. (b) Needle for subcutaneous ECG.

ECGs.

B.4 Echocardiography

The Siemens Acuson Sequoia (fig. B.6) was used to assess the structure and correct function of
the heart throughout the remodeling process of the atria.

Figure B.6: Siemens Acuson Sequoia.
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B.5 Radioscopie

The Philips Pulsera mobile C-arm (fig. B.7) was used to measure the inter-electrodes distances
in order to estimate the propagation velocity or to detect any obvious atrial stretch.

Figure B.7: Philips Pulsera.
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