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ABSTRACT

Atrial fibrillation (AF) is the most prevalent sustained arrhythmia, affecting over 43 million people
worldwide and one in 45 people in the UK. The modest efficacy of currently available therapies adds to
the nature of the problem. Antiarrhythmic medication and catheter ablation are the two fundamental

pillars of AF treatment, but both have limited efficacy, especially for persistent forms of the disease.

The general aim of this thesis is to provide digital evidence for the optimal stratification of AF patients
to catheter ablation and pharmacological treatment, through in-silico trials in large cohorts of virtual
patients. For this, a computational framework is developed based on multi-scale human modelling and
simulation. The framework allows predicting and explaining how AF management can be modulated
based on several patient characteristics, such as electrophysiology, tissue structure and anatomy of the

human heart.

Throughout the thesis, AF inducibility and maintenance have been evaluated in large populations of
virtual patients with variability in relevant clinical features. Different mechanisms of the arrhythmia
(i.e., stable micro-re-entries, wavefront meandering, transient rotors and wave breakups) have been
linked to specific ionic current dysregulations and their relationship with the structurally-remodelled

substrate (i.e., presence of low voltage areas and atrial enlargement).

Besides influencing AF dynamics, I have provided evidence that the ionic current profile of the atria
modulates the success of pharmacological treatment. Therefore, an accurate estimation of the ionic
current substrate might be crucial to optimally stratify patients to antiarrhythmic drug therapy. In this
sense, a non-invasive characterisation of the ionic profile of the atria results from the analysis of the

electrocardiogram.

Moreover, the ionic current substrate also influences the outcomes of catheter ablation therapy, although
the latter is mainly determined by the presence of heterogeneities in tissue structure (i.e., presence of
low voltage areas) and the bi-atrial size (i.e., left and right atrial volume). In fact, analysis of nine state-
of-the-art catheter ablation strategies suggests that the assessment of the latter patient characteristics

could guide stratification of AF patients to optimal ablation therapies.

The digital evidence obtained from the in-silico trials has informed decision algorithms to guide optimal
selection of AF treatment. Importantly, this thesis demonstrates overall agreement between simulated
and clinical results, supporting the credibility of the in-silico trials, and provides novel insights for the

evaluation of novel and existing treatments for AF, which facilitates translation into clinical practice.
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CHAPTER

INTRODUCTION

1.1. Atrial fibrillation: nature of the problem

Atrial fibrillation (AF) is the most prevalent sustained arrythmia, affecting over 43 million people
worldwide (Hindricks et al., 2021) and one in 45 people in the UK (BHF (2023) UK hospital data). The
increasing AF incidence is, to a great extent, the result of a higher life expectancy (Kornej et al., 2021).
The better management of chronic conditions and the aging population are fuelling the growth of AF
epidemic (Kany et al., 2021). Advancing age is the primary risk factor (Kornej et al., 2021), being half
of AF patients in Europe older than 75 years (Krijthe et al., 2013). However, hypertension, obesity,
diabetes mellitus, chronic kidney disease, smoking, alcohol consumption and sedentarism, are well-

documented AF-predisposing conditions too (Staerk et al., 2017).

AF is a frequent cause of several cardiac and non-cardiac comorbidities. Dementia and, especially,
stroke are the most common non-cardiac complications. Indeed, non-anticoagulated AF patients have
5-fold higher risk of thromboembolism and stroke (Jones et al., 2020). Moreover, there exists a
bidirectional relationship between AF and other forms of heart disease, such as myocardial infarction

and heart failure, so that cardiac disease both drive and might derive from AF (Staerk et al., 2017).

In fact, AF-derived complications comprise 5% of annual hospitalizations and cardiovascular death
(Kany et al., 2021). The overall economic burden in Europe is estimated to be over 10 billion Euros
(Nattel et al., 2021), with an individual 3-year cost per patient of 25.000 Euros. The annual cost per
patients in the US is around 18.601 Dollars, resulting in a global US health care cost of 28.4 billion
Dollars (Kornej et al., 2021). Thus, AF represents a major public health problem with a substantial

economic burden, and it is only expected to rise over time (Nattel ef al., 2021).

The modest efficacy of currently available therapies adds to the nature of the problem. Antiarrhythmic
medication and catheter ablation are the two fundamental pillars of AF treatment. However,
pharmacological agents have limited efficacy, substantial recurrence rates and undesired proarrhythmic
effects (Heijman, Hohnloser and Camm, 2021). Similarly, while catheter ablation has shown promising

results in patients with paroxysmal AF (i.e., AF that terminates within 7 days from onset), the success



rate is modest for persistent forms of the disease (i.e., AF sustained beyond 7 days). Ultimately, AF

might become refractory to therapy in the most permanent stages (Heijman, Linz and Schotten, 2021).

Improving AF treatment, through tailored therapies that consider individual AF mechanisms and inter-
patient characteristics (Heijman, Hohnloser and Camm, 2021; Heijman, Linz and Schotten, 2021), is
therefore paramount. In this sense, in-silico trials with human modelling and simulation represent an
effective means for treatment assessment (Passini et al., 2017; Margara et al., 2022). Widely accepted
in engineering, in-silico trials are now emerging in medicine and biotechnology with strong regulatory

backing (Viceconti et al., 2021).

One of the major strengths of in-silico trials is the possibility of testing several therapies in large cohorts
of virtual patients (i.e., virtual representation of human patients). Accordingly, optimal treatments can
be identified for subgroups of subjects that share similar characteristics. The resulting stratification of
patients to optimal therapies could boost the efficacy of AF treatment, and support the introduction of

human-based multiscale modelling and simulation into precision medicine.

1.2. Thesis goal

The general aim of this thesis is to provide digital evidence for the optimal stratification of AF patients
to catheter ablation and pharmacological treatment, through in-silico trials in large cohorts of virtual
patients. For this, a computational framework is developed based on multi-scale human modelling and
simulation. The framework allows predicting and explaining how AF management can be modulated
based on several patient characteristics, such as electrophysiology, tissue structure and anatomy of the

human heart.
To develop this framework, the specific goals considered in this thesis are:

1. Design a computational pipeline to generate large populations of whole-atria models that
consider the patient variability encountered in clinical practice, including electrophysiological,

structural and anatomical factors.

2. Identify the electrophysiological properties of the atria that favour AF even in the absence of

structural remodelling and their relationship with successful pharmacological therapy.

3. Identify the role of electrophysiological and structural remodelling on AF maintenance and the

key patient characteristics that could guide optimal pharmacological treatment.

4. Identify the extent of atrial enlargement, that combined with variability in electrophysiology

and tissue structure, modulates AF dynamics and response to catheter ablation.

5. Ultimately, develop decision algorithms, based on key patient characteristics and in-silico

results, for optimal stratification of patients with AF to optimal treatment strategies.



1.3. Thesis outline and statement of originality

This thesis presents the development of a human-based modelling and simulation framework for
identifying optimal therapies for AF patients. The framework is based on in-silico clinical trials
conducted in large cohorts of virtual AF patients. Therefore, dedicated chapters explain these two

fundamental concepts (i.e., in-silico trials and populations of virtual patients).
First, Chapter 2 covers the medical fundamentals that sustain the rational of this thesis.
Chapter 3 presents the human modelling and simulation methodologies underpinning this thesis.

Chapter 4 illustrates how I designed the construction of a large cohort of virtual AF patients to
reproduce the human variability encountered in clinical practice, and Chapter 5 explains how I
implemented in-silico trials, based on human modelling and simulation, in this large cohort with state-

of-the-art therapies for AF.

The chapters that follow, Chapters 6-9, present the in-silico trials results, with Chapters 6-8 focusing
on pharmacological treatment and Chapter 9 additionally incorporating catheter ablation. The results
presented in these chapters are entirely my own work, and, except where otherwise indicated, describe
my own research. Chapters 6, 8 and 9 resulted in three journal publications of which I am first author.
Therefore, I was responsible for the conception and drafting of the work, developing the computational
modelling and simulation frameworks building on previous models and software (described in Chapter
3), conducting all simulations and analysis of results. Chapter 7 is a multi-disciplinary work, involving
experimental and computational methods, and many authors contributed to the writing of a journal
publication. In the present thesis I have only included the section that I authored, consisting of a
computational modelling and simulation study for which I designed, executed and analysed the

simulated results.

Finally, Chapter 10 presents the main thesis contributions, summary of the main findings, limitations

and future lines of work.



CHAPTER

BASIS OF ATRIAL FIBRILLATION
PATHOPHYSIOLOGY AND THERAPY

This chapter presents the medical fundaments of this thesis, and has been structured in three
sections.: the first one introduces the healthy human atria: their anatomical and
electrophysiological properties, the second covers arrhythmia mechanisms, focusing on AF; and

the third one provides an overview of AF therapies, their limitations and future directions.

2.1. Atrial anatomy and electrophysiology: from organ to cell

The heart is a hollow structure located within the thorax. It is formed by four chambers, but can be
simply divided into the right heart, which pumps blood to the lungs, and left heart, which pumps it to
peripheral organs (John Hall, 1946). The upper chambers, called the atria, are a weak primer pump, but

enable a continuous blood circulation during the heart contraction.
2.1.1. Atrial anatomy and tissue structure

2.1.1.1. Gross anatomy

The atria are a continuum of muscular tissue that forms two chambers: the right and left atrium. While
three basic components are common to both chambers (an appendage, a venous portion and a vestibule
(Ho et al., 2001; Ho, Cabrera and Sanchez-Quintana, 2012)), the atria present great heterogeneity in

shape, muscle texture and thickness. Figure 2.1 illustrates the anatomy of the human atria.

The right atrium has a triangular-shaped appendage in the anterior region. A venous wall expands from
the appendage to the posterior region, and accommodates two big orifices. These orifices are
terminations of the superior and inferior cava vein, located anteriorly and posteriorly, respectively. At
the intersection of the superior cava vein with the appendage lays the sinoatrial or sinus node. The sinus
node is detached from the right atrium, only connected through small cell pathways. One of these
pathways converges in the crista terminalis, a muscular bundle that extends along the venous portion.
Perpendicular bundles, called pectinate muscles, connect the crista terminalis to the right atrial vestibule,

which contains the atrio-ventricular ring of the tricuspid valve.



The left atrium is characterised by a prominent rectangular-shaped body, called free wall. The free or
posterior wall extends towards the venous portion, where the pulmonary veins converge. The
rectangular shape of the wall enables differentiation between right and left, and superior and inferior
pulmonary vein. The right pulmonary veins are in close proximity to the right atrium; and the left
pulmonary veins to the left atrial appendage. The appendage presents varying size and shape, and it is
located anteriorly, near the left atrial vestibule. In the vestibule, smooth musculature forms the

atrioventricular ring of the mitral valve.

A prominent muscular structure, called Bachmann’s bundle, connects both atrial chambers anteriorly.
Small inter-atrial bridges can be observed in the posterior and inferior regions. The atria are also
connected internally, through the margins of the septal wall that constitutes the fossa ovalis. This atrial

septum prevents blood communication between the right and left atrium.

A) ANTERO-SUPERIOR VIEW

Inter-atrial

Posterior wall bridge

riPV ICV

Figure 2.1. A) Antero-superior, B) right posterior and C) medial view of the atrial anatomy. The white human
body schematically represents the point of view. Abbreviations: RA-LA: right and left atrium. RAA-LAA: RA
and LA appendage. SCV-ICV: superior and inferior cava vein. rs-ri-Is-li-PV: right superior, right inferior, left
superior and left inferior pulmonary vein. CT: crista terminalis. PM: pectinate muscles. BB: Bachmann’s bundle.
CS: coronary sinus. Adapted with permission from Cardiotext Publishing. Mori S, Shivkumar K. Atlas of Cardiac
Anatomy. Vol 1. Minneapolis, MN: Cardiotext; 2022.



2.1.1.2. Tissue structure: atrial bundles, fibres and cardiomyocytes

The atrial walls are composed of muscular fibres. A fibre is a collection of atrial cardiomyocytes (i.ec.,
atrial cells), and describes their macroscopic orientation within the tissue. The fibre architecture of the

atria is schematically illustrated in Figure 2.1A and Figure 2.2.

The right atrium presents a large collection of longitudinal fibres in the crista terminalis. This crest
intersects with the circumferential fibres that form the orifices of the superior and inferior cava vein.
Non-uniform arrangements of junctional fibres connect the crista terminalis to the pectinate muscles;

and the latter form intersections with the circular musculature of the atrio-ventricular ring.

The left atrium is formed by overlapping layers of fibres, which present mixed alignment and abrupt
changes in orientation. In the posterior wall, longitudinal, oblique, and circumferential fibres intersect
with the pulmonary veins (Figure 2.2). Similar to the right atrium, pectinate muscles can be observed

in the lateral wall of the left atrium, but the absence of a crest makes their orientation less regular.

The largest collection of longitudinally-oriented fibres is found at the Bachmann’s bundle. These fibres
expand through the anterior wall and encircle the right and left atrial appendages (Figure 2.1A). Other

groups of longitudinal fibres are observed in the posterior inter-atrial bridges.
2.1.2. Atrial electrophysiology

2.1.2.1. Atrial tissue: macroscopic conduction of the electrical impulse

The fibre architecture illustrated in Figure 2.1A and Figure 2.2 determines the propagation of the
electrical impulse. Pioneering work by Spatch and Dobler (Spach and Dolber, 1986) demonstrated that
cardiac muscle had a preferential direction of propagation, faster along the fibre (i.e., longitudinal) than
across the fibre (i.e., transversal). Therefore, alternations in the fibre architecture (i.e., fibre disarray)

compromise the atrial activation pattern. Figure 2.2 illustrates the normal activation sequence.

In the healthy heart, the electrical impulse is initiated at the sinus node. This is a small mass of
specialized cells capable of firing electrical stimuli (i.e., automaticity; explained below). The stimulus
is then propagated through the crista terminalis. The pectinate muscles enable a rapid propagation from
the crista, located in the superior region, to the inferior vestibular region. Similarly, the longitudinal
bundles of the crista enable a fast conduction from the anterior to the posterior region. Accordingly,
while the sinoatrial node is located anteriorly, the propagation towards the left atrium is almost

simultaneous through the Bachmann’s bundle and the posterior inter-atrial bridges.

The posterior inter-atrial bridges yield a posterior-to-anterior propagation in the left atrium (Platonov,
2012). Since the Bachmann’s bundle propagates anterior-to-posterior, both wavefronts intersect at the
lateral wall of the left atrium (Figure 2.2). Interestingly, aging is associated with the fibrotic replacement
of the posterior inter-atrial connections. The resulting fibre disarray prompts a longer and different

activation pattern in the left atrium that can predispose to arrhythmias (Platonov, 2012).



liPV

Figure 2.2. Left) schematic representation of the two pathways of electrical propagation form the right to the left
atrium: anterior-to-posterior (top arrow) and posterior-to-anterior (bottom arrow). Right) isochronal map (in ms)
showing the normal atrial depolarization. Abbreviations: RAA-LAA: right and left atrial appendage. SCV-ICV:
superior and inferior cava vein. rs-ri-1s-1i-PV: right superior, right inferior, left superior and left inferior pulmonary
vein. BB: Bachmann’s bundle. SAN: sinoatrial node. Adapted from Platonov, 2012 under permission.

2.1.2.2. Atrial cardiomyocytes: Generation of the action potential at single cell

The electrical propagation through fibres is facilitated by connexin proteins that form high-conductance
gap junctions between adjacent cardiomyocytes (Mikhailov ef al., 2021). When one cell of the fibre is
stimulated, the voltage difference between the excited and non-excited cell generates an axial current.
This current is made of charged ions (i.e., sodium, Na*, potassium, K" and calcium, Ca’") and propagates

the electrical impulse by stimulating the un-excited cardiomyocyte.

Cardiomyocytes are therefore characterised by two properties: conductivity and excitability. The second
one, excitability, is modulated by the flow of Na*, K" and Ca®" across the cell membrane. This movement
is enabled by specific pore-containing proteins, called ion channels, that are embedded in the membrane.
Since charged ions flow through different ion channels, a net electrogenic current can be derived from
the contribution of all of them. This transmembrane ionic current, together with the ionic gradient at
both sides of the membrane, generates a difference between the intracellular, Vi, and extracellular, Ve,
potential. This difference is called transmembrane voltage, (Vm = Vi— V.), and its time-course is known

as the excitatory action potential.

Figure 2.3A illustrates a schematic representation of an atrial cardiomyocyte, showing ionic channels
embedded in the cell membrane. Figure 2.3B illustrates the atrial action potential, and the contribution
of all ionic currents entering (inward) or leaving (outward) the cell through ion channels. Since the
extracellular potential is higher than the intracellular, inward currents are generally given a negative

sign, and outward currents are considered positives.



The action potential can be divided into five phases (0 —4), according to the time and voltage-dependent

activation of specific ion channels (Ravens and Cerbai, 2008). Under physiological conditions, the ionic

gradient resulting from the different K, Na" and Ca?* concentrations at both sides of the cell membrane

maintain

the transmembrane voltage at a negative resting state, also called resting membrane potential.

Under this state, the cell is said to be polarized.

Phase 0:

Phase 1:

Phase 2:

Phase 3:

In the presence of electrical activation coming from a neighbour cell, the fast Na* channels
become activated. The influx of large amounts of Na' ions into the cell, known as the fast Na*
current (Ina), rises the transmembrane voltage to positive values. The elevation of the voltage
activates the L-type Ca?* channel, prompting an influx of Ca** (Icar). The sum of these inward
currents, Ina and Icar, and a small contribution of background currents, Irna and Ioca, yields a

fast cellular depolarisation.

The rise in the transmembrane voltage additionally activates a number of K™ channels. The
outflow of K" intends to return the cell to its resting state in a process called cellular
repolarization. The transient outward K current (I,) is the first one in being activated, short

after Ins, yielding a rapid early repolarization.

Ii» activation is followed by the ultra-rapid rectifier K™ current (Ik.), which is smaller in
magnitude but remains activated for longer. A rapid I, inactivation leaves Ica. competing

against Ikur, in a phase characterised by a slow repolarization (i.e., plateau).

A fast late repolarization occurs after the activation of the rapid and slow rectifier K™ currents
(Ix: and Iks, respectively). A number of small-magnitude K currents contribute to shaping the
action potential, such as the acetylcholine-activated K current (Ix acn), ATP-dependent K*
current (I atp), two-pore domain K+ current (Ix2p) and the small-conductance Ca**-activated
K"-current (Isk.ca). While their influence is lower in healthy conditions, they might play a

pivotal role during AF (Heijman, Hohnloser and Camm, 2021).

Phase 4: In the last phase of the action potential, the inward rectifier K current (Ixi) returns the

transmembrane voltage to its resting state. The move of Na*, Ca®", and K* ions across the cell
membrane deviates their intra- and extracellular concentrations from the equilibrium.
Regulatory currents, such as the Na“/K" pump (Inak) or the Na'/Ca®" exchanger (Inaca),

modulate the ion homeostasis since the beginning of Phase 0.

New phase 0: The inactivation of Ix, occurs at the end of Phase 0. Its re-activation is only enabled when

the transmembrane voltage approaches the resting membrane potential. The period of time
required between consecutive cellular depolarizations is called effective refractory period. The
refractory period is similar to the action potential duration (APD) in the healthy heart, but
might be very different during pathological conditions.



Different from ordinary atrial cardiomyocytes, cells from the sinoatrial node lack Phase 4 of the cellular
repolarization. Instead, a gradual depolarization develops a new action potential (Figure 2.3B). Since
the depolarization happens in the resting or diastolic phase, it is called diastolic depolarization.
Numerous electrophysiological features account for this phenomenon. Firstly, sinus node cells present
an inward Na'/K" current (Ir, funny current) that activates when the transmembrane voltage reaches the
resting membrane potential (Monfredi and Boyett, 2015). Secondly, a predominant contribution of Inaca
rises the voltage to positive values. The elevation of the voltage activates Ica. and the T-type calcium

current (Icat) that, together with a minimal expression of Ik, prevent the stabilization of a resting state.

The fast automaticity of sinoatrial node cells rules the initiation of the entire electrical impulse of the

heart. Accordingly, the physiological cardiac rhythm is called normal sinus rhythm.
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Figure 2.3. Electrical activity in the atrial myocardium. Left) schematic representation of different families of ion
channels embedded in the lipid bilayer forming the cell membrane. Ir is mainly expressed in cells from the
sinoatrial node. Right) time-course of the action potential and ionic currents. The currents presented in red (Ikur,
Ik Ach, Ikop, and Isk.ca) are mainly expressed in the atria. Adapted from Ravens & Cerbai, 2008 under permission.



2.2. Pathophysiology of atrial fibrillation

2.2.1. Atrial fibrillation

During sinus rhythm, the heart rate is regulated according to the metabolic demand (Nattel, 2002).
Several regulatory systems tune the pacing frequency of the sinoatrial node, maintaining it between 60-
200 beats per minute (Nattel, 2002). During AF, however, the stimulation is no longer ruled by the sinus

node and the atrial activation follows a rapid and irregular pattern.

The initiation of this chaotic rhythm is promoted by functional and structural changes occurring in the
healthy atria. These changes are rarely presented alone but interact with each other, characterising AF
as a multifactorial disease (Heijman, Linz and Schotten, 2021). AF has also been documented in patients

without structural abnormalities (Staerk ef al., 2017), highlighting its complex pathophysiology.
2.2.1.1. Onset and perpetuation of atrial fibrillation

Numerous mechanisms have been proposed to describe the onset and perpetuation of AF (reviewed by
(Jalife, 2011; Nattel and Dobrev, 2017)). Among them, abnormal ectopic foci and the re-entrant circuits
are acknowledged drivers of AF (Nattel and Dobrev, 2017). An ectopic focus releases electrical stimuli
in the form of a single beat or a burst of very rapid depolarizations (340 beats per minute, (Haissaguerre
et al., 1998)). Although ectopy can appear in multiple regions of the atria, Haissaguerre et al., 1998
demonstrated that 94% of foci were located in the pulmonary veins, owing to their specific

electrophysiological and structural properties (Nattel, 2013).

The propagation of this abnormal stimuli in the form of micro re-entries constitutes the basis of AF
(Nattel and Dobrev, 2017). Figure 2.4 compares the normal activation of the atria against different

scenarios of re-entrant sources of electrical activity.

Re-entry formation requires a favourable substrate. The term substrate refers to any tissue heterogeneity,
structural or electrophysiological; static or dynamic; physiological or pathological, that translates into
conduction abnormalities. For instance, the abrupt changes in fibre orientation, the heterogeneous wall
thickness, enlarged atria, or fibrosis infiltration (Mikhailov et al., 2021). Fibrosis is considered the
primary promotor of AF, and both the intersection of fibrotic regions with cardiac muscle (Haissaguerre
et al., 2016, Figure 2.4E), and the endocardium-epicardium disassociation caused by endomysial

fibrosis (Verheule et al., 2013; de Groot et al., 2016, Figure 2.4F) are preferred locations for rotors.

Rotors may as well anchor in regions without structural heterogeneities (i.e., absence of static substrate).
In these cases, dynamic substrates might prompt re-entry formation. Multiple regulatory systems,
capable of tuning the atrial electrophysiology, have been associated with AF (Heijman, Linz and
Schotten, 2021). The autonomic nervous system (Hanna et al., 2021), the endocrine control (Aguilar et

al., 2021) or the inflammatory response (Scott Jr ef al., 2021), are among the most studied. The transient
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and localised effect of these regulatory systems yields heterogeneous electrophysiological properties in

adjacent atrial regions. The resulting electrical substrate is prone to re-entry formation and AF initiation.

A. Normal sinus rhythm B. Ectopic focus at the IsPV C. Stable rotor
SCV IsPV

o ¢

D. Multiple wave re-entry E. Unstable fibrosis-linked rotors F. Epi-endo dissociation

(e

Figure 2.4. Representation of atrial activation during A) normal sinus rhythm and B-F) different scenarios of atrial
arrhythmia. The grey areas in E) represent fibrotic regions. Abbreviations: SCV-ICV: superior and inferior cava
vein. rs-ri-Is-1i-PV: right superior, right inferior, left superior and left inferior pulmonary vein. SAN: sinoatrial
node. TV-MV: tricuspid and mitral valve. Adapted from Nattel & Dobrev, 2017 under permission.

Endocardium

Epicardium

AF itself contributes to the development of electrical and structural substrate. High-frequency activity
sustained for a period of time promotes oxidative stress. The production of reactive oxygen species has
multiple implications, both electrical and structural. On the one hand, it decreases Icar and increases Ik,
which shortens the APD and effective refractory period (Jalife and Kaur, 2015). Mitochondrial reactive
oxygen species additionally alters the Ca®>" dynamics in the sarcoplasmic reticulum, favouring Ca**
release into the cytosol. Because Ca”" influx through Ica. happens in every action potential, a substantial
intracellular Ca*" loading occurs during AF (Nattel, 2002). The resulting Ca*" overload compromises
cell viability, so that an immediate defence mechanism further decreases Icar.. The consequent shortening

of the refractory period favours re-entry stabilization.

On the other hand, the production of reactive oxygen species down-regulates the production of connexin
proteins and activates profibrotic signalling pathways (Wang et al., 2019). Gap junction loss and
increased fibrosis deposition start to happen within a week from AF onset, and further stabilize AF

(Nattel, 2002). Thus, the electrical and structural remodelling continue as time progresses (Jalife and
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Kaur, 2015). The atria enter a vicious cycle, “AF begets AF” (Wijffels et al., 1995), which promotes

severe structural and electrophysiological changes, re-entry stabilization and AF progression.
2.2.2. Contributors to the dynamic proarrhythmic substrate: electrical restitution

Some of the electrophysiological changes induced by AF, such as APD shortening, might be reversed
upon restoration of sinus rhythm (Schiittler e al., 2020). The APD accommodates to the pacing rate,
and even changing the time interval between two consecutive beats (i.e., cycle length) produces an APD
variation. This phenomenon is called restitution. The APD restitution curve is therefore the
representation of APD changes with varying cycle length. Figure 2.5A illustrates the APD response to

premature stimuli, and the corresponding APD restitution curve is shown in Figure 2.5B.

The implications of restitution for arrhythmias were first investigated by (Nolasco and Dahlen, 1968).
The authors schematically illustrated how a premature stimulus could produce an APD alteration that
deviated the cell from its equilibrium. In the event of flat APD restitution curves, the APD would
oscillate until reaching a new equilibrium (Figure 2.5C, left). Conversely, steep APD restitution curves
would make the cell enter an unstable state, characterised by persistent APD variations (Figure 2.5C,
right). These variations were called alternans, referring to the presence of beat-to-beat alternation in a
short-long APD pattern. The authors observed that persistent APD alternans would appear for an APD

restitution “slope equal to one”, what became known as the restitution hypothesis.

The restitution hypothesis was soon after associated with unstable tachycardia (Karma, 1994). The
authors showed that wave break-up resembling fibrillation could occur for steep APD restitution

(Figure 2.5D), even for structurally-healthy substrates (e.g., absence of fibrosis; (Karma, 2000)).

Nevertheless, Cytrynbaum and Keener (Cytrynbaum and Keener, 2002) proved that travelling waves
could be stable for restitution slopes greater than one. Qu et al., (Qu, Weiss and Garfinkel, 1999)
suggested that the range of diastolic intervals over which the slope was greater than unity was more
important than the maximum steepness of the curve. Fox et al., (Fox, Bodenschatz and Gilmour, 2002)
stated that alternans were a complex phenomenon, not only determined by the previous cycle length.
Koller et al., (Koller, Riccio and Jr., 1998) introduced the concept of cardiac memory, and showed that

the APD restitution was also influenced by the rate at which cells were previously paced.

A parallel study by (Pastore et al., 1999) elegantly showed that discordant alternans (i.e., APD
alternating with opposing phase in neighbouring regions, Figure 2.5E) were responsible for fibrillation.
Therefore, following studies (Qu, 2010) observed that besides steep APD restitution, steep conduction

velocity restitution was required to induce discordant alternans and fibrillation.

The restitution hypothesis, and its many derivates, rose great scepticism. For many years, it was seen as
a theoretical idea, that could only happen in experimental preparations under very specific conditions.

Nevertheless, subsequent studies conducted with AF patients (Narayan et al., 2008; Krummen ef al.,
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2012) proved that steep APD restitution near the pulmonary could facilitate AF following fast

stimulation, even in structurally-healthy atria.
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Figure 2.5. Cardiac restitution properties and repolarization alternans. A) Effects of applying a premature stimulus
(S2) at decreasing diastolic intervals (DI) on the APD. B) APD restitution curve. C) Cobweb diagram illustrating
stable (left) and unstable (right) equilibrium for an APD restitution slope flatter and steeper than one, respectively.
The grey line represents the APD restitution curve. The cyan line satisfies CL (cycle length) = APD, + DIi. At the
same time, APD is determined by the previous DI, APDn = f(DIn-1). The intersection of the two lines is the
equilibrium point at which APD = APD; and DI = DIs. D) Simulated wave break-up and fibrillation due to steep
APD restitution. E) Graphic representation of concordant and discordant alternans. Concordant: the entire tissue
alternates with a short-long cadence. Discordant: part of the tissue alternates with short-long cadence (red) and the
other with long-short (blue). A-C) adapted from Qu et al., 2010. D) Adapted from Karma et al., 2000. (Copyright
(2000) National Academy of Sciences, U.S.A.) E) Adapted from Pastore et al., 1999 under permission.

2.2.3. Contributors to the static proarrhythmic substrate: low voltage areas

Realistically, structurally-healthy atria are not completely homogenous. Fibroblast represent the largest

proportion of cells in the heart (Jalife and Kaur, 2015). While they primarily conform the fibrous
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architecture that sustains the cardiac muscle, fibrosis may intermingle with cardiomyocytes and separate
myocardial bundles. Thus, an extensive fibrotic substrate might impair the electrical propagation of the
atria and facilitate fibrillation. In fact, some authors (Kottkamp, 2013) believe that AF is only the

consequence of an underlying fibrotic atrial cardiomyopathy.

This arrhythmogenic substrate can be identified using voltage mapping (Jadidi et al., 2016), since the
bipolar voltage is considered a marker of atrial (dys)function (Miyamoto ef al., 2009). Low voltage areas
(LVAs, bipolar voltage lower than 0.5 mV in sinus rhythm; (van Schie ef al., 2021)) represent regions
of atrial damage, often characterised by conduction abnormalities (Kishima et al., 2020), prolonged
atrial activation times and slowed conduction velocity (van Schie et al., 2021). LVAs are frequently
observed in AF patients, but they might appear at late stages of the disease (Masuda et al., 2020), since
the atrial bipolar voltage is thought to decrease parallelly with AF progression.

Figure 2.6 illustrates the bipolar voltage map of two representative AF patients. While the atria on the
left-hand side have a clear pro-arrhythmic substrate, characterised by high LVA density, the atria on the
right-hand side have a minimal LVA extension. Yet, both atria belong to AF patients, illustrating that
several factors, not only the remodelling of the tissue structure, can predispose to AF. Moreover, intra-
cardiac voltage data should be interpreted with caution, given the following limitations of this mapping
modality. The bipolar voltage in the mapping system is subjected to temporal variation and quality of
contact between the cardiac tissue and the catheter (Jadidi ef al., 2016). Moreover, a decrease in the
electrogram amplitude is not exclusively indicative of impaired atrial myocardium, but may reflect
differences in tissue thickness or fibre orientation (Miyamoto et al., 2009). Thus, a different bipolar
voltage might be obtained depending on the wavefront direction. Furthermore, the cut-off value of 0.5
mV to delimit healthy from scar tissue depends on the atrial rhythm, and might reflect scar better in
sinus rhythm than AF (Nairn ef al., 2020). Ideally, electro-anatomical mapping should be complemented

with additional clinical information and mapping modalities for a more accurate tissue characterisation.

Figure 2.6. Electro-anatomical map of the bi-atrial endocardial surface. Comparison of the intracardiac bipolar
voltage (Bi) between a patient with low (right) and high (left) presence of LVA (regions of Bi < 0.5 mV mapped
during sinus rthythm).
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2.3. Management of atrial fibrillation

AF management follows the integrated ABC pathway: ‘A’ Anticoagulation/Avoid stroke, ‘B’ Better
symptom control, and ‘C’ Cardiovascular and Comorbidity optimization (Hindricks et al., 2021). This
thesis focuses on ‘B’ and, specifically, in strategies attempting to terminate fibrillation and restore the

normal sinus rhythm, also called rhythm control of AF.

Rhythm control strategies comprise catheter ablation and pharmacological treatment. Recent
technological advances, such as the use of cryogenic energy (Kuck et al., 2016) and electroporation (i.e.,
field pulse ablation, (Verma et al., 2022)) have boosted the efficacy of ablation, especially in patients
with paroxysmal AF. Its higher methodological and economic impact, however, keep pharmacological

therapy as a fundamental pillar of AF management (Heijman, Hohnloser and Camm, 2021).
2.3.1. Antiarrhythmic drug therapy

Antiarrhythmic drugs are commonly classified according to the Vaughan-Williams system (Lei et al.,
2018). Class I comprises Na' channel blockers, with a mild (Ia), middle (Ib) or strong effect (Ic) on the
action potential upstroke and cellular excitability. Class II includes B-adrenergic blockers, which inhibit
the sympathetic nervous system and thus, decrease the pacing rate. Class III drugs exert a predominant
K" inhibition, prolonging the APD and refractory period; and Class IV, Ca*" channels blockers, modify
the heart rate and cellular excitability. Most drugs inhibit multiple ion channels (reviewed by Vagos et

al., 2018), so their classification is based on their primary effect.

Five drugs are suggested by the current AF guidelines for sinus rhythm restoration (i.e., amiodarone,
flecainide, propafenone, ibutilide and vernakalant; (Hindricks et al., 2021)). Flecainide and propafenone
are Class Ic antiarrhythmics. Amiodarone is a multi-channel blocker, and while initially considered as
Class III, nowadays is not included in any specific class. Vernakalant is a Class I1I agent, but exerts a
rate-dependent Na' channel block similar to that observed by Class Ic antiarrhythmics (Wettwer et al.,
2013). Thus, only ibutilide is considered a pure K blocker (Tamargo et al., 2004).

Three additional drugs are commonly employed for AF management: dronedarone, digoxin and
ranolazine. Dronedarone was developed to overcome the toxicity of amiodarone, and early trials
(EURUDIS and ADONIS (Singh et al., 2007) and ATHENA (Hohnloser et al., 2009)) reported reduced
arrhythmia recurrence in patients with paroxysmal and persistent AF. This prompted the PALLAS trial
(Connolly et al., 2011), which only included patients with persistent AF. The trial was however stopped
due to an increase risk of heart failure, stroke and cardiovascular death with dronedarone therapy. The
arrhythmic deaths were, in part, attributed to the interactions between dronedarone and digoxin
(Heijman, Hohnloser and Camm, 2021). Digoxin had been widely used for rhythm control (The Digitalis
in Acute Atrial Fibrillation (DAAF) Trial Group, 1997). However, nowadays it is only used for

controlling the heart rate, due to its elevated cardiotoxicity and inconclusive potential for terminating
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AF (Hindricks et al., 2021). Finally, ranolazine is a Class Ib antiarrhythmic, safe but with a modest
efficacy (Peyronnet and Ravens, 2019).

Despite the multiple available drugs, the success of pharmacological treatment is currently suboptimal,
and only 45% of patients remain free of AF (Wazni et al., 2021) The choice of an antiarrhythmic drug
is based on the patient’s associated heart disease, due to the risk of ventricular proarrhythmia (Hindricks
et al., 2021). This cardiotoxicity prevents the adoption of high-dose therapies, which limits drug
efficacy. Many authors have conveyed the importance of targeting atrial-specific ion channels, to
maximize drug efficacy while reducing the cardiotoxic risk. Ixop, which is thought to be up-regulated
during AF (Heijman, Hohnloser and Camm, 2021), Isk ca (study completed: NCT04571385), and Ikyr,
are promising targets. Ik, inhibition, however, has shown limited efficacy in clinical trials (DIGRAF-

IKUR (Camm et al., 2019)), potentially due to Ik, down-regulation in patients with AF.

Nevertheless, even if successful therapies based on blocking atrial-specific ion channels were
discovered, these most likely would still be based on a “one-size fits all” approach (Kany et al., 2021).
Patients present different clinical responses to drugs (Capucci et al., 2018), which emphasizes the
suitability of personalizing drug treatment (Capucci et al., 2018; Kany et al., 2021). Pharmacological
agents target specific ion channels, and since humans present inter-subject variability in channel density
(Britton et al., 2013), different subjects are expected to respond differently to the same drug (Capucci
et al.,2018). Nevertheless, the interplay between inter-patient variability in electrophysiological and the

response to pharmacological AF treatment is currently unknown.
2.3.2. Catheter ablation

Catheter ablation is the most effective therapy for preventing arrhythmia recurrence in patients with
paroxysmal AF (Wazni et al., 2021). Since most ectopic triggers originate in the pulmonary veins
(Haissaguerre et al., 1998), their electrical isolation (i.e., pulmonary vein isolation, PVI) can impede the
propagation of abnormal stimuli to the atrial body and prevent fibrillation. Therefore, PVI is the

cornerstone of ablation therapy in paroxysmal AF.

Challenges remain for persistent AF, where patients experience 50% recurrence after PVI (Verma et al.,
2015). Persistent AF is associated with a sparser distribution of ectopic triggers beyond the pulmonary
veins. Other regions, such as the superior and inferior cava vein, crista terminalis, and the posterior wall
of the left atrium, have been reported as common foci (Schmitt ez al., 2002). The posterior wall shares
a common embryological origin with the pulmonary veins (Kistler et al., 2023), which might explain its
predisposition for generating triggered activity. However, the CAPLA clinical trial ((Kistler et al.,
2023), Figure 2.7A) observed no incremental benefit of posterior wall isolation compared to PVI alone.
In fact, modest rates of arrhythmia-free survival were reported in the PARTY-PVI study (Benali et al.,

2023), which assessed the systematic elimination of all triggered activity in the atria.
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Therefore, other clinical trials have attempted to eliminate the substrate maintaining fibrillation (i.e.,
substrate modification approach) instead of potential ectopic foci. Figure 2.7 shows a schematic

representation of ablation procedures highlighted in recent clinical trials and studies.

A) CAPLA B) MARSHALL - PLAN C) STAR AF I
Pulmonary vein isolation (PVI) + PVl + dome + mitral isthmus + PVI + roof + mitral
posterior wall isolation (PWI) cavo-tricuspid isthmus lines isthmus ablation lines

Roof line

Dome line

4

Cavo-tricuspid ' '
isthmus line Mitral line

D) ERASE AF. VOLCANO. STABLE-SR-II E) MiLine PVI + ablation of complex
fractionated electrograms

PVI + Ablation of low voltage areas PVI + anterior mitral line

Anterior mitral line

Low voltage areas

Figure 2.7. Schematic representation of ablation strategies featured in recent clinical trials and studies. A) CAPLA
(Kristler et al., 2022). B) Marshall-Plan study (Derval et al., 2021). C) STAR-AF-II (Verma et al., 2015). D)
ERASE-AF (Huo et al., 2023), VOLCANO (Masuda et al., 2020), and STABLE-SR-II (Yang et al., 2022). E)
MiLine study (Bergonti, Spera, Ferrero, Nsahlai, Bonomi, Boris, et al., 2023). Abbreviations: LAA: left atrial
appendage; SCV-ICV: superior and inferior cava vein. rs-ri-Is-1i-PV: right superior, right inferior, left superior and
left inferior pulmonary vein. TV-MV: tricuspid and mitral valve. CS: coronary sinus.

STAR-AF-II ((Verma et al., 2015) Figure 2.7C) independently tested the ablation of complex
fractionated atrial electrograms (CFAE; i.e., fractionated signals obtained during electro-anatomical
mapping, Figure 2.7C) and the application of empirical lines of block. Electrogram fractionation has
been consistently associated with regions of severe fibrosis and conduction abnormalities (Verma et al.,

2015). Similarly, numerous anatomical structures, such as the orifices of the atrio-ventricular rings, are
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acknowledged perpetuators of atrial arrhythmia. Thus, both strategies presented convincing evidence

for their assessment in large clinical trials and yet, failed to demonstrate superiority to PVI.

The ablation of LVAs is another technique widely investigated in clinical trials (Figure 2.7D). As
mentioned above, LV As might propitiate AF initiation and maintenance, which make them an attractive
ablation target. Nevertheless, contrasting results have been reported in clinical trials. ERASE AF (Huo
et al., 2022) showed for the first-time superiority to PVI in persistent AF patients, after VOLCANO
(Masuda et al., 2020) and STABLE-SR-II (Yang et al., 2022) reported no beneficial impact in neither
paroxysmal nor persistent AF, respectively. Moreover, only 36% of patients presented LVAs in ERASE
AF, which might have influenced the results of the trial.

LVAs ablation represents a functional ablation (i.e., patient-specific strategy), and thus a more tailored
approach than empirical ablation. In this sense, the RECOVER AF study (Betts et al., 2023) has shown
that functional ablation can be very effective in preventing recurrent AF. Instead of LV As, the authors
assessed the elimination of pathological conduction patterns, and reported success rates as high as 91%.

The ablation of pathological conduction patterns is yet to be tested in a large randomized clinical trial.

Similarly, novel ablation approaches, such as MiLine (anterior mitral line, (Bergonti, Spera, Ferrero,
Nsahlai, Bonomi, Boris, ef al., 2023) Figure 2.7E) and Marshall-Plan (sequential elimination of the
Marshall bundles, PVI, and right and left atrial empirical lines of block, (Derval et al., 2021) Figure
2.7B), have obtained promising results in multicentre retrospective and prospective studies,
respectively. While effective and approved for testing in larger trials, these strategies rely on extensive

ablation lesions, potentially over-treating patients.

Therefore, the ability to accurately stratify patients with AF recurrence after PVI to those requiring
extensive versus minimal substrate modification, those benefitting from empirical versus functional
ablation, and those who may be optimally treated only with additional antiarrhythmic drug therapy,
would be of tremendous clinical value but remains a major challenge. Moreover, since clinical trials
have not provided convincing evidence for selecting an optimal ablation strategy, only PVI is suggested
for first procedure treatments (Betts er al., 2023). In this sense, when AF recurs despite durable PVI

(Benali ef al., 2023), no consensus is established for further treatment strategies.

Due to their multiscale nature and scalability, human-based computer modelling and simulation offers
the possibility of identifying key modulators of successful AF therapy. Novel and available treatments
can be tested in virtual patients, with perfect control over the parameters of interest and high spatio-
temporal resolution. Similar to other disciplines, such as aerospace or industrial research, nowadays,

computer modelling and simulation represents a power tool in the field of medicine.
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CHAPTER

MODELLING AND SIMULATION OF
ATRIAL ELECTROPHYSIOLOGY

This chapter covers the human atria modelling and simulation methodologies used in this thesis.
The mathematical equations that are presented here for electrical propagation encompass
experimental knowledge from in-vitro and in-vivo research, and have undergone consistent
calibration and validation to ensure that modelling and simulation constitute a reliable

representation of living cells, tissue and whole-organ atrial electrophysiology.

3.1. Cellular electrophysiology: The action potential model

In the process of simulating the electrical behaviour of the human heart, the first step consists of

modelling and simulating the cardiac action potential.

The first cardiac action potential model was published in 1962 by Denis Noble (Noble, 1962). The model
was an adaptation of the seminal work by Hodgkin & Huxley on the squid giant axon (Hodgkin and
Huxley, 1952a, 1952d, 1952¢, 1952b). The authors proposed a system of ordinary differential equations
to describe the axon’s electrical propagation and its underlying ionic mechanisms. While the model
reproduced the action potential of a neuron, their equations are still the basis of most cardiac
electrophysiological models developed to date. Indeed, the contribution of Denis Noble to the broader
understanding of excitable cells beyond neurons, building on the Hodgkin & Huxley formalism,
demonstrated that the principles of excitable cell physiology stated by Hodgkin & Huxley could be
generalised to many fields. Subsequent studies (Carbonell-Pascual er al., 2016) additionally
demonstrated that the Hodgkin & Huxley formulation yielded identical results as more complex models,

such as the Markov model, both in control conditions and in the presence of ionic current mutations.

In their original manuscript, Hodgkin & Huxley hypothesized that the electrical activity of the cell could
be represented by an electrical circuit. The cell membrane, which forms an electrical insulator separating
two conductive media, the intracellular and extracellular, was schematically presented as a capacitor.
The membrane proteins, such as ion channels and pumps, were described as electrical impedances in

parallel with the membrane capacity. Therefore, ionic current could flow either through the cell

19



membrane, charging the capacitor, or through the impedances, in the form of transmembrane current.
The voltage difference caused by the latter current, called transmembrane voltage, was formulated as:
dvy,
Cmn——+1=0, (1)
T dt
where Cr, is the membrane capacitance; Vi is the transmembrane voltage; and the total current density,

I, is the sum of the transmembrane ionic current (Iion) and additional stimulation currents (Isim).

In the original model by Hodgkin & Huxley, Lion was the balance of three components: one carrying Na*
ions (Ina), one K* (Ix) and one carrying non-specific ions (Iieak). In the most recent atrial cardiomyocyte

models, the total ionic current is the balance of the currents and fluxes presented in section 2.1.2.2:
Lion = Ina + Lio + Icar + Ikur + Ikr + Iks + Iki + Ik ach + Ik ate + Ikop + Isk,ca + Inak + INaca. 2)

For every family of ionic channels in the equation, the movement of ions across the cell membrane is
favoured by two forces: the diffusive (osmolarity law) and the electric field (electrical charge law) force.
The diffusive force appears when two media have different ionic concentrations. The electric field force

is due to the difference between the intracellular, Vi, and extracellular, V., potential (V= V—Vj).

If free diffusion is enabled, ions will move according to the electric and diffusive forces. If both forces
have the same magnitude but opposing direction, the transmembrane voltage will reach an equilibrium
potential where there is no ionic movement. This equilibrium potential, E, is computed through the
Nernst law, that considers the intra- and extracellular concentration of an ion S, [S]; and [S].,

respectively, the temperature, T, the Faraday constant, F, the gas constant, R, and the ion valence, Zs:

E RT _[S];
=-—-In—.
ST ZsF T [Sle

3)
Conversely, if the electric and diffusive forces have a different magnitude, their difference (Vm — Es)
will rule the direction of movement. This difference is called driving force, and is a key element of each

individual ionic current (Is) that constitutes the total Lion:

Is = gs - (Vin — Es) “4)
The other term of the equation, gs, is the maximal conductance, which refers to the ion channel density
(i.e., channel expression per unit surface of the cell membrane). It is readily understood that a higher
channel density would lead to a higher current magnitude. However, Hodgkin & Huxley realized that
ion channels were not always open, but instead, maximal conductances experienced transient changes
over time. The authors observed up to three channel states: open, closed and inactivated. The transition
between states was described by different variables, nowadays called channel gates, that obeyed a first-

order differential equation dependent on the transmembrane voltage.

The dynamics of the Na* conductance, gna, perfectly illustrate the transition between channel states upon

changes in the transmembrane voltage. Experiments on the squid nerve showed that the voltage exerted
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a dual effect on gna.. While a large increase in gna followed a sudden depolarization of the membrane, a
more rapid decrease occurred if the depolarization was maintained. Hodgkin & Huxley described this
phenomenon by the presence of two variables, m and 4, which behaved with different time constants
and in opposite direction (i.e., m activating the Na" channel, and /4 inactivating it). Thus, gn. was

formulated as the product of a constant term, gy, and the variables m and A:

8Na = m>h gNas Q)
dm
Izam'(l_m)_smm' (6)
dh
< =@ (1—h) = Byh. D

The gating variables m and % varied in the range of 0 (completely closed) and 1 (completely open), and

were governed by the voltage-dependent transition rates o and f:

- val (Value2 - Vm) g
o = value; - exp values )’ (3)
value, — V, -1
B [exp ( values ) ©)
where “values” are scalars obtained from experimental measurements.
Accordingly, Hodgkin & Huxley derived the complete In, formulation as:
INa =8Na- m°h - (Vin — Ena) (10)

and similar equations were obtained for the rest of ion channels.

Improvements in experimental techniques and in the understanding of cellular electrophysiology have
led the most recent atrial cardiomyocyte models to incorporate several ion channel families, as well as

a cytosolic and sarcoplasmic representation of the Ca*" diffusion.

3.2. Cell coupling and propagation of the action potential

Cardiomyocyte models can provide a rough estimate of the proarrhythmic risk (Passini et al., 2016).
However, only whole-atria models can capture the great mechanistic complexity of AF (Vagos et al.,
2018). These multi-scale representations allow simulation of the electrical propagation in healthy and

disease conditions, considering the complex anatomical structures described in section 2.1.1.

This electrical propagation is enabled by gap junctions, which couple adjacent cardiomyocytes. The
resulting wave of excitation can be described by a reaction-diffusion equation, called the monodomain

model of the transmembrane voltage. The monodomain model has the following form:

dv,
chd_;n + Blion(vm: TI) =V (G VVm) + Istim, (11)
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dn
E - (le TI)! (12)

where the reactive part (left hand side of Equation 11) has been explained in the previous section; 3 is
the cardiomyocyte surface-volume ratio, and 1) is a vector of state variables (e.g., gating variables) that
depend on the transmembrane voltage, V. In the diffusive part (right hand side of Equation 11), the
divergence of VVn represents the diffusion of the transmembrane voltage throughout the tissue,

governed by the conductivity tensor o.

To solve the monodomain model, the reactive and diffusive system need to be discretized in time and
space, respectively. Accordingly, a solution is obtained in each time-step for the nonlinear system of
ordinary differential equations (Equation 13), and the parabolic system of partial differential equations

(Equations 14):

dv, 1
d_;n - C_ [_IiOH(Vm' ‘1) + Istim]' (13)
m
dv,
B(Cm ) = V- (o Wi (1

Many numerical methods allow discretization of these differential equations. In this thesis, I have
employed MonoAlg3D, which is a software based on the finite volume method. MonoAlg3D uses
parallel computing through graphic processing units (GPUs) to enable a very fast computation of the
electrical propagation in the heart. In fact, the authors (Sachetto Oliveira et al., 2018) reported a

reduction in the computing time by 165x in a realistic heart geometry presenting spiral wave re-entries.

Thus, the following section briefly summarizes the finite volume method, implemented in MonoAlg3D.
A detailed explanation can be found in (Sachetto Oliveira et al., 2012, 2018; Sachetto Oliveira, Alonso
and dos Santos, 2018).

3.2.1. Finite volume method implemented in MonoAlg3D

The finite volume method is based on the idea that a continuum can be discretised into finite volumes
(i.e., discretised mesh). Thus, a given quantity, such as mass or energy, can flow through the surface
area of adjacent volumes. The integration of this quantity over the boundaries of a control volume yields

a net flux, resulting from the difference of flows entering and leaving the volume.
Monodomain discretization using the finite volume method

Space discretization. To spatially discretize the diffusion of the electrical impulse, an intracellular

current density J (LA/cm?) can be defined as:

] =0V, (15)

Thus, taking into account Equation 14, the following relation can be stablished:
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I, =V], (16)

where I, (LA/cm?) is a volumetric membrane current.

According to the principle of the finite volume method, Equation 16 can be spatially integrated over the

continuum delimited by boundaries of the heart, if the latter is discretized into control volumes:

fﬂ I, dv = fﬂ Vjdv. (17)

Applying the divergence theorem and using Equation 14, Equation 17 can be written as:

BCpy f dc\; dv—f ] nds . (18)
Q 10)

Equation 18 represents the basic formula for deriving the linear system of equations that enables the

discretization of the monodomain model. For example, in a uniform mesh of regular hexahedra with

surface area A% the intracellular current density, J, could be computed as the sum of the fluxes over the

6 faces of a hexahedra:

A3chT—AZZJf (19)

Considering Equation 16, the flux on each face, J;, could be calculated by assessing the spatial
derivatives of the transmembrane voltage. The latter could be obtained by finite differences, considering

the conductivity values between adjacent volumes described by the conductivity tensor, o.

Time discretization. The time derivative of the transmembrane voltage (i.e., reactive part of the
monodomain model) is calculated at the centre of each control volume. This derivative can be

approximated at the time-step n+1 by the explicit Euler method:

de — Vm,n+1 - Vm,n (20)
dt At '

The first-order Euler method has been widely employed for solving the system of ordinary differential
equations of cell models. However, a very small time-step needs to be taken to satisfy numerical
stabilities. To overcome this problem, an adaptive time-step Euler method is commonly employed. The
latter compares the solutions obtained using the explicit Euler method (first-order method) and the

second-order Runge-Kutta (or Heun) method (Sachetto Oliveira ef al., 2018).
Parallel implementations using GPUs

When discretized in time and space, both systems can be solved independently. MonoAlg3D uses the
Godunov operator splitting, and Algorithm 1, adapted from (Sachetto Oliveira ef al., 2018), describes
the sequential steps applied by the solver.
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The reactive system of ordinary differential equations is computed at the centroid of each control volume
of the discretised mesh. Since there is no data dependency between different reactive systems, the code
can be parallelized. Moreover, as mentioned before, a considerable speed-up is achieved if the

parallelization considers a GPU implementation with CUDA.

In this case, a different GPU thread solves the system of ordinary differential equations of each volume
centroid. Therefore, line 5 in Algorithm 1 runs in the GPU. Solving the linear system of partial
differential equations requires information of the transmembrane voltage in every control volume. Thus,
line 7 in Algorithm 1 runs in the CPU. Accordingly, after computing line 5, the GPU communicates to
the CPU to share the updated values of the transmembrane voltage. Once the system of partial
differential equations is solved, the opposite communication (i.e., CPU to GPU) is established for

computing line 4, and a new iteration starts.

Algorithm 1 Sequential steps applied by MonoAlg3D for solving the monodomain model.
Iterative steps (i_step) are computed until reaching final number of steps (n_steps)

set the cell model initial conditions
assemble the monodomain matrix (linear system of partial differential equations)
while i_step <n_steps do
Update the transmembrane voltage (Vm) for cell model
solve cell model (reactive system of ordinary differential equations)
update Vi for the diffusive system of partial differential equations
solve the linear system of partial differential equations

i step=1 step+1

N A A o s

end while

A detailed verification of MonoAlg3D in the framework of the cardiac electrophysiology Benchmark
(Niederer et al., 2011) can be found in (Sachetto Oliveira et al., 2018). A modified version of the
Benchmark problem, for the purpose of this thesis, has been included in Annex I. The modifications
were applied to the longitudinal conduction velocity, the transversal to longitudinal anisotropy ratio and
the cellular model (see Annex I), in order to replicate the setting used for multi-scale atrial simulations.
All simulations were run using Cray XC50 (2.60GHz (12 cores, 64GB RAM) and NVIDIA Tesla P100,
16GB), located in the Swiss National Supercomputing Centre (Switzerland). When MonoAlg3D was
implemented in this massively parallel multiprocessor supercomputer, the computational cost of running
7 seconds of simulated AF on a mesh of one million regular hexahedra was 2 hours and 30 minutes. The

high performance of the solver enabled simulations in large cohorts of virtual AF patients.
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CHAPTER

LARGE COHORTS OF VIRTUAL
AF PATIENTS

In this chapter I present how I constructed a large cohort of virtual AF patients (also referred as
population of virtual atria or whole-atria models). The concept of virtual AF patient refers to the
virtual representation of the patient’s atria during AF. Thus, besides including accurate patient
characteristics (i.e., atrial anatomy, electrophysiology and tissue structure), virtual atria simulate
the irregular electrical activity occurring during AF. The population of virtual AF patients,
together with the in-silico trials presented in Chapter 5, constitutes the central paradigm of the

framework developed in this thesis.

4.1. Population of human atrial cardiomyocyte models

In the process of constructing a large cohort of virtual AF patients, the first step comprises the

development of a population of human atrial cardiomyocyte models using a baseline cellular model.
4.1.1. Single (baseline) atrial cardiomyocyte model

Numerous biophysically-detailed (baseline) models of the human atrial action potential have been
published (reviewed by (Vagos et al., 2018) and benchmarked by (Wilhelms ef al., 2013)). While all of
them comprise a system of ordinary differential equations that essentially follows the Hodgkin-Huxley
formulation, the models differ in the number, magnitude and kinetics of their ionic components.
Adopting one model or another is therefore dependent on the research question being addressed

(Muszkiewicz et al., 2016).

In this thesis, I have used the CRN model (Courtemanche, Ramirez and Nattel, 1998), since it has been
expanded to study drug effects in single-cell (Loewe et al., 2014; Sutanto et al., 2019) and, after
appropriate ionic current modifications, reproduces both the long plateau observed in paroxysmal AF
patients with steep restitution (Narayan et al., 2008), and the more triangular shape of persistent AF. To
circumvent model-dependent bias, simulations with the CRN model have been repeated, as necessary,

using the Grandi-Bers (Grandi ef al., 2011) and Maleckar-Trayanova (Maleckar et al., 2009) models.
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4.1.2. Population of atrial cardiomyocyte models with variability in ionic currents

These mathematical models were originally developed using a subset of in-vivo or in-vitro data, so that
their differential equations reproduced the average behaviour observed in the data (Britton et al., 2013).
Since the models did not include electrophysiological variability, they were unable to capture the wide
range of disease phenotypes observed in humans or an accurate treatment response (Passini et al., 2016).
Thus, following simulation studies (Romero et al., 2009; Sarkar, Christini and Sobie, 2012) conveyed
the importance of incorporating inter-subject variability in cardiac electrophysiology. Ultimately,
(Britton et al., 2013) developed an efficient methodology, called population of models, that enabled

simulation of the electrophysiological variability observed in a (clinical, experimental, etc.) dataset.

Figure 4.1 illustrates the development of a representative population of atrial cardiomyocyte models.
The methodology consists of scaling a subset of model parameters, which are thought to vary in the
human population, over a specified range. By using sampling techniques (e.g., Latin hypercube
sampling), every cardiomyocyte model of the population has a unique combination of parameters, which
results in a unique electrophysiological profile and thus, action potential. It is commonly assumed that
variability in cellular electrophysiology is mainly expressed at the level of the ion channel density
(Britton et al., 2013; Muszkiewicz et al., 2016). Figure 4.1A illustrates how scaling the density of Icar
by +£50% modifies the action potential shape. Following this principle, a population of cardiomyocyte
models can be developed by scaling the maximal conductance of all ionic currents and fluxes of the
CRN model, including Ixur, Ikr, lto, Ik1, Iks, Icar, INak, INaca and Ina, as well as the sarcoplasmic reticulum

Ca”" release (Jie1), leak (Jicax) and uptake (Jup).

The generated population (Figure 4.1B), called candidate population of cardiomyocyte models,
undergoes a calibration step. The calibration is performed against human experimental data, and ensures
that cardiomyocyte models accurately reproduce human electrophysiological properties. For this, action
potential recordings from human patients (Sanchez et al., 2014) are compared to the in-silico signals.
Figure 4.1C shows characteristic action potential biomarkers that are used for the comparison, such as
duration at 20, 50 and 90% of cellular repolarization, the amplitude, resting membrane potential and
maximum upstroke velocity. The experimentally-calibrated population, illustrated in Figure 4.1D,
comprises all the atrial cell models which biomarkers are within the ranges delimited by the minimum
and maximum value observed experimentally (Figure 4.1E). In this thesis, only those cardiomyocytes

which all biomarkers were within the experimental ranges were kept for further analysis.

Another approach to refine the calibration considers limiting the boundaries within 2 standard deviations
(i.e., adopting a Gaussian distribution; Muszkiewicz et al., 2016). While this criterion has not been used
in this thesis, it may prevent over-representing extremes of physiology, at the expense of not capturing
the broadest range of possible physiological variability or missing important data points related to the

disease of interest. Other approaches have been proposed in order to calibrate the populations to data
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densities (i.e., specific data distributions, Lawson et al., 2018). While a priori these approaches have
been argued to allow the extraction of additional information from the calibration, previous studies of
atrial electrophysiology have observed no differences between using Latin hypercube sampling or more
advanced sampling methods (Muszkiewicz et al., 2018). The size and variability of the experimental

data available ultimately dictates the calibration criteria employed (Muszkiewicz et al., 2016).
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Figure 4.1. Generation of a population of human atrial cardiomyocyte models. A) Effects of scaling the maximal
conductance of Ica. in the CRN model (baseline model). B) Candidate population of cardiomyocyte models,
developed scaling all ionic conductances by +50%. C) Action potential biomarkers: action potential duration at
20% (APD20), 50% (APDso) and 90% (APDyo) of cellular repolarization, action potential amplitude (APA), resting
membrane potential (RMP) and maximum upstroke velocity (dVdtmax). D) Calibrated population using the human
experimental ranges presented in E) (Sanchez et al., 2014), for the action potential biomarkers.

4.2. Populations of whole-atria models

4.2.1. Population of structurally-healthy atria: Electrophysiological variability

Similar to populations of cardiomyocytes models, a population of whole-atria models can capture inter-

subject variability in electrophysiology. The higher dimensional complexity of whole-atria models,
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moreover, enables variation of other relevant characteristic, such as atrial volume and tissue structure.
In this thesis, the first step in constructing a large population of virtual patients considered the case of
structurally-healthy atria. These whole-atria models are characterised by absence of heterogeneities in
tissue structure (e.g., absence of fibrosis), but might include electrophysiological and anatomical

variability. They represent a common phenotype of early AF stages.

Structurally-healthy atria were developed by combining one cardiomyocyte model with one atrial
anatomy. In studies that considered a single anatomy (e.g., Chapter 6), the number of whole-atria
models was the same as the original number of cardiomyocyte models in the population. In studies that
considered anatomical variability (e.g., Chapter 9), the number of whole-atria models was the number

of cardiomyocyte models multiplied by the number of atrial geometries (see below).

While every whole-atria model was developed with a single cardiomyocyte model, the latter was scaled
in different atrial structures to reflect regional heterogeneities in electrophysiology. These regional
heterogeneities have been considered by assigning the single-cell properties of each atrial
cardiomyocyte model to the left or right atrial tissue, depending on the chapter, and modifying them in
the right or left atrium, crista terminalis, pectinate muscles, left atrial appendage and atrio-ventricular
rings. The resulting action potential models (i.e., the original cardiomyocyte model and the scaled
versions) constituted an ionic current profile. Figure 4.2 illustrates one ionic current profile used to

construct one whole-atria model. Table 4.1 gathers the scaling factors applied in each atrial region.

Table 4.1. Regional electrophysiological heterogeneities. Adapted from (Sanchez et al., 2017). The original
cardiomyocyte model can be included either in the LA or RA. When included in the RA, the scaling factors for Ik:
are “1” in the RA and “1.6” in the LA. Conversely, when the cardiomyocyte model is included in the LA, the Ik:
scaling factors are “1/1.6” in the RA and “1” in the LA.

Anisotropic ratio

Region Transversal-Longitudinal CV (em/s) Lo Leat T
Left atrium (LA) 1:2 60 — 80 1 1 lorl.6
Right atrium (RA) 1:2 60 — 80 1 1 lorl/1.6
Sinoatrial node 1:1 31-42 1 1 1
Crista terminalis 1:10 116 — 157 1.35 1.6 0.9
Pectinate muscles 1:2 98 — 133 1.05 0.95 0.9
Bachmann’s bundle 1:2 98 — 133 1 1 1
Left atrium appendage 1:2 59 -80 0.65 1.05 2.75
Atrio-ventricular rings 1:2 59 -80 1.05 0.65 3
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Figure 4.2. Generation of human whole-atria models using a population of cardiomyocyte models. One whole-
atria model is developed with one cardiomyocyte model, by assigning its single-cell properties to the left atrial
tissue and scaling them in other atrial regions.
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4.2.2. Population of structurally-remodelled atria: Anatomy and structural variability

4.2.2.1. Remodelling of the atrial anatomy: Bi-atrial enlargement

The first human whole-atria model that incorporated regional heterogeneities was published by
(Seemann et al., 2006). The atrial anatomy was obtained from the ex-vivo Visible Human Project and
included realistic wall thickness, fibre architecture, and defined atrial regions. This atrial anatomy,

commonly referred as the Visible Female atria, has been adopted for conducting multi-scale simulations.

To consider anatomical variability, 10 additional geometries were generated from a bi-atrial statistical
shape model (Nagel, Schuler, ef al., 2021). The bi-atrial shape model was developed with 47 CT and
MRI datasets from control and AF patients, and its development and the generation of the 10 anatomies
was performed by Dr Claudia Nagel. These 10 atrial anatomies (right and left atrium, 127451 mL and
105+£39 mL, respectively; mean = SD) covered the volumes associated clinically with AF recurrence.
Table 4.2 compares the volume of the 10 atrial anatomies with the Visible Female atria and clinical

data.

Table 4.2. Volume of the atrial anatomies considered in this thesis to conduct multi-scale simulations. Comparison
with the atrial volumes associated with AF recurrence clinically.

Atrial volume (mL)

Left atrium Right atrium
Atrial volumes associated with (Lang et al., 2015) 65-112 80— 148
AF recurrence clinically (Njoku et al., 2018) 96 —210 —
Visible Female atria 62 83
Bi-atria statistical mean shape model 93 109
Atrial anatomy 1 (AA1) 102 58
Atrial anatomy 2 (AA2) 59 64
Atrial anatomy 3 (AA3) 44 91
Atrial anatomy 4 (AA4) 146 96
Atrial anatomy 5 (AAS) 85 122
Atrial anatomy 6 (AA6) 110 135
Atrial anatomy 7 (AA7) 169 145
Atrial anatomy 8 (AAS) 94 162
Atrial anatomy 9 (AA9) 142 194
Atrial anatomy 10 (AA10) 99 205

In studies that considered several geometries, the construction of the population also followed the
principles illustrated in Figure 4.2, in which one whole-atria model was developed with one ionic
current profile (i.e., one cardiomyocyte model scaled in different atrial regions). However, since this
ionic profile was included in every atrial anatomy, the number of virtual AF patients developed was the

number of cardiomyocyte models multiplied by the number of atrial anatomies.
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4.2.2.2. Remodelling of the tissue structure: Patient-specific distribution of low voltage areas

The number of whole-atria models that were developed also increased with the addition of tissue
heterogeneities (i.e., remodelling of the tissue structure). In this thesis, tissue heterogeneities were
modelled based on invasive electro-anatomical mapping, that identified the patient-specific distributions
of LVAs. As mentioned in Section 2.2.3, cardiac tissue characterisation should be based not only on
voltage mapping but, ideally, on several mapping modalities and clinical data. This has been
acknowledged in Section 10.3 (limitations and future work). After adding structural heterogeneities, the
resulting number of whole-atria models was the number of structurally-healthy atria multiplied by the
number of LVA distributions considered. The inclusion of LV As in whole-atria models is schematically

illustrated in Figure 8.1 (Chapter 8) and Figure 9.1 (Chapter 9).

The electro-anatomical maps of AF patients were obtained at the John Radcliffe Hospital in Oxford, by
Dr Rohan S. Wijesurendra, Dr Michael T.B. Pope and Dr Timothy R. Betts. All studies were conducted

according to the principles of the Declaration of Helsinki, and all patients gave written informed consent.

High density mapping of the atria was performed using an Abbott Advisor HD grid (SE) catheter while
pacing at the coronary sinus at a cycle length of 800 ms. The patient electro-anatomical maps were

registered to a common atrial surface, through a rigid and non-rigid registration.

In the study presented in Chapter 8, left atrial maps of 8 AF patients were registered to the left atrium
of the Visible Female atria. The 8 patients had a median age of 64 (59—70; interquartile range, IQR) and
58% were male (Pope et al., 2022). A median number of 5399 points (3279—8677; IQR) was obtained
per electrogram map. After the total reconstruction of the patients’ anatomy, the left atrial meshes had
a median of 11819 (10300-14184; IQR) and 23632 (20595-28366; IQR) points and elements,
respectively, for a total atrial surface of 191.96 (174.50-273.73; IQR) cm?.

In Chapter 9, bi-atrial maps were obtained from 20 (85% persistent) AF patients and were registered
to the endocardial surface of the bi-atrial statistical shape model. The 20 patients had a median age of
61 (56-66; IQR) and 59% were male (Pope et al., 2021). A similar number of points were obtained per
electrocardiogram map. The left atrial meshes had a median of 10817 (9348—-12452; IQR) and 21630
(18696-25083; IQR) points and elements, respectively. The right atrial meshes had a median of 41386
(20547-57343; IQR) and 78616 (42268-92206; IQR) points and elements, respectively. The total atrial
surface was 188.69 (161.37-217.01; IQR) cm? and 180.07 (155.85-262.68; IQR) cm? for the left and

right atrial chambers, respectively.

After registration, the patients’ voltage data were subsequently interpolated to the target surface using
the nearest neighbour algorithm. LVAs were simulated as regions of 30% decreased conductivity,
increased anisotropy (i.e., 8:1 longitudinal to transversal ratio) and 50%, 40% and 50% reductions in
Icar, Ina and Ik, respectively (Azzolin et al., 2023). This remodelling was applied on top of the individual

electrophysiological properties of each virtual patient.
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In this thesis, the registration was performed using MeshMonk (White et al., 2019), which is an open-
source toolbox implemented in MATLAB. MeshMonk was chosen since it supports different image
registration techniques (e.g., rigid, affine, non-rigid), provides accurate surface alignments in a few
seconds (rigid registration) or in less than a minute (non-rigid), it has a user-friendly interface that
provenance of the registration, it supports several image formats and, importantly, the publicly available

code integrates various workflows and tutorials for an effective utilisation of the software.

The program first orients, repositions, and scales a template surface (i.e., in this case the patients’
endocardial surface) to a target surface (e.g., the endocardial surface of the Virtual Female atria), during
a rigid registration step. Subsequently, the template surface was further transformed to fit the specific
shape of the target surface, using a non-rigid deformation. To perform the rigid and non-rigid
registration, common landmarks need to be placed in the target and template surfaces. For the
registration of the patient-specific maps, nine landmarks were placed in the left atrium, namely, the
intersection of the four veins with the left atrial posterior wall, the tip of the appendage and four equally-
spaced point around the mitral ring. Similarly, seven points were placed in the right atrial surfaces: the
intersection of the superior and inferior cava vein with the venous portion of the chamber, the tip of the

appendage and four equally-spaced point around the tricuspid ring.

Noteworthy, while landmark-based registration is effective for applications that deal with images
containing well-defined landmarks (e.g., the veins converging in the right and left atrium), the
registration might rely on the accuracy of landmark placement. This, at the same time, depends on a
correct manual annotation (i.e., operator error). Figure 4.3 quantifies the registration error obtained
when a different subset of landmarks is used for the registration. Three different left atrial surfaces, with
a different LVA extension, have been used for the analysis (Figure 4.3A). Moreover, for each patient
surface, four different subsets of landmarks were employed, namely, the original subset (used in this
thesis for the registration of all patient surfaces) and three additional ones, each of them comprising

variations in all nine landmarks placed in the left atrium (Figure 4.3B).

After registering the patient surface to the mean shape model, the patient voltage data was interpolated.
Voltage maps were subsequently binarized into LVA (bipolar voltage lower than 0.5 mV) and non-LVA
(> 0.5 mV). For the purpose of analysing the error resulting from variability in landmark placement, the
binary map derived from using the original subset of landmarks was defined as ground truth. Thus, the
error was computed as the percentage of points that being originally defined as LVA (or non-LVA) were

defined as non-LVA (or LVA) when another subset of landmarks was employed.

Figure 4.3C illustrates the error in LVA classification obtained in three different patients when three
different subset of landmarks are used for the registration. A higher error was observed for medium size
LVA (patient #2), since small deviations in space translated into bigger error accumulation. However,

in any case the error was lower than 0.2%, and all four maps (using the original and modified landmarks)
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yielded imperceptible differences to the human eye. As mentioned above, this is likely due to the

perfectly-defined cardiac structures (i.e., valves, veins and appendages).

A) Original registration of 3 left atrial surfaces B) Variability on the landmark placement

Patient (Pt) data Mean shape

Example of three different
landmark placements for the right
inferior pulmonary vein (riPV)

C) Error (%) in LVA classification using 3 different
subsets of landmarks compared to the original

0.25 -
0.20 1 —_
o
0.15 1
0.10 | o =
0.05 | o > @
oo m— 1
Pt #1 Pt #2 Pt #20

Figure 4.3. A) Left atrial electro-anatomical map of three AF patients and original registration to the left atrial
endocardial surface of the statistical mean shape model. Abbreviations: rs-ri-Is-1i-PV: right superior, right inferior,
left superior and left inferior pulmonary vein. B) Example of three different landmark placement for the riPV.
Abbreviations: Bi: bipolar voltage. C) Error (%) obtained comparing the original registration of the patient surface

(Panel A) against three further registrations obtained using three different subsets of landmarks.

4.3. Population of virtual atrial fibrillation patients

Following the construction of the population, an AF induction protocol was applied to create a cohort

of virtual AF patients. In this thesis, two different protocols were used to induce AF.

The first one replicated accurate AF initiation conditions and evaluated how a given substrate facilitated
AF induction. The protocol mimicked the spontaneous ectopic beats reported in human AF patients
(Haissaguerre et al., 1999). As such, a burst of five to eight periodic stimuli was applied at the left or
right pulmonary veins, the most common foci origin sites. To account for repetitive discharges with
irregular cycle length, different intervals were tested for the burst. Figure 6.5 in Chapter 6 illustrates
that upon application of the burst, appropriate atrial substrates (e.g., in the form of discordant alternans;

see section 2.2.2) can propitiate AF induction.

The second protocol considered the arrhythmia as already present in the tissue, and assessed AF
maintenance under different patient characteristics. For this, spiral wave re-entries were imposed as the

initial conditions of the simulation (Matene and Jacquemet, 2012; Roney et al., 2022). Three spiral
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waves were applied in each atrial chamber. In the left atrium, one spiral wave was induced in the anterior
wall, one in the posterior, and another in the inferior wall. In the right atrium, two spiral waves were
induced in the venous portion, one around the proximity of the superior cava vein and one close to the
inferior cava vein, and a third one in the inferior wall. The direction of rotation was clockwise for two
spiral waves in each chamber and counter-clockwise in the third one, ensuring that adjacent re-entries
rotated with opposing phase (Matene and Jacquemet, 2012; Roney et al., 2022). Figure 8.2 in Chapter

8 illustrates a representative example.

Virtual atria presenting sustained AF, commonly defined in this thesis as 7 s of uninterrupted arrhythmia
(Matene and Jacquemet, 2012), were considered virtual AF patients. To ascertain the proportion of
virtual patients that, being initially defined as sustained (>7 s) AF patients, presented uninterrupted
arrhythmia over a meaningful duration in the clinics, AF was further analysed for 30 s (i.e., duration
used clinically for AF diagnosis). This served to demonstrate that all virtual patients presenting sustained
arrhythmia over 7 s additionally had uninterrupted arrhythmia for 30 s (a representative example is

shown in Figure 4.4).

4.4. Validation of virtual atrial fibrillation patients

The development of virtual AF patients was subjected to consistent calibration, and human data were
used from single cell to organ levels. First, the population of cardiomyocytes models was calibrated with
human recordings from AF patients; second, the atrial anatomies considered the volumes associated

with AF recurrence; and finally, LV As distributions were directly extracted from patient images.

Similarly, the cohort underwent extensive validation. The validation of virtual AF patients considered
two steps: the first one, internal validation, was carried out with the data used to develop the models.

The second step, external validation, was performed with data not used during the model generation.
4.4.1. Validation against the patient data used to construct the models

Virtual patients with structurally-remodelled atria were developed considering patient-specific
distributions of LVA. As mentioned above, the electro-anatomical maps were obtained while pacing at
the coronary sinus. Thus, besides the bipolar voltage, the atrial mapping intrinsically obtained the
sequence of electrical activation (i.e., atrial depolarization). This local activation of the atria was used
to estimate the local and global conduction velocity (Coveney, Cantwell and Roney, 2022), identify

regions of conduction abnormalities, and associate them with presence of LVA.

Accordingly, the internal validation of virtual patients assessed whether the simulated local activation
times agreed with those obtained with the human patient. This validation process ensured that the
parameters of the virtual patient (i.e., conduction velocity and modelling of LVA) accurately reproduced
the conduction properties of human tissue. Figure 4.4A illustrates a comparison of the bipolar voltage

and local activation time maps from a human patient and the corresponding virtual patient model.
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4.4.2. Validation against external patient data

Virtual AF patients were externally validated through the analysis of the electrocardiogram (ECG;
Figure 4.4B). The ECG was computed in virtual patients presenting sustained AF as in (Gima and Rudy,
2002). The resulting signals were standardized and processed using pass-band filtering with cut-off
frequency of [0.5-50] Hz (Alcaraz et al., 2011). Five biomarkers, namely, dominant frequency,
organization index, Shannon’s spectral entropy, sample entropy and relative harmonic energy, were
extracted from each lead (a detailed explanation can be found in (Zeemering et al., 2018)). Briefly, the
dominant frequency is a surrogate of the main AF frequency, and describes how fast the atrial tissue (or
a specific region) is depolarized. The organization index considers the strength of the main AF frequency
within the spectrum of frequencies. Thus, a low organization index (i.e., a weaker main frequency) is
observed for numerous fibrillatory processes with different frequencies. A similar interpretation can be
obtained from the relative harmonic energy or the spectral entropy, which are measures of complexity.
Low values of these biomarkers indicate a dominant role of the main atrial wave (e.g., one single
frequency resulting from a single re-entrant or focal source). Finally, the sample entropy is a surrogate

of predictability and repetitiveness, also observed when a single driver governs the arrhythmia.

These biomarkers provide a characterisation of AF complexity in the frequency domain. Thus, the
credibility of simulation results was assessed by comparing the morphology and complexity of the
signals, and the ranges of the simulated and clinical biomarkers. In this sense, Figure 4.4B illustrates a

comparison between clinical and simulated ranges of AF dominant frequency.

The in-silico data in Figure 4.4B comprises the 494 and 522 (1016 in total) virtual patients with
sustained AF obtained in the studies presented in Chapter 8 and 9, respectively. Especially in Chapter
9, which considered the most complex population of virtual patients (i.e., 522 virtual patients with
electrophysiological, anatomical and structural variability), the ECG dominant frequency was 6.9+3.4
Hz, consistent with the average 6-8 Hz reported in many clinical studies (Mikhailov et al., 2021). Further
comparisons of the morphology and complexity of the simulated ECGs against clinical recordings are

illustrated in Figure 6.2 and Figure 8.2 (Chapters 6 and 8, respectively).

The development and validation of virtual AF patients was the starting point for assessing the virtual

application of treatments. The so-called in-silico trials are hereunder introduced.
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A) Validation against the patient data used to construct the models
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Figure 4.4. A) Comparison of the bipolar voltage and local activation time maps obtained in a human patient (top)

and in a representative virtual patient (bottom). Abbreviations: LAA: left atrial appendage. ICV: inferior cava vein.

rs-ri-1s-1i-PV: right superior, right inferior, left superior and left inferior pulmonary vein. MV: mitral valve. B)

Representative virtual AF patient with the atria inside the torso. Screenshot of the simulated transmembrane

voltage and 30 seconds ECG (dimensionless, only showing atrial activity). Comparison between clinical and

simulated ranges of AF dominant frequency. The clinical ranges are extracted from Sanders et al., 2005.
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CHAPTER

CONCEPTUALIZATION OF
IN-SILICO TRIALS

This chapter covers the methodologies I implemented for the second pillar of this thesis:

in-silico clinical trials.

5.1. Definition

Clinical trials are implemented to test the safety and efficacy of medical interventions on human
patients. They consist of four carefully designed phases that undergo thorough evaluation. Since new
treatments need to be tested in large populations and in different countries before approval, clinical

trials are both expensive and long.

In-silico trials resemble clinical trials, and medical interventions are assessed in a population of study.
However, the subjects of study are virtual patients that consider key human characteristics. In-silico
trials offer a range of advantages over clinical trials, namely, they are conducted faster and with a lower
economic burden, they are not subjected to ethical constraints, numerous interventions can be applied
in the same virtual patient, and there is perfect control over the parameters of interest (i.e., less impact
of confounding variables). Moreover, since in-silico trials can explore novel treatments and define a

better use of existing ones in a cost-effective manner, they represent a powerful aid to clinical trials.

In this thesis, in-silico trials are conducted in large cohorts of virtual AF patients to assess two medical

interventions: pharmacological treatment and catheter ablation.
5.2. Pharmacological interventions

5.2.1. Modelling and simulation of pharmacological treatment

As described in section 2.3.1, pharmacological agents inhibit specific ionic currents by binding to
channel proteins. This complex process can be modelled using numerous methods. In this thesis, drug
action was simulated as simple pore-block models, since the data required were available for the
compounds investigated, and it resembles the characterisation performed by the pharmaceutical

industry. Accordingly, ion channel inhibition was described by the Hill’s equation (Hill, 1910):
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where @, in the range of [0,1], is the degree of ion channel block. ® multiplies the maximal conductance
of the ion channel family S, gs, generally resulting in a lower value after drug application, gsiock. The
equation considers the 50% inhibitory concentration (ICso), the Hill coefficient (nH) and effective
plasma drug concentration (D). ICsy is a quantitative measure that describes the drug concentration
needed to achieve a 50% inhibition of a biological process (e.g., flow of ions through channels), nH
quantifies the interaction of the drug with the ion channel for different drug concentrations, and D

considers the concentration of the compound at the receptor site.

When modelling the effect of a compound on different ion channels, the effective plasma concentration
is common for all of them. The ICsyo and nH, however, depend on the binding affinity between the ion
channel and the agent and thus, is different for each family of ion channels. These values are usually
extracted from in-vitro and in-vivo studies. Nevertheless, the lack of studies on human atrial
cardiomyocytes have led different simulation studies to adopt disperse values for the same compound.

Table 5.1 gathers ICso, nH and D values adopted in different simulation studies for different drugs.
5.2.2. Validation of antiarrhythmic drug simulation

The adoption of different values for modelling drug effects might yield very different results. Thus, a
validation process is needed to ensure that the set of values adopted, and the simulated drug effects,

correspond with the effects observed in the experimental and clinical setting.

In this thesis, the validation of simulated antiarrhythmic drug effects was performed at different scales
and considered three steps. As detailed in section 2.3.1, antiarrhythmic drugs can modify
electrophysiological properties of the cell and tissue (i.e., excitability, action potential characteristics,
conduction velocity, etc.). Therefore, a first validation step comprised the comparison of single-cell and
tissue characteristics between simulated and experimental data, before and after drug application.
Numerous biomarkers can be used for the comparison, namely, the APD, conduction velocity and
maximum upstroke or rise rate; as well as the changes of these parameters with varying pacing rate (i.e.,

rate-dependence alterations).

The second validation step compared drug effects in different cellular models (e.g., Maleckar-
Trayanova model vs. Grandi-Bers model). This step ensures that the results obtained in the simulations

are not unique to bias associated with one cellular model (i.e., model independence of key results).

Finally, the validation process included the assessment of the results obtained at whole-organ level. In-

silico trials tested the virtual application of antiarrhythmic drugs to prevent AF. Thus, similar to clinical
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trials, the efficacy of a compound (i.e., percentage of AF episodes prevented) was quantified in-silico.
In interventional clinical trials, this cardiac efficacy is usually the primary endpoint of the study. Thus,
the comparison of primary endpoints between in-silico and clinical trials constituted the third

fundamental step in the validation.

5.3. Catheter ablation interventions

5.3.1. Modelling and simulation of catheter ablation

Catheters can apply different sources of energy (i.e., radiofrequency, cryoenergy, pulsed electrical field)
to kill the cardiac tissue underneath. When successfully applied, the ablation creates scar tissue unable
to conduct electrical signals. Therefore, in this thesis, the ablation lesions were simulated by making
cells from the atrial mesh unexcitable. The lesions reproduced those of the associated clinical studies.
Figure 5.1 shows a comparison between the schematic representation illustrated in Figure 2.7, the

ablation lesion featured in a clinical study (Liang et al., 2021), and the simulated ablation.

Pulmonary vein isolation (PVI) + posterior wall isolation (PWI)

Schematic representation Clinical PVI+PWI Simulated PVI+PWI

IsPV
IsPV LAA

SCV
rsPV

PVI

riPV

ICV

Figure 5.1. Pulmonary vein isolation and posterior wall isolation. Comparison between a schematic representation
of the ablation lesion (left), a representative left atrium of a human patient enrolled in a clinical study (middle),
and the simulated lesion (i.e., in-silico trials) performed in this thesis (right). Abbreviations: RAA-LAA: right and
left atrial appendage. SCV-ICV: superior and inferior cava vein. rs-ri-Is-li-PV: right superior, right inferior, left
superior and left inferior pulmonary vein. Adapted from Liang ef al., 2021 with permission.

5.3.2. Validation of catheter ablation simulation

Similar to the virtual application of pharmacological treatment, the efficacy of virtual ablation for
preventing AF was quantified in-silico and compared against clinical data. A comparison of the primary
outcomes between the simulations and clinical trials are presented in following chapters, when showing

the results of the in-silico trials.
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Table 5.1. List of antiarrthythmic drugs with their ICso (1M) and hill coefficient (in brackets) used in previous simulation studies.

Ionic current ICsy (nH)
Drug Concentration (study)
Ina Lo Icar Ixur Ikr Iks I Inex Inax
4.834 5.80 2.8 3.84 33 15.6
2.33 pM (Loewe et al., 2014) (0.76) - (1.0 - (0.91) (0.63) - (1.0 (1.0)
] 5 3.8 1.5 3.0 100 3.4
Amiodarone 10.0 pM (Sutanto et al., 2019) (1.0) (0.4) (0.6) - (1.0) (1.0) - (1.0) —
. 4.834 4.90 0.4-5.8 132.86 10 3.84 3.6 15.6
1.55 uM (Bai, Lu and Zhang, 2020) (0.76) (1.0 (1.0 (1.0 (1.0) (0.63) - (1.0) (1.0)
0.54 0.83 1.0 0.0591 5.6
0.205 pM (Loewe et al., 2014) (2.03) - @.75) (1.0) 0.8) (0.51) - - —
Dronedarone | 1 5 o
10.0 pM (Sutanto et al., 2019) 1.7 - (1.0) - (1.0) (1.0) - - —
6.5 10.0 27.1 29 1.6
3.0 pM (Sutanto ef al., 2019) (1.0) 0.8) (1.0) (1.0) (1.0) - - - —
Flecainide " s
2.0 uM (Bai et al., 2020) (1.0) - - - (1.0) - - - -
2.5 7.2 1.55 0.44 16
1.5 pM (Sutanto et al., 2019) (1.0) (1.0) (1.0) - (1.0) (1.0) - - —
Propafenone 1.2 4.8 1.7 44 2.0 16.8
0.2-0.8 uM (Bai et al., 2021) (1.0) (1.0) (1.0) (1.0) (1.0) - (1.0) - -
) 200 250 12 100 91
Ranolazine 10.0 pM (Sutanto et al., 2019) (1.0) - (1.0) - (1.0) (1.0) - (1.0) —
90 15 84 15 20
30 pM (Sutanto et al., 2019) (1.0) (1.0) (1.0) (1.0) (1.0) - - - —
Vernakalant 15.07 30 84 13 21
30 wM (Loewe et al., 2015) (0.95) (0.82) (1.0) (0.92) (0.92) - - - -
- 0.02
Ibutilide 0.01 pM (Sutanto et al., 2019) - - - - (1L0) _ _ _ _
.. . 0.054 0.12
Digoxin 1.0 nM (Bai, Lu and Zhang, 2020) - - - - (1.0) - - - (1.0)
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CHAPTER

IN-SILICO DRUG TRIALS
FOR PRECISION MEDICINE IN
STRUCTURALLY-HEALTHY ATRIA

In this chapter, I present the first in-silico trial conducted in this thesis. The study assessed
pharmacological treatment in virtual patients with structurally-healthy atria, and the original

work can be found in: “Dasi et al., (2022), Front. Physiol. DOI: 10.3389/fphys.2022.966046 .

6.1. Summary of the study

As mentioned in section 2.3.1, patients present different clinical responses to drugs. Pharmacological
agents target specific ion channels and, since humans present inter-subject variability in channel density,
different subjects are expected to respond differently to the same drug. Thus, this study assessed whether

the ionic current profile of the atria modulates the response to pharmacological treatment.

To test this hypothesis, 477 AF episodes were induced in a population of 75 virtual patients with
structurally-healthy atria and varying ionic current propertics. AF was facilitated by steep APD
restitution (which elicited APD alternans) and high excitability (which enabled the fast pacing
transforming alternans into discordant). Forty-nine virtual patients developed sustained AF (211 AF
episodes), and were subjected to in-silico trials with 10 drugs. The results of the in-silico trials
reproduced the outcome of previous clinical trials, and identified optimal drug treatments for individual
electrophysiological properties of the atria. Thus, decision algorithms trained on the 211 simulated AF
episodes exhibited >70% accuracy for predicting successful pharmacological treatment using ionic

current profiles and ECG metrics.

6.2. Introduction

As mentioned in section 1.1, in-silico trials with human modelling and simulation represent an effective
means for studying drug safety and efficacy (Passini et al., 2016; Margara et al., 2022). They offer the

possibility of identifying key modulators of successful treatment and guide tailored AF therapies. This
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is especially relevant in complex AF scenarios, where the source of the arrhythmia is difficult to identify

(e.g., in structurally-healthy atria).

As described in section 2.2.1.1, many regulatory systems can transiently modify the electrical substrate
(Heijman, Linz and Schotten, 2021) and facilitate AF in structurally-healthy atria. For instance, steep
electrical restitution near the pulmonary veins has proven to facilitate AF in human patients (Narayan
et al., 2008). Steep restitution has been widely associated with elevated Ic. (Gong et al., 2007).
However, other ionic current properties, mechanisms or channel dysregulations, resulting from
imbalanced regulatory systems (Heijman, Linz and Schotten, 2021) or natural inter-subject variability
in ionic densities (Muszkiewicz et al., 2018), may also engage with restitution and facilitate AF in

patients with structurally-healthy atria. The mechanisms are however unknown.

Early detection of AF in patients with structurally-healthy atria is crucial, given their higher eligibility
for pharmacological treatment (Hindricks et al., 2021). Indeed, absence of structural heart disease is an
independent predictor of successful cardioversion to normal sinus rhythm (Boriani et al., 2004). Yet,
the success rate of pharmacological treatment is currently suboptimal (Heijman, Linz and Schotten,
2021), and little is known about how inter-subject variability in channel densities (Muszkiewicz et al.,

2018) determines the response of individual AF patients to antiarrhythmic drugs (Capucci et al., 2018).

Therefore, the aim of this study was to exploit human-based multiscale modelling and simulation to (1)
identify the ionic current profiles that favour AF inducibility in structurally-healthy atria, (2) understand
their relationship with pharmacological cardioversion, and (3) quantify the prognostic significance of

ionic current densities versus ECG metrics for identifying successful therapies.

6.3. Methods

6.3.1. Population of virtual AF patients

A population of cardiomyocyte models was developed as described in section 4.1.2. Key conductances
and permeabilities of the CRN model were sampled up to £70%. Experimental calibration was
subsequently applied, using action potential characteristics obtained from human subjects in sinus
rhythm (dataset available in (Sanchez ef al., 2014)). No AF remodelling was applied to the calibrated

population of atrial cardiomyocyte models.

The APD restitution curves of the experimentally-calibrated population were computed by both standard
S1S2 and dynamic restitution protocols. The standard S1S2 protocol consisted of a train of S1 stimuli
applied at a fixed cycle length, followed by a single extra-stimulus with coupling interval S2. For the
dynamic restitution protocol, the train was applied until steady-state at constant S1, for decreasing cycle
lengths. Conduction velocity restitution was measured for models yielding APD restitution steeper than

unity for both APD protocols (a detailed explanation is provided in section I1.1.1 of Annex II).
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Ninety-seven atrial cardiomyocyte models presented steep APD restitution and conduction velocity
restitution, and were used to populate two whole-atria models, one with homogeneous and one with
heterogeneous ionic current properties. The population of 97 homogeneous whole-atria models was
constructed by assigning one cardiomyocyte model to all atrial regions. The population of 97
heterogencous models was constructed considering the regional heterogeneities detailed in section

4.2.1. A baseline conduction velocity of 60 cm/s was set in the bulk tissue (Sanchez et al., 2017).

AF was induced in virtual atria by burst pacing. Five periodic stimuli were applied at 10 different cycle
length, ranging from 170 to 260 ms ((Haissaguerre et al., 1998); mean CL of focal discharges 175430
ms) with 10 ms increment. AF episodes longer than 3 seconds were considered sustained, and recorded

through a simulated 8-lead (leads I, II, V1-V6) ECG.
6.3.2. In-silico trials

Sustained AF episodes (> 3 s) were subjected to the virtual administration of 10 pharmacological
treatments: five drugs currently approved for restoring sinus rhythm (i.e., flecainide, propafenone,
vernakalant, amiodarone, and ibutilide; (Hindricks ef al., 2021)), dronedarone, ranolazine and digoxin.

Two additional treatments considered single Inak and Ik inhibition, respectively.

Drug action was simulated as simple pore-block models (described in section 5.2.1). Table 6.1 collects
the ionic current blockade of each treatment. Drug administration was modelled 3 s from AF induction
(Sanchez et al., 2017), and the episode was recorded for another 4 s. AF was considered successfully
cardioverted by the drug if the atria were free of arrhythmic activity before the completion of the 7 s.
Drug efficacy was defined as the percentage of AF episodes cardioverted by a given drug. Moreover, to
evaluate whether pharmacological AF prevention and cardioversion followed the same restitution
mechanisms, the AF-induction protocol was repeated in sinus rhythm after drug application. For this,

only the two drugs that steepened/flattened the APD restitution curve the most were considered.

Table 6.1. Ionic current block (%) exerted by the antiarrhythmic drugs modelled in this study.

Drug e Ionic current block (%)

Ikur Ikr | ™ Ik1 Iks IcaL Inak | INncx Ina
Amiodarone 2.000 uM - 40 44 - 2 54 - 37 29
Dronedarone 0.205 uM 17 73 - - 16 2 - - 12
Flecainide 2500 uM | 46 61 25 - - 8 - - 28
Propafenone 0.800 uM - 65 10 - 5 34 - - 24
Ranolazine 10.000 uM - 45 - - 9 4 - 10 5
Vernakalant 10.000 uM | 40 33 40 - - 11 - - 10
Ibutilide 0.015 uM - 45 - - - - - - -
Digoxin 0.040 uM - 43 - - - - 25 - -
Single Inak block - - - - - - - 25 - -
Single Ix1 block - - - - 30 - - - - -
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Section I1.2.2 (Annex II) provides further validation of simulated drug effects against in-vitro
experiments. The comparison of the rate-dependence alterations in APD, conduction velocity, and
maximum upstroke show corresponding results between simulated drug action and experimental data.
A further comparison of APD variation after drug action between the CRN, Grandi-Bers and Maleckar-
Trayanova models can be also found in section I1.2.2. The latter models showed a higher sensitivity to

Ikyr inhibition than the CRN model, which presented a greater APD prolongation after Ix: block.
6.3.3. Clinical decision support system

An algorithm for predicting the likelihood of pharmacological cardioversion (equivalent to a clinical
decision support system) was built using ECG metrics and ionic current properties as inputs. Every
antiarrhythmic drug was described by a dataset comprising the information of the AF episodes and the
outcome of drug application. The AF episode was characterised by M=55 features, including 15 derived
from the electrophysiological properties of the atria (i.e., baseline conduction velocity, APD, resting
membrane potential, and 12 ionic current densities) and 40 from the ECG analysis (i.c., the 5 biomarkers
presented in section 4.4.2, obtained from each lead, 8-lead ECG). The outcome of drug application was

labelled either as 1, if AF was successfully cardioverted by the drug, or 0, otherwise.

Clinical decision support systems were built by elastic-net logistic regression (Zeemering ef al., 2018),
using the Glmnet toolbox (available at http://hastie.su.domains/glmnet matlab/). This machine learning
tool was selected for enabling simultaneous regularisation and feature selection, which is especially
useful for datasets with many correlated features (e.g., eight dominant frequency values, one per lead,
for the same ECG). Most importantly, elastic-net logistic regression enhances interpretability, since it
selects dominant parameters, with high predictive values, while diminishing less important ones
(Zeemering et al., 2018). Parameter selection was done by stepwise logistic regression with o = 0.05
and 100 values for A. The performance of the predictive models was validated through 5-fold cross-

validation, repeated 20 times, randomly allocating 70-30% of data for training and testing, respectively.

6.4. Results

6.4.1. Evaluation of human atrial cardiomyocyte action potential models shows that

steep restitution is associated with long plateau and high cellular excitability

From the calibrated population, 451 cardiomyocyte models showed steep APD restitution for both
restitution protocols, and 97 additionally presented steep conduction velocity restitution. Figure 6.1
illustrates the action potential (Figure 6.1A), representative APD and conduction velocity restitution
curves (Figure 6.1B-E) and the ionic current distribution (Figure 6.1F) of the subpopulations
considered for analysis. Figure 6.1G shows the generation of the population of whole-atria models,
using one cardiomyocyte model to develop two whole-atria models: one with homogeneous and one

with heterogeneous ionic current properties.
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Figure 6.1. A) Simulated action potential traces for human atrial cardiomyocyte models in the population before
(grey) and after (green) experimental calibration. B-E. Comparison of the electrical restitution between a
representative cardiomyocyte model characterised by steep action potential duration restitution (APDR) alone
(blue) and additional steep conduction velocity restitution (CVR, pink). B) Dynamic APDR plotted against the
cycle length, showing transient alternation, and C) against the diastolic interval. D) CVR. E) Standard S1S2
APDR. F) Ionic density distribution (colour-code as per panel A). Data analysed using Wilcoxon test. * P<0.05,
**P<0.01, *** P<0.001.
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Steep APD restitution occurred for longer plateau phases (triangulation: (APDg—APDso) of 72.6+18.1
vs. 126.9+61.3 ms, steep vs. flat APD restitution). Models additionally yielding steep conduction
velocity restitution had a more negative resting membrane potential (-82.4+1.7 vs. -74.5+£3.3 mV; steep
vs. flat conduction velocity restitution) (Figure 6.1A, pink versus blue traces). The more negative
resting membrane potential allowed propagation for shorter cycle lengths (307£15 vs. 538+152 ms;
steep vs. flat conduction velocity restitution), increasing the magnitude of APD alternans (Figure 6.1B)

and favouring a greater modulation of the conduction velocity (Figure 6.1D).

Steep APD restitution alone was found in models with significantly high Ica. and low Ik, compared to
flat restitution (Figure 6.1F, blue vs. green boxes). Models with steep APD and conduction velocity
restitution (Figure 6.1F, pink boxes) were associated with even greater Icar, elevated Ina, and high Inak,
Iki, Ik and Iy, density. The 97 atrial cardiomyocyte models exhibiting steep APD and conduction

velocity restitution were used to develop whole-atria models (Figure 6.1G).

6.4.2. AF is facilitated by discordant APD alternans, enabled by propagation at fast
rates due to high excitability

The 97 whole-atria models were subjected to burst stimulation with 10 different cycle lengths. Seventy-
five out of the 97 whole-atria models were prone to AF inducibility, resulting in 212 and 265 AF
episodes when considering the homogeneous and heterogenous ionic current setting, respectively. More
AF episodes were induced with the heterogeneous ionic substrate, but the same 22 whole-atria models

(i.e., 22 ionic current profiles) failed to induce AF for both homogeneous and heterogeneous properties.

Figure 6.2 illustrates a representative virtual AF patient, showing multiple rotors in the atria (Figure
6.2A, left), the time-course of the transmembrane voltage (Figure 6.2A, right), and similarities between

the simulated and a clinical ECG (atrial activity, Figure 6.2B-C, respectively).
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Figure 6.2. Representative AF episode. A) Simulated AF in the whole atria model (left), and time course of the
transmembrane voltage (Vm) in one cell (right). B) Simulated atrial electrocardiogram (normalized ECG; no units).
C) Clinical ECG obtained in AF patient (adapted from Lankveld et al., 2016 under permission).

Figure 6.3 illustrates a comparison of the ionic current densities (Figure 6.3A), effective refractory
period (Figure 6.3B), and APD restitution curves (Figure 6.3C) between the 75 virtual AF patients and
the 22 non-inducible whole-atria models. The dynamic restitution curves in Figure 6.3C are plotted

against the cycle length used for burst pacing (170-260 ms), and show the magnitude of APD alternans.
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Figure 6.3. lonic properties of virtual AF patients (in black) and non-inducible whole-atria models (in grey): A)
Ionic density distributions. B) Effective refractory period (ERP). C) Dynamic APD restitution curves plotted
against the cycle length used for burst pacing (170-260 ms). Two consecutive beats are considered (i.e., long and
short APD), showing magnitude of APD alternans. Number (N) of models able to propagate all stimuli. D)
Comparison of propagation dynamics between a virtual AF patient (top), and two non-inducible models: one
showing a 1:2 conduction pattern (middle row), the other propagating all stimuli without AF induction (bottom
row). Burst stimulus applied at a cycle length of 190 ms. The blue star represents the location of the burst. E)
Discordant alternans favouring conduction block and re-entry. The snapshots in E) are an expansion of the red box
in D). Abbreviations. S-ICV: superior and inferior cava vein; rs-ri-Is-1i-PV: right superior, right inferior, left
superior and left inferior pulmonary vein. Data are expressed as medians and IQR and analysed using Wilcoxon
Test. *P<0.05, **P<0.01. ***P<0.001.
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A higher AF inducibility was observed for ionic profiles presenting high Ic.r, which increased APD
alternans, and Ix;, which conferred high cellular excitability (Figure 6.3A-C). Indeed, all virtual AF
patients exhibited propagation at 260 ms, while this only occurred in 11 (50%) whole-atria models free
of arrhythmia (Figure 6.3C). Moreover, 56 (75%) AF-inducible and 5 (23%) non-inducible models
enabled propagation at 170 ms (i.e., shortest cycle length tested for the burst).

Figure 6.3D compares the response to burst stimulation between one virtual AF patient (top row) and
two non-inducible models (one of them belonging to the 11 models that failed to propagate burst
stimulation at 260 ms (middle row), the other belonging to the 5 models that propagated at 170 ms
without inducing AF (bottom row)). Whole-atria models unable to propagate all stimuli in the burst
exhibited a 1:2 conduction pattern (i.e., propagation of one every two stimuli). This conduction pattern

prevented the engagement of restitution properties and thus, fibrillation (Figure 6.3D, middle row).

However, even when all burst stimuli propagated, some whole-atria models were resistant to AF (Figure
6.3D, bottom row). Analysis of their associated APD restitution curves revealed that virtual AF patients
presented greater magnitude of APD alternans (67.3£92.5 vs. 8.946.6 ms, AF-inducible vs. non-
inducible models; Figure 6.3C). The latter developed into discordant alternans following rapid burst
stimulation, causing unidirectional block and re-entry at different sites of the left atrium (Figure 6.3E).
An extended explanation of discordant alternans formation after burst pacing is provided in section

11.2.1 (Annex II). Discordant alternans were not observed in whole-atria models free of AF.

Restoring the baseline Icar density in virtual AF patients (i.e., reducing Ic.. to its original value)
recapitulated the magnitude of APD alternans observed in non-inducible models (67.3£92.5 vs. 8.3+6.0
ms, virtual AF patients with elevated vs. control Ic, density). Similarly, the magnitude of alternans was
reduced after decreasing Ix; density (67.3+£92.5 vs. 18.2+12.1; virtual AF patients with increased vs.

control Ik;). This owed to a reduction of whole-atria models propagating at short cycle lengths.

6.4.3. Analysis of 477 AF episodes reveals AF sustainability supported by high
excitability, with enhanced up-regulation of Ik and elevated Inax

AF sustainability was evaluated in the 75 virtual AF patients with homogeneous and heterogeneous

ionic current properties. Overall, 211 episodes sustained AF (> 3 s) were obtained in 49 virtual AF

patients. The heterogeneous ionic current substrate favoured AF maintenance: 154 (58%) and 57 (27%)

AF episodes were sustained in the heterogeneous and homogeneous substrate, respectively.

Figure 6.4 shows the ionic density distribution (Figure 6.4A), refractory period (Figure 6.4B), APD
restitution curves (Figure 6.4C), and Ix. dynamics (Figure 6.4D) of the 49 and 26 virtual AF patients

with sustained and unsustained AF, respectively.

Higher Inak and Iy, and lower In, were associated with sustained AF. Analysis of Na' inactivation gates

revealed that, in spite of a lower Ina density, Na* availability was higher in the sustained AF group
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(Figure 6.4D, right). This was accentuated as the pacing rate increased: the maximum Na' current peak,
which was greater in the unsustained AF group for lower rates, became higher in models yielding
sustained AF when stimulated at short cycle lengths (Figure 6.4D, left). This was due to the higher In.x
and Ik, which led to a more negative resting membrane potential (-82.6+0.7 vs. -81.5+0.6 mV, sustained
and unsustained AF, respectively). Accordingly, these atrial cardiomyocyte models had higher cellular

excitability (and shorter effective refractory period, Figure 6.4B).

At slow rates (700 ms), a lower conduction velocity was found in whole-atria models leading to
sustained AF (60.3+£5.7 vs. 62.5+4.5 cm/s), as a result of lower In.. At fast rates (260ms), the opposite
trend was observed (56.4+9.8 vs. 50.7+5.7 cm/s; sustained vs. unsustained AF). The magnitude of APD

alternans was similar across groups.
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Figure 6.4. Comparison between virtual patients with sustained and unsustained AF. A) lonic current density
distribution (%). B) Effective refractory period (ERP). C) Dynamic APD restitution (as in Figure 5.3C). Number
(N) of models able to propagate all stimuli. D) Normalized Ina peak and product of Ina inactivation gates. Data are
expressed as medians and IQR and analysed using Wilcoxon Test. ¥P<0.05, **P<0.01, *** P<0.001.
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6.4.4. In-silico drug trials in over 200 AF episodes consistently reproduce
cardioversion efficacy observed in clinical trials and identify key properties

determining treatment success

In-silico drug trials with 10 compounds were attempted in the 211 sustained AF episodes induced in
both populations of virtual AF patients (homogeneous, 58 episodes; heterogencous, 153 episodes).
Figure 6.5A compares the efficacy of each treatment in-silico (colour bars) and in human clinical trials

(black bars). Antiarrhythmic drugs are displayed according to their preferential ionic channel target.

Higher cardioversion efficacy derived from class III (i.e., dronedarone and vernakalant) and class V
(i.e., digoxin) antiarrhythmic drugs. Drugs resulting in Ik, inhibition (i.e, ranolazine, ibutilide, and
dronedarone) showed an increase in cardioversion efficacy proportional to the extent of Ix. block.
However, higher success rates resulted from blocking multiple K* channels, even for lower percentages
of Ik: inhibition. For instance, a 25% Inak and 40% Ik, block (i.e., digoxin) was more effective than 45%

Ik: (i.e., ibutilide, efficacy in-silico matching clinical trials) or 70% Ik, block (i.e., dronedarone).

The high efficacy of digoxin, in agreement with some clinical trials, owed to In.x inhibition. Blocking
Inak or Ik alone raised the resting membrane potential and decreased In, availability. The subsequent
prolongation of post-repolarization refractoriness was sufficient to terminate AF. Indeed, single Ik;

block and digoxin were the pharmacological approaches that provided the highest cardioversion rates.

Combined Ik: and Ik, block (i.e., flecainide and vernakalant, whose cardioversion efficacies matched
clinical trials) was also more effective than Ik, inhibition alone, especially in the population with
heterogeneous ionic current properties. In general, the heterogencous substrate hampered
pharmacological cardioversion, since antiarrhythmic drugs had an inhomogeneous effect on different
atrial regions. In particular, the heterogeneous ionic substrate was characterised by a lower I, in the
right atrium compared to the left atrium (Table 4.1, Chapter 4), so that Ik, inhibition lost cardioversion
efficacy in this setting. Thus, the efficacy of dronedarone, but not of vernakalant, dropped significantly

in the heterogeneous ionic substrate.

Low cardioversion rates stemmed from targeting inward currents. Ina block was effective when
complemented with Ik, and Ik, inhibition (i.e., flecainide and vernakalant). However, combined Ina. and
Icar block (i.e., amiodarone and propafenone) shortened the APD, yielding the formation of local and
stable re-entries (Figure I1.3 in Annex II). The cardioversion efficacy decreased proportionally to Icar
block, with acute amiodarone (i.e., 50% Icar) showing the lowest cardioversion rate. The efficacy of

amiodarone and propafenone differed from the efficacy reported in clinical trials (see Discussion).

Nevertheless, amiodarone-induced APD shortening significantly flattened the APD restitution curved
(Figure I1.3). Thus, investigations on AF prevention instead of cardioversion showed that amiodarone

prevented 100% of recurrent AF episodes, with only atrial flutter (i.e., regular and periodic activation)
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remaining in 2% of cases. In contrast, dronedarone prolonged the APD, steepening the APD restitution.
Therefore, while effective in preventing AF induced at very short cycle lengths (i.e., 170-200 ms), 49%

of AF episodes were still inducible in dronedarone pre-treated substrates.

6.4.5. Optimal pharmacological treatments for individual ionic profiles are those that

maximize prolonged refractoriness thus minimizing excitability

To assess optimal pharmacological treatment according to the ionic current substrate of the atria, a sub-
analysis considered those AF episodes only cardioverted by a single antiarrhythmic drug. Thus, from
the 211 AF episodes sustained in 49 virtual AF patients, 49 AF episodes, sustained by 40 virtual patients,

were successfully cardioverted only by a single drug.

Eleven episodes sustained in 9 virtual AF patients were only cardioverted by dronedarone; 14 episodes
in 13 virtual patients by flecainide, and 24 episodes in 18 virtual patients by vernakalant. Figure 6.5B
and Figure 6.5C illustrate the ionic density distribution of virtual patients responding favourably only
to dronedarone, flecainide, or vernakalant, and how the refractory period of these models, grouped

according to successful treatment, was modified after applying each drug.

Virtual patients showing a favourable response to dronedarone (N=9) also presented a greater
prolongation of refractoriness after dronedarone application. Similarly, flecainide prolonged the
refractory period more than dronedarone or vernakalant in virtual patients cardioverted by flecainide

(N=13), and the same applied for vernakalant (Figure 6.5B).

Analysis of the ionic current profiles revealed that virtual patients with a successful response to
vernakalant had high Ik, and low Ik, This agrees with vernakalant action, with the strongest Ikyr
inhibitory profile within the tested drugs. By contrast, dronedarone cardioverted AF in virtual patients
presenting the opposite situation: higher Ik, and lower Ixu. Flecainide resulted more effective for an
intermediate scenario, since it blocked Ixy and Ik, but to a lesser extent than vernakalant and

dronedarone, respectively (Figure 6.5C).

Virtual patients with high Ix; and Inak, and therefore high excitability, responded better to vernakalant
and flecainide than to dronedarone. While none of them blocked these ionic currents, vernakalant and

flecainide yielded a greater inward current block, and thus, a greater post-repolarization refractoriness.
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Figure 6.5. A) Comparison between the cardioversion efficacy (Eff.) obtained in-silico (colour bars) in whole-
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trials (black bars). Drugs are grouped according to the ionic channels they target. A threshold of 25% block at
therapeutic plasma concentration has been considered to denote ion current block. The arrows point towards
greater ionic density block. B) Comparison of the ionic density distribution of virtual AF patients showing a
favourable response only with dronedarone, flecainide or vernakalant. C) Effect of the three antiarrhythmic drugs
on the effective refractory period (ERP), stratifying virtual patients according to the pharmacological treatment

that produced successful cardioversion. Data are expressed as medians and IQR and analysed using Wilcoxon
Test. ¥*P<0.1, **P<0.05, ***P<0.01. ****P<0.001.
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6.4.6. Accuracy of prediction of AF cardioversion with specific treatments is 70%
using both ECG metrics and ionic current profiles.

Clinical decision support systems were built based on the information of virtual AF patients (i.e., ionic

current properties) and the ECG metrics obtained during AF. Figure 6.6 and Table 6.2 show the

prediction accuracy and receiver operating characteristics (ROC) curves of successful cardioversion for

the drugs illustrated in Figure 6.5B-C.
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Figure 6.6. Receiver operating characteristics (ROC) curves for the prediction of successful cardioversion with
dronedarone, flecainide and vernakalant using the ECG, ionic properties and both. The confidence interval around
each ROC is obtained repeating 5-fold cross-validation 20 times. Abbreviations: AUC: Areas under the curve.

Table 6.2. Prediction accuracy (mean and confidence interval). Most relevant features selected by the elastic-net
logistic regression. Abbreviations: DF: dominant frequency; SaE: sample entropy. RHE: relative harmonic energy.

Drug Data Best predictive biomarkers Accuracy (%)
ECG DF (Leads V2-V6), SaE (Leads V2, V6) 0.72 [0.70, 0.74]
Dronedarone Ionic properties Gx1, Gkur, GNak, GNa, Gkr, GeaL 0.76 [0.74, 0.78]
Both CV, DF (Leads V2, V4) 0.77 [0.75, 0.79]
ECG SaE (Lead V1), RHE (Lead III), SaE (Lead III) 0.69 [0.67, 0.71]
Flecainide Ionic properties Gnak, Gki1, Gks, Gio 0.71 [0.69, 0.73]
Both Gro, Gk1, Gnak, Gks, SaE (Lead V1) 0.72 [0.70, 0.74]
ECG RHE (Lead V4, V5), SaE (V6) 0.68 [0.66, 0.70]
Vernakalant Ionic properties Gio, Gkur, GNak 0.70 [0.68, 0.72]
Both Gto, Gkur, SaE (Lead V6), RHE (Lead V4, V5) 0.70 [0.68, 0.72]

Both the information of the ionic densities and the ECG biomarkers yielded high-accuracy predictions
of successful AF cardioversion, with the former being slightly superior to the latter. Higher accuracies
were obtained for dronedarone, due to a higher specificity (Figure 6.6). Dronedarone cardioverted
around 50% of episodes, so that the dataset was more balanced (i.e., similar proportion of episodes
cardioverted and not cardioverted). By contrast, the lowest specificity was obtained for vernakalant

(70% cardioversion efficacy), with random oversampling slightly improving the prediction.
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Three ionic densities were consistently selected as relevant features: Gki, Gkur, and Grak. As illustrated
in Figure 6.5C, these ionic densities differed to a greater extent in virtual patients responding to
flecainide, vernakalant or dronedarone, and thus, were revealing of the most favourable treatment. The
dominant frequency, sample entropy and the relative harmonic energy were selected as relevant ECG

metrics, suggesting that AF dynamics also had a crucial role on cardioversion efficacy.

When predicting dronedarone’s cardioversion efficacy, the dominant frequency and sample entropy
appeared as the most relevant ECG metrics (Table 6.2, dronedarone— first row). Similarly, Gk, Gkur,
Grak, Gra, Grr and Gear were selected as the most informative ionic current densities (Table 6.2,
dronedarone— second row). Although at present there is no clear correlation between the two, we will
see in Chapter 8 (Table 8.2) that these ionic current densities are indeed related to both ECG metrics.
Table 8.2 evidences that low Gcar and high Gnak are associated with an elevation of the sample entropy,
a measure of predictability and repetitiveness. Low Gcar shortens tissue refractoriness and high Gnak
increases excitability. Both alterations promote the formation of localized re-entrant sources and thus,
increase AF repetitiveness. Similarly, the ECG dominant frequency is mainly modulated by Gk, with
other ionic currents, such as Gnak, Gna and Gear having a secondary effect (Table 8.2). As discussed in
detail below (and in posterior chapters), the relationship between ionic currents and ECG metrics
consistently aroused throughout the thesis. For the present chapter, it helps to understand why no ionic
current density was selected as a relevant feature for predicting dronedarone’s cardioversion efficacy
when all available features were used for the prediction (Table 6.2, dronedarone— third row). The
analysis conducted in posterior chapters reveals that the ionic densities were implicitly selected through
the dominant frequency and conduction velocity, since the dominant frequency is mainly influenced by

Gk1, Gnak, Gna, and Gear, and Gya.

6.5. Discussion

Key features underlying AF inducibility, maintenance and pharmacological cardioversion were
identified in a population of structurally-healthy atria with varying ionic current properties. In-silico
trials with 10 antiarrhythmic treatments were consistent with clinical trials, and identified mechanisms
and predictors of successful cardioversion. Specific findings are: (i) AF inducibility in structurally-
healthy atria might be explained by discordant APD alternans resulting from steep electrical restitution
and high excitability (occurring for elevated Ica. and Ik1); (i1) AF maintenance is also enabled by high
excitability, for profiles with high Ix; and Inuk; (ii1) pharmacological cardioversion is optimal for
treatments minimizing excitability, through maximal prolongation of refractoriness, which is dependent
on individual ionic profiles; (iv) successful pharmacological cardioversion is predicted in virtual AF

patients with >70% accuracy using both ionic current profiles or ECG metrics.
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6.5.1. Precision medicine for AF management: In-silico drug trials

As discussed in section 2.3.1, rhythm control therapy for AF follows a “one-size fits all” approach.
However, the response of individual patients to rhythm control therapy is highly variable, and predicting
its success is still a challenge (Kany ef al., 2021). Previous studies demonstrated that analysing AF
complexity through the ECG might help predicting the cardioversion efficacy (Zeemering et al., 2018).
Others proposed that pharmacogenetics would bring the best tailored approach (Capucci et al., 2018).
In this study, pharmacological cardioversion could be predicted with over 70% accuracy using either
ionic or ECG metrics in virtual AF patients. This is important as it points towards the possibility of
predicting the response of pharmacological treatment using both non-invasive markers and ionic current
properties. Moreover, it highlights the integral part of multi-scale modelling and simulation for AF

treatment personalization (Roney ef al., 2022).

In this in-silico trial, Ix; was identified as one of the most informative properties for predicting AF
cardioversion. The importance of Ik in regulating AF inducibility and maintenance has been proven by
previous experimental and computational studies (Atienza et al., 2006; Sanchez et al., 2017). However,
Ik: inhibition might have opposing effects on triggers and substrates. While effective in terminating
fibrillatory activity, as shown in this study, blocking Ix; might promote triggered activity and focal
excitations (Filgueiras-Rama et al., 2012). In this sense, safe restoration of sinus rhythm resulted from
Ik: inhibition in goats with persistent AF (Ji et al., 2017). Moreover, as observed here, higher
cardioversion efficacies resulted from applying chloroquine (Ix; blocker, among others) than flecainide

in sheep models (Filgueiras-Rama et al., 2012).

Flecainide cardioverted 56% of the simulated AF episodes, matching the efficacy observed in clinical
trials with AF patients (Boriani et al., 1998; Reisinger et al., 2004). Compared to flecainide, a higher
proportion of AF episodes (i.e., 65%) were terminated after the virtual application of vernakalant.
Similarly, a retrospective study (Pohjantdhti-Maaroos ef al., 2019) observed higher number of patients

cardioverted to sinus rhythm with vernakalant than flecainide (67% vs. 46%, respectively).

In this study, amiodarone showed the lowest cardioversion efficacy. Nevertheless, cardioversion rates
as high as 87% are observed after 24 hours from its administration (Bash et al., 2012). Amiodarone
inhibits multiple ionic channels, including Ica and Ina. Blocking both channels reduces cellular
excitability (Loewe et al., 2014; Liberos et al., 2016) and amiodarone-induced Iy, inhibition has been
suggested as the main mechanism underlying rotor termination (Wilhelms et al., 2013). In the present
study, however, virtual AF patients presented increased Ina and Ica. compared to the baseline model.
Consequently, the inward current block induced by amiodarone was not sufficient to reduce excitability
and terminate AF. This is in agreement with previous simulations studies, which showed that the
antiarrhythmic effects of In, and Icar block depended on their basal ionic densities (Liberos et al., 2016).

It has been also suggested that amiodarone metabolites, such as desethylamiodarone, which accumulates
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after long-term therapy with amiodarone, might be the actual responsible for the increased atrial

refractory period (Talajic, DeRoode and Nattel, 1987).

Furthermore, amiodarone-induced Icap inhibition flattened the APD restitution curve, reduced the
frequency and amplitude of APD alternans and prevented AF inducibility in the structurally-healthy
atria. Therefore, while ineffective for AF termination, amiodarone hindered the formation of dynamic

substrates derived from steep electrical restitution.

6.5.2. lonic current dysregulation and dynamic electrophysiological substrates in

structurally-healthy atria

Steep electrical restitution was the mechanism adopted in this study to induce AF, as observed in human
patients (Narayan et al., 2008). Unlike previous simulation works that changed single ionic currents
(Garfinkel et al., 2000), steep electrical restitution in this study resulted from specific multivariate ionic
density distributions. These distributions were obtained by scaling uniformly all ionic densities of the
cellular model, which mimicked inter-patient variability in ionic densities. Moreover, accurate AF-
initiation conditions were replicated in a detailed atrial geometry with realistic anisotropy ratios and
conduction velocity, as opposed to using monolayers (Virag et al., 2002) or isotropic conduction (Gong

et al., 2007).

As such, it was observed that increased Icar, Ix; and Inax characterised AF inducibility and maintenance
in structurally-healthy atria. Previous simulation studies observed that increasing Icar steepens the APD
restitution slope, potentially leading to wave break-up and fibrillation (Garfinkel et al., 2000). In this
study, however, steep restitution was only engaged for high Ik;, which conferred high cellular

excitability.

Likewise, elevated Ix; facilitated AF maintenance. Increased inward rectifier K™ current has been
extensively associated with the AF-induced electrophysiological remodelling (Dobrev and Ravens,
2003), and proven essential for rotor stabilization (Pandit et al., 2005). In this population of virtual
patients, high Ix; was additionally required for AF inducibility. Other computational studies have also
observed that in the absence of fibrosis, Ix; inhibition hindered AF initiation (Gharaviri ef al., 2021). A
genetic analysis reported missense mutations in KCNJ2, encoding Ix; channels, in human patients with
paroxysmal AF (Deo et al., 2013). Therefore, as shown in this study, increased Ix; constitutes an AF

predisposing condition that additionally favours AF perpetuation.
6.5.3. Limitations and future perspectives

Drug action was simulated as simple pore-block models as the data required were available for the
compounds investigated. However, it is possible that this might have increased the model sensitivity to
repolarization prolonging effects, explaining the grater efficacy of class III antiarrhythmic drugs

compared to class Ic. Neglecting the rate dependence of class Ic agents and thus, potentially
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underestimating In, inhibition, might explain the different results obtained for propafenone and
flecainide. Similarly, increasing the resting membrane potential through Ix; inhibition, therefore
hampering Ina (in)activation, resulted more effective than direct Ina block. This might reflect the

importance of class Ic agents for binding with different affinities to the different Na* channel states.

Moreover, pharmacological treatment and the performance of the predictive model should be further
investigated, considering not only electrophysiological but also anatomical and structural variability.
Even the electrophysiological variability considered can be weighed as relatively small. The 97 models
selected, which presented the ionic current properties required to induce AF in structurally-healthy atria,
had similar morphologies (i.e., a rapid phase 3 repolarization and relatively hyperpolarized resting

membrane potential). Therefore, a wider range of action potentials has to be considered in future studies.

Restricting the study to similar action potential morphologies could also explain why the accuracy of
the clinical decision support system was not higher than 70%. A better stratification of the ionic current
properties that respond to specific antiarrhythmic drugs would result from considering a wider ionic
current distribution in the first place (i.e., wider range of action potential morphologies). The latter could
improve the prediction accuracy and boost associated prediction metrics. In this sense, employing other

machine learning algorithms might also add extra predictive power.

Most of these limitations are covered in the following chapters.

6.6. Conclusion

In structurally-healthy atria, AF inducibility and maintenance are enabled by steep restitution and high
excitability, due to Ica and Ix; up-regulation. Accordingly, decreasing excitability through prolonged
refractoriness, results in pharmacological cardioversion. Maximal prolongation of refractoriness
depends on the interaction between the ionic current substrate of the atria and the ionic currents targeted
by the antiarrhythmic drug, highlighting optimal pharmacological treatments for individual ionic current
profiles. Therefore, successful cardioversion is predicted in virtual human atria with 70% accuracy from

both ionic current and ECG properties.

The finding that similar accuracies are obtained with the ECG and ionic metrics for predicting successful
AF cardioversion suggests that the ECG already contains information of the ionic current properties.
This is further investigated in Chapter 8 and Annex III. Before that, Chapter 7 complements the in-
silico trials in structurally-healthy atria presented in this chapter by covering another crucial aspect about

optimal antiarrhythmic drug treatment: drug repurposing.
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CHAPTER

IN-SILICO TRIALS FOR
DRUG REPURPOSING

Drug repurposing consists of identifying new uses for drugs already approved. For example, local
anaesthetics have proven to possess antiarrhythmic properties. This has immediate implications
for cardiac research, since novel molecules can be synthesized, based on the chemical structure

of local anaesthetics, to target specific ionic currents while preserving a safe drug profile.

In section 2.3.1 [ have explained two strategies to increase the success rate of pharmacological
treatment: to make a better use of existing drugs, or to develop new ones that block atrial-specific
ion channels. In this sense, Chapter 6 shows how the assessment of the atrial ionic current profile
could be used to guide optimal pharmacological treatments, and thus, promote a better use of

currently available drugs.

In this chapter, I will focus on assessing the antiarrhythmic effects of a new pharmacological
agent, Compound 6f, which targets atrial-specific ion channels. This study has been conducted
in collaboration with Prof Wendy Gonzalez and Ursula Ravens, and a journal publication has

been submitted: “Lorena Camargo-Ayala, Mauricio Bedoya, Albert Dasi et al., (2023)”.

7.1. Summary of the study

Compound 6f is a new molecule, based on the structure of a local anaesthetic, that inhibits three ion
channels: NaV1.5 (which mediates Ina), KV 1.5 (Ikur), and TASK-1 (Ik2p). Accordingly, it constitutes an
attractive pharmacological agent for rhythm control of AF. This study aims to investigate the efficacy

of Compound 6f for both acute AF cardioversion and long-term AF prevention.

For this, 45 virtual AF patients with structurally-healthy atria and varying ionic current densities were
virtually treated with three doses of Compound 6f (1, 10 and 100 uM). The drug exerted a dose-
dependent prolongation of post-repolarization refractoriness (increase in the refractory period by
16.3+£12.3 ms, 29.3429.5 ms and 177.6+£143.0, respectively, compared to control conditions). The
increase in refractoriness caused a proportional increase in its prevention efficacy (0%, 20% and 72%

prevention efficacy after 1, 10 and 100 uM, respectively). The high prevention rate at 100 uM owed to
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a strong In, inhibition. Therefore, virtual patients with In. up-regulation were less likely to respond to

Compound 6f (Ina density: 6.242.5 vs. 9.5+£1.9 mS/F; virtual responders vs. non-responders).

Overall, in-silico trials with Compound 6f show high success rates when applied at high concentrations,

and identify Ina density as critical for determining those patients more likely to benefit from the drug.

7.2. Introduction

Local anaesthetic compounds have been long used as antiarrhythmic agents, since they can inhibit ion
channels preferentially expressed in the atria, such as the two-pore domain (Kzp) channel (TASK-1) and
the potassium voltage-gated channel KV1.5. These families of K channels mediate Ixop and Ixur,
respectively. As explained in section 2.3.1, both ionic currents are attractive targets, and their inhibition
might increase the efficacy of pharmacological treatment while reducing the number of cardiotoxic
events. Since local anaesthetics might also inhibit voltage-dependent sodium channels (NaV1.5), the

combined Ina, Ikur and Ixop block represents a promising poly-pharmacological strategy for AF.

Thus, the aim of this study was to conduct in-silico trials with Compound 6f, a new agent with the

structure of a local anaesthetic, to assess its efficacy for thythm control of AF.

7.3. Methods

7.3.1. Population of virtual AF patients

The CRN model was modified as in (Wiedmann et al., 2020) to include the two-pore-domain potassium

(K2p) channel family, which comprises the TASK-1 channel (Ik2p).

A population of 100 atrial cardiomyocyte models was generated with the modified CRN model by
varying all ionic current densities up to £50%, including TASK-1. To incorporate a wider range of
action potential morphologies (i.e., a limitation of the previous chapter), the calibration considered data
from patients in sinus rhythm and AF (i.e., longer and shorter APD, respectively) (Sanchez et al., 2014).
A representative sample of the overall ionic current variability, consisting of 45 atrial cardiomyocyte

models, was used to populate whole-atria models.

Whole-atria simulations were performed using the mean bi-atrial anatomy generated by Dr. Claudia
Nagel (Nagel, Schuler, et al., 2021). Similar to Chapter 6, this study considered one atrial anatomy and
structurally-healthy atria. Thus, 45 virtual patients were developed using one atrial cardiomyocyte
model to generate one whole-atria model. Regional electrophysiological heterogeneities were included

as explained in section 4.2.1, setting the longitudinal velocity in the bulk tissue to 80 cm/s.

AF was induced in virtual atria by imposing spiral wave re-entries as the initial conditions of the

simulation, and AF dynamics were analysed for 7 s of activity.
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7.3.2. In-silico trial

Virtual patients with sustained (>7s) AF were subjected to the virtual administration of three doses of
Compound 6f (i.e., 1, 10 and 100 uM). Drug action was simulated as a simple-pore block model. Table

7.1 collects the ionic current block of each dose based on the inhibitory curves presented in Figure 7.1.

Efficacy for acute AF cardioversion was investigated by applying each dose 2 seconds from AF
induction and the episode was recorded for another 5 seconds. Long-term AF prevention was modelled
by repeating the AF initiation protocol after drug application. Drug therapy was considered successful

if the atria were free from any form of arrhythmic activity before the completion of the 7 seconds.
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Figure 7.1 Inhibition curves of compound 6f for TASK-1, Kv1.5 and Navl.5 channels. Navl.5 block was
determined at -30 mV and TASK-1 and Kv1.5 at +40 mV. The concentration range was from 0.01 uM to 1000
puM for TASK-1 and Navl.5, and from 1 pM to 1000 pM for Kv1.5.

Table 7.1. Ionic current block (%) exerted by three doses of Compound 6f.

Ionic current block (%)
Drug Dose
Ikur INa Ix2p
1 uM 0 16 58
Compound 6f 10 uM 2.5 30 75
100 pM 50 65 85
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7.4. Results

7.4.1. Compound 6f (100 puM) shows >70% efficacy for rhythm control of AF,
following a dose-dependent prolongation of post-repolarization refractoriness
Sustained AF developed in all 45 virtual patient models. Figure 7.2 illustrates the impact of three doses

(i.e., 1, 10 and 100 uM) of Compound 6f on the APD (Figure 7.2A-B) effective refractory period
(Figure 7.2C), and on the efficacy for rhythm control of AF (Figure 7.2D-E).
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Figure 7.2 Impact of three doses (1, 10 and 100 uM) of compound 6f on single-cell, cable and whole-atria
properties. A) Action potential traces of N=45 atrial cardiomyocyte models at 2Hz in control conditions and after
the application of compound 6f at 100 uM. B) Rate-dependent variation of the action potential duration (AAPD).
Number (N) of atrial cardiomyocyte models able to propagate the stimulus according to the dose applied and the
pacing rate. C) Dose-dependent increase in the effective refractory period (AERP) compared to control conditions
in the N=45 atrial cardiomyocyte models. D) AF cardioversion and prevention efficacy (i.e., percentage of AF
episodes cardioverted or prevented) in the population of 45 virtual-atria models. E) AF duration in the 45 virtual-
atria models considering that AF episodes are analysed for 7 s of activity.

The application of Compound 6f prolonged the APD at the cellular level (142.2+30.7 vs. 181.6£38.8
for control vs Compound 6f at 100 uM at 2 Hz; N=45; Figure 7.2A). The atrial cardiomyocyte models

were subsequently paced on a one-dimensional cable to assess propagation properties and refractoriness.
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At moderate frequencies (i.e., 2 Hz), the virtual administration of Compound 6f caused a dose-dependent
prolongation of the APD. As the pacing frequency increased, fewer cardiomyocyte models were able to
propagate the stimulus after applying Compound 6f at 100 pM, due to a longer post-repolarization
refractoriness (87% [39/45] vs. 35% [15/45] of cardiomyocyte models propagating the stimulus at 6 Hz
after 10 uM vs. 100 pM of compound 6f; Figure 7.2B). At these higher rates, the strong Ina inhibition
prevailed over Ixu and Ixop block, so that 10 uM prolonged the APD to a larger extent than 100 pM
(Figure 7.2B; from 4 Hz to 8 Hz).

The dose-dependent prolongation of the post-repolarization refractoriness is illustrated in Figure 7.2C.
The application of 1 pM, 10 uM and 100 uM of Compound 6f increased the refractory period by
16.3£12.3 ms, 29.3+29.5 ms and 177.6+143.0, respectively, compared to control conditions. This
increase in refractoriness caused a proportional increase in the effectiveness of Compound 6f for rhythm
control of AF (Figure 7.2C-D). Therefore, a dose-dependent increase in AF cardioversion and
prevention efficacy were observed for the virtual application of Compound 6f (Figure 7.2D). This was

also reflected in a larger decrease of AF duration for the highest dose (Figure 7.2E).

Figure 7.3 shows a representative AF episode in control conditions and after the virtual administration
of 10 and 100 uM of Compound 6f to illustrate the reduction of AF burden with increasing drug dose.

The drug is applied 2 s after AF initiation, representing acute AF cardioversion.
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Figure 7.3. Consecutives snapshots of the transmembrane voltage (Vm) for a representative AF episode in control
conditions and after the virtual administration of 10 and 100 uM of compound 6f. Abbreviations: RA-LA: right
and left atrium; SCV-IVC: superior and inferior cava vein; rPV-IPV: right and left pulmonary veins.
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7.4.2. The antiarrhythmic response of Compound 6f (100 uM) is modulated by Na*

channel density

The ionic current substrate of virtual patients responding to Compound 6f was analysed to identify
patient characteristics modulating treatment response. Figure 7.4 shows a comparison of the ionic
current densities between virtual patients responding and not responding to the virtual application of

two doses (i.e., 10 and 100 uM) of the drug.

When a 10 uM dose was considered, the drug produced a predominant K* current block (Table 7.1).
Thus, virtual patients responding to 10 uM of Compound 6f presented longer refractoriness (157.3 +
19.8 vs. 114.6 £ 15.9 ms; virtual responders vs. non-responders), as a result of low Ix; and high Icar (Ik::
0.063+0.037 vs. 0.09540.045 mS/F; Icar 0.154+0.06 vs. 0.10+£0.04 mS/F; responders vs. non-responders).
Conversely, 100 uM of the drug produced a strong In, inhibition. Virtual patients with In, up-regulation

were less sensitive to Ina block (Ina density: 6.2+2.5 vs. 9.5+1.9 mS/F; responders vs. non-responders).
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Figure 7.4. Comparison of the ionic current variation (%) between virtual patients responding and not responding
to two doses (10 and 100 uM) of compound 6f. Data are expressed as medians and IQR and analysed using
Wilcoxon Test. *P<0.05, **P<0.01, ***P<0.001.
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7.5. Conclusion

In this study I have assessed the efficacy of three doses of a novel compound for rhythm control of AF.
The pharmacological agent, Compound 6f, is based on the structure of a local anaesthetic and, as such,
inhibits Ixzp, Iku and Ina. This represents a promising poly-pharmacological strategy, which has been
investigated by means of in-silico trials in a population of 45 virtual patients with structurally-healthy

atria and varying ionic current densities.

The main finding is that, when applied at high concentration (100 uM), Compound 6f yields high AF
cardioversion and prevention efficacy (>70%). This is due to a strong Na" channel inhibition, so that
patients without Ina up-regulation are expected to present a more favourable response. Conversely,
limited success rates are obtained for lower concentrations of the drug (i.e., 1 and 10 uM). At these
lower concentrations, Compound 6f exerts a primary K' current block. Thus, only those patients with

longer refractoriness might benefit from drug treatment.

Overall, Compound 6f represents a promising drug for AF treatment, but further research is needed to
investigate whether the strong Na“ channel inhibition occurs only in the atria (i.e., rate-dependent
inhibition of Ix,, differences between atrial and ventricular Na* channels (Mamoshina, Rodriguez and
Bueno-Orovio, 2021), etc.) or, conversely, it could jeopardise ventricular conduction. Moreover, it is
unclear how the efficacy of the drug might be modulated by presence of other AF predisposing
conditions. Among the later, the remodelling of the atrial tissue structure is a key aspect influencing
drug treatment response. Therefore, the following chapter investigates the outcome of pharmacological

treatment in a cohort of virtual patients presenting structurally-remodelled atria.
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CHAPTER

IN-SILICO TRIALS FOR

OPTIMAL SELECTION OF
PHARMACOLOGICAL TREATMENT
IN VIRTUAL AF PATIENTS WITH
LOW VOLTAGE AREAS

As mentioned in section 2.2.3, AF patients commonly present an arrhythmogenic structural
substrate. In this chapter, I include the assessment of arrhythmogenic structural substrate,
through in-silico trials in 800 virtual patients presenting variability in electrophysiology and
LVAs (related to structural abnormalities). As in the previous chapters, in this study, I assessed
pharmacological treatment for rhythm control of AF, and the original work can be found in:

“Dasti et al., (2023), J. Physiol. DOI: 10.1113/JP284730".

8.1. Summary of the study

The study aimed to conduct in-silico trials in a large population of virtual patients to identify key clinical
characteristics to guide optimal selection of antiarrhythmic drugs. For this, AF was induced in 800
virtual patients considering variability in ionic currents and LVA. Sustained AF developed in 494 (62%),
characterised by large Ix; and Inak densities (Ix; 0.11£0.03 vs. 0.07+£0.03 S/mF; Inak 0.68+0.15 vs.
0.38+26 S/mF; sustained vs. unsustained AF). In virtual patients with severely remodelled left atrium,
with LVA extensions of more than 40% in the posterior wall, higher Ix; (0.12+0.02 S/mF) was required
for AF maintenance, and rotors localised in healthy right atrium. For lower LVA extensions, rotors also
anchored to LVA, in virtual patients with short refractoriness (Ica. density 0.08+0.03 S/mF). This atrial
refractoriness, modulated by Ic.. and Ina, determined pharmacological treatment success for both small
and large LVA. Vernakalant was effective in atria presenting long refractoriness (Icar density 0.13+0.05
S/mF). For short refractoriness, atria with high Ina density (8.92+2.59 S/mF) responded more favourably
to amiodarone than flecainide, and the opposite was found in atria with low Ina (5.33+£1.41 S/mF). In-

silico trials were consistent with clinical trials and identified the inward currents as critical for optimal
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stratification of AF patient to pharmacological treatment and, together with the left atrial LVA

extension, for accurately phenotyping AF dynamics.

8.2. Introduction

Pharmacological therapy remains a core element of AF management (Heijman, Hohnloser and Camm,
2021). However, as explained in section 2.3.1, antiarrhythmic drugs have moderate efficacy. Therefore,
improving pharmacological treatment, through tailored therapies that consider individual patient

characteristics, is paramount.

As shown in the previous chapters, in-silico trials based on human multiscale modelling and simulation
hold potential for unravelling key modulators of successful pharmacological therapy. Thus, the aim of
this study is to perform in-silico trials in a large cohort of virtual patients, with variability in the extent
of LVAs and membrane kinetics, to identify key determinants of AF treatment that guide the decision-

making of optimal pharmacological therapies.
8.3. Methods

8.3.1. Population of virtual AF patients

A population of 800 virtual atria was developed combining a range of LVA distributions and atrial ionic

current profiles. Figure 8.1 illustrates the overall process, and an explanation is provided below.
8.3.1.1. Patient-specific bipolar voltage map

Left atrial bipolar voltage maps were obtained from eight AF patients as described in section 4.2.2.2.
The left atrial surface of each patient was registered to the left atrium of the Visible Female atria. The
voltage data were subsequently interpolated using the nearest neighbour algorithm. Thus, eight human

whole-atria models, presenting LVA variability were constructed based on the eight patient maps.

Each whole-atria model was binarized into non-LVA and LVA (i.e., bipolar voltage lower than 0.5 mV
in sinus rhythm). The right atrium was considered structurally-healthy to isolate the role of structurally-

remodelled left atrium on AF dynamics and pharmacological treatment.
8.3.1.2. Population of whole-atria models

To reflect variability in the patient electrophysiological substrate, each virtual patient was modelled with
a specific ionic current profile. As described in section 4.1.2, a population of atrial cardiomyocyte

models was generated with the CRN model by varying current densities up to +50%.

Three-hundred cardiomyocyte models were calibrated against experimental data obtained from patients
in sinus rthythm and AF (Sanchez et al., 2014). A representative sample of the overall ionic current

variability, consisting of 100 atrial cardiomyocyte models, was randomly selected.
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The final population of 800 virtual patients was built combining the 100 atrial cardiomyocyte models
with the eight LVA distributions. The single-cell properties of each atrial cardiomyocyte model were
assigned to the left atrial tissue and modified in other atrial regions, as detailed in section 4.2.1. Regional
heterogeneities in conduction velocity and anisotropy ratio were likewise considered, setting the

longitudinal velocity in the bulk tissue to 80 cm/s, according to patient data.

The LVA remodelling (described in section 4.2.2.2) was implemented on top of the specific

electrophysiological properties of each virtual patient.
8.3.1.3. AF induction, ECG and dominant frequency maps

AF was induced in the virtual atria by imposing spiral wave re-entries as the initial conditions of the
simulation, and AF dynamics were analysed for 7 s of activity. Simulated 8-lead (Leads I, II, V1-V6)
ECGs and dominant frequency maps were computed for sustained (>7s) AF episodes. The frequency
maps were discretized considering three values: low [10" percentile], middle (10-90™ percentile) and
high frequency [90™ percentile]. High-frequency regions obtained for a given LVA distribution with
different ionic profiles were superimposed to generate frequency density maps. The latter maps

identified preferential regions of high atrial activity (i.e., AF drivers) for each LVA distribution.
8.3.2. In-silico trials

Virtual patients with sustained (>7s) AF were subjected to the administration of four drugs commonly
used for AF treatment (Hindricks et al., 2021). Their administration was modelled 2 seconds from AF
initiation and the episode was continued until completion of the original 7 s. The therapy was considered
successful if the atria were free of arrhythmic activity before the conclusion of the 7 s. Drug efficacy

was defined as the percentage of virtual patients without sustained AF after drug administration.

For each drug, different doses were administered within the therapeutic plasma concentration range:
vernakalant 10 and 30 uM (Roy et al., 2004), amiodarone 1.5 and 3.0 uM (Nishimura, Follmer and
Singer, 1989), flecainide 1 and 2 uM (Viswanathan et al., 2001), and digoxin 5 and 10 nM (Chamberlain
et al., 1970). Digoxin, clinically used for rate control, was also considered for rhythm control of AF
(Bueno-Orovio et al., 2014). Flecainide 2 uM considered the high levels of Ixa. block observed at fast
activation rates (~60 to 70% block at 10Hz, (Moreno et al., 2011)). Acute and chronic amiodarone 3.0
uM were modelled with and without Ic,. inhibition, respectively. Chronic amiodarone additionally
comprised a progressive Inak (Gray et al., 1998) and Ik; block (Guillemare, Marion and Gautier, 2000;
Patel, Yan and Kowey, 2009). Drug action was simulated as simple pore-block models and Table 8.1

collects the ionic current blockade of each treatment.
8.3.3. Clinical decision support system

A decision algorithm was built using the outcome of in-silico trials and patient characteristics. Different

from Chapter 6, the algorithm consisted of a flow-chart (i.e., not a data-driven model) that assigned
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optimal treatment according to the evaluation of key patient characteristics and based on the observation

of key results.
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Figure 8.1. Generation of the population of 800 virtual patients. I. M=100 atrial cardiomyocyte (CM) models
reflecting variability in ionic current densities are developed and scaled in different atrial regions. II. N=8 bipolar
voltage (Bi) maps of the left atrium are registered to a human-based whole-atria model. The resulting whole-atria
models are binarized into LVA (Bi < 0.5 mV) and non-LVA. Abbreviations: LAA: left atrial appendage; rs-ri-ls-
1i-PV: right superior, right inferior, left superior and right inferior pulmonary vein. III. A final population of 800
virtual patient models is generated combining each cardiomyocyte model, scaled in different atrial regions, with
each whole-atria model with a specific LVA distribution.
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Table 8.1. Ionic current block (%) exerted by the antiarrhythmic drugs modelled in this study.

Ionic current block (%)
Drug Dose References
Ikur | Ikr Ito Ix1 Iks | Icar | Inak | INcx | INa
% 1.5 uM - 40 - - 30 30 - 30 20 | Loeweetal., 201 4;
9 Sutanto et al.,,
% < 3.0 uM - 65 30 20 50 65 10 50 40 201 9: Bai, Lu and
_§ 3.0 uM - 65 30 20 50 0 10 50 40 | Zhang, 2020
2| g :
g § [ 30uM| - | 65| 30 | 40 | 50 | 0 | 25 | 50 | 40 | (Pateletal,2009);
< 5 (Gray et al., 1998 );
30;M| - | 65 | 30 | 50| 50| o | 25| 50 | 40 (2(0}(1)1(1)1)lemare et al,
1.0pM - 30 - - - - - - 40 Sutanto et al.,,
Flecainide 2.0uM | 30 60 15 - - 10 - - 60 | 2019; Bai et al,
202 0;
2.0uM | 30 60 15 - - 10 - - 70
Vernakalant 10puM | 40 30 40 - - - - - 10| Loewe etal, 201 5;
30 HM 70 60 60 _ _ 20 _ _ 30 Sutanto et al., 2019
Digoxin 5 nM - 40 - - - - 30 - - Bai, Lu and Zhang,
10oM | - | 50 | - - - - 60 | - - | 2020

8.4. Results

8.4.1. AF sustains in virtual atria presenting short refractoriness and high cellular

excitability, the latter proportional to the extent of LVAs in the left atrium

Sustained AF (>7s) developed in 494 (62%) of the 800 virtual patient models. Figure 8.2A illustrates a
representative AF episode and the corresponding ECG. Simulated and clinical recordings shared similar
morphology and complexity of fibrillatory-waves (f-waves), as well as comparable AF dominant
frequency, supporting the credibility of the simulation results. Figure 8.2B characterises the atrial ionic
current substrate favouring AF maintenance. The 100 ionic current profiles included in this study have
been grouped into three categories: profiles sustaining AF (>7s) for less than 2 LVA distributions (less
than 25% of the LVA distributions studied), between 2 and 6 (25-75% of the LVA distributions) and
for more than 6 LVA distributions (more than 75% of the LVA distributions). Figures 8.2C and 8.2D

show the ionic current substrate needed for AF maintenance as the LVA extension increased.

Twelve ionic current profiles led to unsustained AF in all LVA distributions, whereas 11 perpetuated
AF in only 1 out of the 8 (less than 25% of the LVA distributions considered). lonic profiles leading to
low AF sustenance were characterised by significantly high Icar and low Inak compared to baseline (i.e.,
ionic current density variation equal to 0%). Inak increase and Ica decrease led to AF developing in
more LVA distributions, with the 45 most proarrhythmic profiles (i.e., sustaining AF for more than 75%
of the LVA distributions) showing the highest Ix.x and the lowest Ica. The 45 AF-prone ionic current

substrates additionally presented I, and Ix; up-regulation, which yielded a shorter refractory period
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(185.3+£56.7 vs. 125.3+£18.2 ms; atria with sustained AF for less than 25% vs. more than 75% LVA

distributions) and a more negative resting membrane potential (-83.6+ 0.4 vs. -84.5+£0.4 mV).
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Figure 8.2. Ionic current substrate favouring AF for distinct LVA distributions. A) Snapshot of the atrial
transmembrane voltage map during AF and location of the atria within the torso (left). Simulated and clinical ECG
during AF and dominant frequency (DF) of lead V1 (right, adapted from Lankveld et al., 2016 with permission).
B) Variation of G, Gki, Gks, GeaL and Grak (%) yielding sustained AF (>7s) for an increasing number of LVA
distributions (left), and associated atrial action potential (AP, right). C) Bipolar voltage (Bi) map and left atrium
parcellation: Estimation of LVAs in the left atrium posterior wall (regions 1-4). D) Ik: density variation leading to
sustained AF for an increasing LVA extension in the left atrium (LVALa, bottom) and in the left atrial posterior
wall (LVApw, top).
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Ik1 up-regulation was especially needed as the LVA density increased in the left atrium. LVAs were
characterised by low cellular excitability (i.e., conduction impairment and reduced Ina, Ica and Iki).
When they occupied a large portion of the left atrium, i.e., extending throughout the entire posterior wall
(Figure 8.2D, >40% LV As), sustained AF (> 7 s) could only result from ionic current profiles exhibiting
the highest Ix;. This is illustrated in the 32 ionic current profiles yielding AF maintenance in 2-6 LVA
distributions. From the 32 profiles, 9 sustained AF (> 7 s) primarily in smaller LVA extensions (20-30%
LVAs), 9 in larger (40-60% LV As) and 14 in both. Compared to ionic current profiles sustaining AF in
smaller LV As, those profiles engaging with severe structural remodelling showed a significantly higher
Ik:. This difference was accentuated when considering the LVA extension in the left atrial posterior wall

(Figure 8.2C, regions 1-4).

8.4.2. The ionic current dysregulation favouring AF maintenance is identified through

ECG metrics, with Ixi being the main determinant of AF dominant frequency

To assess whether the ionic density dysregulation presented in Figure 8.2 could be identified non-
invasively, simulated ECGs were computed in the 494 sustained AF (>7s) episodes. Table 8.2 shows
the influence of ionic current dysregulation on five ECG markers (i.e., dominant frequency, organization

index, spectral entropy, sample entropy, and relative harmonic energy).

Table 8.2. Effect of ionic current dysregulation on the ECG metrics during AF. Statistical significance with P<.001
highlighted in bold, otherwise P<.05. The number of ECG leads where the ionic current dysregulation increases
each biomarker is shown in brackets next to the ionic density, being 8 the maximum.

% LVAs Dominant Organization Spectral Sample Rel. harmonic
left atrium frequency index entropy entropy energy

Dist.1  19.2 12“(‘&?&}“ ® ’ - - - 1Gra(7)
Dist.2  20.8 12:“((5)) f : - - 1 1Gra(7)
Dist.3  22.2 12:“((;);](\) : - 1Gu(4) 1 1Gra(5)
Dist.4 23.4 12:(‘2%?}2“6) : 1Gio(4) 1Gear(3) 1Gea(6)  1Gna(4)
Dist.5 28.3 L(f“(‘gf) f ’ - 1Gu(3) L(f"('fs)) 1Gra(4)
Dist.7 44.2 12:“((;);](7) ’ 1Grex(4) - - 1Gra(4)
Dist.§  57.6 1(;"‘(8)’;%:1)6’), 1Gea®) 1Gear(4) 1Gea(5) -

Overall, dysregulation of Icar, o, Ina, INax and Ix; were associated with variations in ECG metrics (Table
8.2). For some LVA distributions, high Icar and low Iy, increased the ECG spectral entropy. The spectral
entropy relates to the uniformity of fibrillation frequencies and a high value indicates high AF

complexity (Zeemering et al., 2018). Elevated Ica. was associated with APD alternans and wavefront

72



fractionation (section 6.4.2), consistent with an increase in AF complexity and the spectral entropy.
Conversely, low Ica. and high Iy, were associated with an elevation of the sample entropy, a measure of
predictability and repetitiveness (Zeemering et al., 2018). As such, Ica. down-regulation yielded the
formation of localised rotors (see below), which increased AF repetitiveness. High Inax was also linked
to high sample entropy for some LV A distributions, as a result of higher excitability promoting localized
re-entrant sources. Lastly, Ina up-regulation increased the relative harmonic energy, indicating low

complexity and a dominant role of the main atrial wave (Zeemering ef al., 2018).

The ECG dominant frequency was mainly modulated by Iki, with other ionic currents having a
cumulative effect (Table 8.2). Besides Ix; up-regulation, the general analysis identified a higher
frequency in atria presenting increased I, Inak and Ina. Nevertheless, a thorough patient stratification
demonstrated that atria with high I, Inax and Ina but control Ixi, showed no significantly higher AF
frequency than the overall population (Figure 8.3A). This is illustrated through two simulated ECG
recordings during AF (Figure 8.3B), showing high and low frequency f-waves for Ix; up- and down-
regulation, respectively. Similarly, while faster AF episodes were obtained in atria that additionally
presented low Icar, atria with increased Icar showed significantly higher AF frequency than the overall
population if I, Ixi, Inak, INa Were up-regulated. As shown in Figure 8.3A, the fastest AF episodes were
obtained for the combination of increased I, Iki, Inak, Ina and decreased Icar. This ionic current profile
yielded the shortest tissue refractoriness (108+10.3 ms), which enabled a fast activation of re-entrant

AF drivers (i.e., rotors).

A B
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P<.001 P<.001 Ik1 down-regulation (-31%) DF = 5.8 Hz
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Figure 8.3. Effect of Ix1 and IcaL on the ECG dominant frequency (DF). A) Comparison of AF dominant frequency
in atria with I, Inak and Ina up-regulation with vs. without Ixi up-regulation (top), and with Ii, Inak, Ina and Iki
up-regulation with vs. without Ica. down-regulation. B) Simulated ECG recordings during AF in virtual atria with
low and high Iki.
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8.4.3. High frequency rotational activity in structurally-healthy areas coexist with

rotors anchored around small and patchy LVAs

Dominant frequency maps were computed in the 494 sustained AF episodes (>7s) to analyse AF
dynamics. Each AF episode exhibited a different range of AF frequencies. To enable comparisons on
the location of high-frequency regions across multiple AF episodes, every episode was represented by
a discrete frequency map. The discrete map was developed by assigning to each cell of the atria one of
three possible categories: very low activation frequency (frequencies below 10" percentile for the given
AF episode), intermediate (10-90™ percentile) and very high activation frequency (above 90™
percentile). For each LVA distribution, density maps of high-frequency areas were constructed by
superimposing high-frequency values obtained in multiple AF episodes. Figure 8.4A illustrates the
transmembrane voltage of a representative AF episode and the resulting discrete frequency map. Figure

8.4B shows the bipolar voltage and density maps for different LVA distributions.
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Figure 8.4. Dominant frequency density maps for different LVA distributions. A) Consecutive snapshots of the
transmembrane voltage (Vm) for a single AF episode. One rotor (top row) is located in the right atrium and another
(bottom row) is anchored to a LVA of the left atrium (bipolar voltage, Bi<0.5 mV). The discrete frequency (F, no
units) map illustrates the core of the re-entry as a low (L) frequency region and the surroundings as middle and
high (H) frequency regions. B) Dominant frequency (DF) density maps for three LVA distributions in the left
atrium (LVALA): two with low and one with high LVA density. The blue arrows highlight high frequency regions
adjacent to low density regions. Abbreviations. RA-LA: right and left atrium; RAA-LAA: RA and LA appendage;
SCV-ICV: superior and inferior cava vein. rPV-IPV: right and left pulmonary veins. rs-ri-Is-1i-PV: right superior,
right inferior, left superior and left inferior pulmonary vein.
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Rotors were not exclusive to the structurally-remodelled substrate. The down-regulation of Ic,. and the
up-regulation of Iki, I, and Inak contributed to the stabilization of functional rotors in healthy atrial
tissue, appearing primarily in the right atrium (considered in this study as structurally-healthy).
Importantly, rotational activity found in structurally-healthy areas coexisted with rotors anchored around
LVAs, with the former exhibiting a higher frequency (Figure 8.4A). In frequency maps, these rotors
appeared as high-frequency regions (i.e., arm of the re-entry), surrounding middle (i.e., border of the

core) and low-frequency regions (i.e., core of the re-entry).

Frequency density maps revealed that LV As were distinguished by low frequency areas (Figure 8.4B).
However, small and patchy LV As surrounded by healthy tissue (i.e., LVA distributions 2 and 5) showed
high-frequency regions around LVAs (Figure 8.4B, blue arrows). The excitability gradient between
LVAs and healthy tissue created an arrhythmogenic substrate for rotor anchoring. When LVAs were
small, healthy tissue presenting high excitability and short refractoriness (i.e., elevated Ix; and reduced
Icar) sustained rotational activity around LVAs (~2 s). Conversely, scattered and large LVA patches
(LVA distribution 8) caused an excessive reduction of cellular excitability. Since the right atrium
preserved high cellular excitability (i.e., no LVAs), high-frequency sources arising from this chamber
prevented the anchoring of rotors in the structurally-remodelled left atrium. Thus, distributions with

high percentage of LVAs (distribution 6-8) showed high-frequency regions only in the right atrium.

8.4.4. In-silico drug trials in 494 virtual patients with 4 reference compounds identify
the inward currents (Ica. and Ina) as critical for optimal stratification of AF

patient to pharmacological treatment

The 494 sustained AF episodes (>7 s) were subject to in-silico trials with 12 pharmacological treatments
(i.e., 6.422 simulated AF episodes in total). Figure 8.5 compares the success rate obtained in-silico and
in human clinical trials (Figure 8.5A), and the atrial ionic current substrate favouring pharmacological

AF prevention (Figure 8.5B-C).

Drug efficacy increased proportionally to a dose-dependent prolongation of refractoriness. This was less
accentuated for vernakalant, with both doses achieving a similar efficacy despite a greater prolongation
of refractoriness after vernakalant 30 uM (+16.5£27.6 vs. +54.0+44.8 ms with respect to control;
vernakalant 10 vs. 30 uM). Conversely, a decrease in the refractory period derived from acute
amiodarone (—5.0+18.1 and —4.0+18.4 ms; amiodarone 1.5 and 3 uM, respectively), which explained its
very low efficacy (Figure 8.5A, 0.1-11%). A prolongation of refractoriness (+71.5£71.2 ms compared
to control), followed by an increase in prevention efficacy, resulted from applying chronic amiodarone
(i-e., 33% efficacy without Ica block and 72-89% with progressive Ik inhibition). Thus, amiodarone
showed the highest prevention efficacy within the tested treatments, consistent with clinical trials

(Figure 8.5A).
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High success rates derived also from 70% Ina block (i.e., flecainide 2 uM) due to a great post-
repolarization refractoriness. However, the prolongation of the refractory period and thus, flecainide
prevention efficacy, dropped proportionally to a reduction in In, block (+171.5+£164.9 vs. +100.0+131.4
vs. +18.0£35.2 ms; prolongation of the refractory period after 70%, 60%, and 40% Ina block). Similarly,
the efficacy of digoxin was proportional to In.x inhibition. Compared to 30% Inax block, a 60%
inhibition increased 2-fold the refractory period (+22.0+£35.0 vs. +53.0+£57.7ms) and the efficacy of
digoxin (60% Inax inhibition is considered cardiotoxic, and only calculated to show the main role of Inax

on AF perpetuation).

Interestingly, while pharmacological outcome was largely independent of the extent of LV As, the atrial
ionic current substrate determined treatment success. Figure 8.5B analyses the pharmacological
outcome (i.e., AF termination vs. non-termination) of three drugs commonly used for rthythm control of
AF according to the atrial ionic current profile (88 of the 100 profiles are included in the analysis since
12 failed to sustain AF, Figure 8.2). These ionic profiles have been grouped into three categories:
profiles with a favourable drug response in all (100%) LV A distributions, in most of them (50-90% of
LVA distributions), and in only a few (0-50%). Figure 8.5C infers about potential patient stratification

by differentiating the ionic current characteristics of atria responding to one drug or another.

Vernakalant lost efficacy in atria with low Ic,. and high Inak. As the major Ik, blocker considered,
vernakalant prolonged the refractory period to a lesser extent in atria with low Ica (+80.0+£36.4 vs.
+15.8+26.3ms; prolongation of refractoriness in atria responding vs. non-responding to vernakalant).
Because models refractory to vernakalant additionally showed high Inak, they were characterised by
higher excitability (refractory period: 159.4+43.3 vs 124.2+17.5 ms; models responding vs. non-

responding to vernakalant), so that Ik, inhibition was not sufficient to terminate AF.

Amiodarone was efficacious in most ionic current profiles (65/88, Figure 8.5B). However, it failed to
prevent AF in virtual atria with the shortest refractoriness (153.4+40.0 vs. 118.3£16.9 ms; atria
responding vs. non-responding to amiodarone), due to significant Ix; and Inax up-regulation, and Icar

and Incx down-regulation.

Finally, flecainide increased post-repolarization refractoriness through I, inhibition. Therefore, virtual

patents presenting Ina. up-regulation were less sensitive to Ina block.

The comparison of the ionic current profiles of atria responding to either drug (Figure 8.5C) revealed
that vernakalant and amiodarone were superior to flecainide for AF termination when In. was up-
regulated. When Ica and Ina were down-regulated, Ina inhibition was a very effective strategy (as
explained above), so that flecainide was the desired approach for AF termination. When comparing

amiodarone and vernakalant, vernakalant was favourable for Ic.r up-regulation.
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Figure 8.5. In-silico trials over 494 AF episodes with 12 pharmacological treatments. A) Comparison between
the success rates (Efficacy, Eff.) obtained in-silico (colour bars) and in human clinical trials (black bars). A
threshold of 25% block at therapeutic plasma concentration has been considered to group drugs according to the
ionic current channel they target. The arrows point towards greater ionic current density block. B) Comparison of
the ionic current density of virtual patients responding and not responding to pharmacological treatment for a
different number of LVA distributions. The three drugs considered are Vernakalant 30 pM, Amiodarone 3 uM
without ICaL block and Flecainide 2 uM with 60% INa block. C) Comparison of the ionic current densities of
virtual patients only responding to drug-A against those only responding to drug-B (where drug-A and drug-B are
the three antiarrhythmic drugs shown in panel B). Only ionic current densities presenting significant differences
are displayed in the comparisons illustrated in panel B and C.
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8.4.5. Decision algorithm for optimal pharmacological treatment selection

Flecainide was the preferred choice for inward current down-regulation. Conversely, for elevated Ina,
vernakalant and amiodarone were a better option, the former for high Ic.. and the latter for atria
presenting the highest cellular excitability (Ina up-regulation with additional Icar down-regulation).
These findings have been used to develop the decision algorithm shown in Figure 8.6, considering also
that (1) in severely remodelled left atrium, with LVAs covering more than 40% of the posterior wall,
sustained AF requires higher Ix; and rotors localize in healthy right atrium, and (2) for lower LVA

extensions, rotors can also anchor to LVAs for short refractoriness (low Icar).
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Figure 8.6. Decision algorithm for optimal stratification of virtual AF patients to antiarrhythmic drug therapy.

8.5. Discussion

In this study, in-silico trials were conducted in a large cohort of human atria with electrophysiological
and structural variability. Considering electrophysiological variability is crucial for overcoming bias
associated with drug effects, since the success of pharmacological therapy depends on the specific ionic

current substrate of the atria. Similarly, including structural variability is crucial to represent complex
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AF dynamics. As such, I have identified several structural and electrophysiological characteristics that
modulate AF mechanisms and management, and have leveraged them to create a decision algorithm for

guiding the decision-making of AF therapy.

I have observed that the inward currents (Icar and In,) are critical for optimal stratification of AF patient
to pharmacological treatment. Notably, as presented in Chapter 6 and Annex III, ECG markers could

characterise this ionic current substrate and help with patient stratification.
8.5.1. Pharmacological treatment is influenced by the patients’ ionic current substrate

The ionic current substrate, rather than the extent, location or distribution of LVAs, played the most
important role on pharmacological AF management. I have shown in Chapter 6 that the ionic current
profile of the atria influences antiarrhythmic drug outcome in structurally healthy-atria. Moreover,
several simulation studies (Passini et al., 2016, 2017) have evidenced the relevance of ionic current
variability to assess drug-induced myocardial proarrhythmia. This is important as it underlines the
possibility of predicting the response to pharmacological treatment using the patients’ individual ionic

current profile (Capucci et al., 2018).

In the in-silico trials, a success rate of 49% was observed after the virtual administration of vernakalant.
A success rate of 65% was obtained in structurally-healthy atria (section 6.4.4). The latter results are
consistent with a randomized clinical trial conducted in patients with recent-onset AF (Simon et al.,
2016), reporting an efficacy of 69% (34/49 patients). As in the present study, lower rates, i.e., 37%
(81/221 patients (Roy et al., 2008)), 46% (59/129 patients (Beatch and Mangal, 2016)) and 52% (60/116
patients (Camm ef al., 2011)), were obtained when additionally considering persistent AF patients,

reflective of a more advanced AF substrate.

I obtained low efficacies for acute modelling of amiodarone (i.e., 0.1-11%). It has been suggested that
the high cardioversion of amiodarone results from the long-term accumulation of desethylamiodarone
metabolite (Talajic, DeRoode and Nattel, 1987). Other authors advocate for amiodarone-induced Ina
inhibition as the primary mechanism involving rotor termination (discussed in section 6.5.1). When I
modelled amiodarone without Icar inhibition, a three-fold increase in its prevention efficacy (i.e., 33%)
was observed. In a study conducted with rabbit ventricular cardiomyocytes, acute but not chronic
exposure to amiodarone inhibited Icar (Varro, Virag and Papp, 1996). Moreover, even when amiodarone
proved to be a strong Ca*" channel blocker experimentally (Nishimura, Follmer and Singer, 1989), the
authors suggested that very little block (i.e., 1-2%) would be expected under clinical conditions. Further
experimental studies found that chronic treatment with amiodarone reduced Inax by 33% (Gray et al.,
1998) and exerted a strong inhibition of Ix; (Guillemare, Marion and Gautier, 2000). I found Ix; crucial
for AF maintenance (as in Chapter 6), so that when chronic amiodarone considered progressive Ik

block, success rates of 72-89% were observed, matching clinical trials (Bash ez al., 2012).
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Virtual flecainide administration also showed consistency between the simulated efficacy, i.e., 48-78%,
and the success rate observed in clinical trials, i.e., 46% (46/100 patients (Pohjantihti-Maaroos et al.,
2019)), 59% (20/34 patients (Botto et al., 1994)), and 75% (52/69 (Boriani et al., 1998)). Different
degrees of Ina inhibition were considered, including high degrees of block observed at fast activation
rates (Moreno et al., 2011). Accordingly, I observed an increase in flecainide efficacy with increasing
Ina block, particularly in atria with low Ina. In patients with Ina down-regulation, additional Iy, inhibition
(i.e., flecainide) could pose a risk to the normal electrical conduction. However, the sever In. block
exerted by flecainide in this study would only be expected at very high atrial rates (i.e., those observed
during fibrillation). Under these high rates, flecainide application might even result in a complete loss
of tissue excitability, as seen in atrial trabeculae after the application of compounds with a strong rate-
dependent I, block (Wettwer e al., 2013). Conversely, a minimal In, block, and thus preserved

conduction, would be expected during normal sinus rhythm (i.e., lower atrial rates).

A similar dose-dependent increase in the success rate derived from progressive Inak inhibition (i.e.,
virtual digoxin administration). Digoxin is however administered at low doses, due to the toxicity
associated with cardiac glycosides (Bueno-Orovio et al., 2014) Nevertheless, while observational
studies have reported an increased mortality with high plasma levels of digoxin (Hindricks et al., 2021),
a recent randomized controlled trial reported a lower rate of adverse events with low-dose digoxin
compared to bisoprolol (B-blocker) in patients with permanent AF and heart failure (Kotecha et al.,
2020). In this study, low-dose digoxin (i.e., 5 nM and 30% INaK inhibition) had only a 25% efficacy,
consistent with its current use as rate control, rather than rhythm control (Hindricks et al., 2021).
However, digoxin-induced Inax inhibition and the subsequent excitability reduction, hold potential for
terminating re-entrant drivers (as also shown in Chapter 6), especially if combined with other

antiarrhythmics drugs
8.5.2. Fibrillation drivers are not exclusive of scarred areas

I identified small and patchy LVAs as the preferred location for these re-entrant drivers. The
predisposition of rotational activity for LVAs has been widely demonstrated, both in clinical
(Honarbakhsh et al., 2019) and simulation studies (Azzolin et al., 2023). This, together with the high
prognostic value of LVAs for predicting AF recurrence after catheter ablation (Masuda et al., 2020), led
to consider ablation of LV As as an attractive personalized approach (Junarta et al., 2022). Nevertheless,
as mentioned in section 2.3.2, only ERASE AF (Huo ef al., 2022) has shown superiority to PVI in
persistent AF patients, after VOLCANO (Masuda et al., 2020) and STABLE-SR-II (Yang et al., 2022)

reported no beneficial impact in neither paroxysmal nor persistent AF, respectively.

Furthermore, presence of LVAs might not necessarily correlate with AF drivers (Kircher et al., 2018).
LVAs show low specificity detecting AF sources, with only a small LVA proportion harbouring

proarrhythmic potential (Chen et al., 2019). This is, while transient rotational activity might localize
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within LVAs, not all LVA regions might be associated with rotational activity. Similarly, in this study
I found that large and scattered LVAs had a passive role on AF perpetuation, with high atrial activity

arising only within small LVAs.

This is in agreement with previous simulation studies (McDowell ef al., 2015; Roney et al., 2016),
observing that large degrees of fibrosis prompted wavefront meandering and loss of anchors. However,
as opposed to these studies, I did not find spontaneous termination under such conditions, since large
LVA infiltration in the left atrium yielded rotor drift towards the right atrium. The latter chamber,
modelled as structurally-healthy tissue, always presented high atrial activity (i.e., high-frequency
regions). Indeed, I commonly observed atrial activity of higher frequency in structurally-healthy
regions, with functional rotors coexisting with rotors anchored to areas of scarring. This has been
previously attributed to a hierarchical organization in activation frequency (Atienza et al., 2006), with

high-frequency sources most likely harbouring functional rotors (Rodrigo ef al., 2014).

The coexistence of rotors in structurally-healthy and structurally-remodelled areas could explain the
lack of beneficial impact of LVA ablation in paroxysmal AF patients. In (Masuda et al., 2020), the
authors suggested that the presence of LVAs in these patients underlined a natural predisposition to
develop an arrhythmogenic substrate, which could promote AF even post-ablation (Masuda et al., 2020).
Further explanations considered the primary role of triggered ectopy compared to arrhythmogenic
substrate on paroxysmal AF (Masuda et al., 2020; Junarta et al., 2022). Here, however, I present an
additional hypothesis to the lack of efficacy of LVA ablation, based on the assumption that the structural
substrate is not the only arrhythmogenic perpetuator. As illustrated in this study, re-entrant sources
arising in structurally-healthy regions may sustain AF, even when presented together with rotors

anchored to structural heterogeneities.
8.5.3. Ionic current dysregulation is crucial for AF maintenance

Several ionic current dysregulations contributed to the stabilization of the above-mentioned functional
drivers, namely, the down-regulation of Icar and the up-regulation of Ik, I and Inak. Indeed, atria
presenting this ionic current substrate sustained AF irrespective of the LVA distribution. Numerous
simulation studies (Morgan et al., 2016; Zahid et al., 2016; Boyle et al., 2019) have regarded fibrosis as
the main determinant of AF inducibility, maintenance and overall dynamics. Conversely, in this
population of virtual patients, while LVAs influenced AF dynamics, the ionic current substrate played
a crucial role. Clinically, AF inducibility and maintenance have proven common in human patients
without structural heart disease (Kumar et al., 2012). Therefore, despite the central role of the structural
remodelling on AF perpetuation, a more complex interaction between structural and functional

perpetuators is likely to dictate AF dynamics (Heijman, Linz and Schotten, 2021).

As in my simulations, previous studies highlighted the role of Ix; on rotor stabilization and AF

acceleration (Atienza et al., 2006; Pandit and Jalife, 2013). More specifically, decreased Ic.. and
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increased Ix; have been considered the primary electrical remodelling causing a progressive increase in
the dominant frequency in paroxysmal AF (Martins et al., 2014). Similarly, I found that Ix; up-regulation
increased AF dominant frequency, independently of additional ionic current dysregulations. This
increase was further exacerbated when combined with Ica. down-regulation, with both ionic current

dysregulations yielding high-frequency f-waves in the ECG.

8.6. Conclusion

The in-silico trial conducted in Chapter 8 has further demonstrated consistency between simulated and
clinical results, and that the ionic current substrate of the atria modulates pharmacological treatment.
Accordingly, assessing the individual atrial ionic current profile could yield an optimal stratification of
patients to specific antiarrhythmic drugs. In this regard, the analysis of the ECG holds potential for non-

invisibly characterising the ionic current profile (further evidence provided in Annex III).

However, this chapter only considered structurally-remodelled left atrium, since many studies have
reported that the extent of LVAs in the left atrium has prognostic value for predicting AF recurrence
after pulmonary vein isolation (Masuda et al., 2020). Nevertheless, findings may be determined by the
relative distribution of LVAs between the atria, so that future studies should consider accurate LVA
infiltration in both the right and left atrium. Similarly, while I considered different LVA distributions in
the left atrium, all simulations were performed with the same atrial anatomy. The structural remodelling
of the atria is also associated with variations in atrial shape and size. Therefore, the following chapter
considers a population of virtual patients with anatomical variability and presence of bi-atrial LVA

remodelling.
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CHAPTER

IN-SILICO TRIALS GUIDE OPTIMAL
STRATIFICATION OF AF PATIENTS TO
PHARMACOLOGICAL AND
CATHETER ABLATION THERAPIES

As mentioned in Section 2.3.2, PVI is the most effective therapy for paroxysmal AF. However,
half of patients with persistent AF experience recurrence after PVI, and no consensus is
established for second treatments. In this chapter, I conducted in-silico trials with 12 additional
treatments in a population of virtual patients presenting AF despite PVI. The population
considers human-representative variability, which allows informing the stratification of patients
with AF recurrence after PVI to optimal pharmacological and ablation therapies. The original

work can be found in: “Dasi et al., (2024), EP Europace. DOI: 10.1093/europace/euael 50.

9.1. Summary of the study

A cohort of 800 virtual patients, with variability in atrial anatomy, electrophysiology, and tissue
structure (LVAs), was developed and validated against clinical data from ionic currents to ECG. Virtual
patients presenting AF post-PVI underwent 12 secondary treatments. Sustained AF developed in 522
virtual patients after PVI. In-silico trials reproduced the outcome reported in clinical trials and studies
and provided mechanistic explanations to treatment success. Second ablation procedures involving left
atrial ablation alone showed 55% efficacy, only succeeding in small right atria (<60mL). When
additional cavo-tricuspid isthmus ablation was considered, Marshall-Plan sufficed (66% efficacy) for
small left atria (<90mL). For bigger left atria, a more aggressive ablation approach was required, such
as anterior mitral line (75% efficacy) or posterior wall isolation plus mitral isthmus ablation (77%
efficacy). Virtual patients with LVAs greatly benefited from LVA ablation in the left and right atria
(100% efficacy). Conversely, in the absence of LVAs, synergistic ablation and pharmacotherapy could
terminate AF. In the absence of ablation, the patient’s ionic current substrate modulated the response to

drugs, being the inward currents critical for optimal stratification to amiodarone or vernakalant.
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9.2. Introduction

Persistent AF patients experience 50% recurrence after PVI (Verma et al., 2015), suggesting an
additional substrate for arrhythmia beyond pulmonary venous ectopic triggers. Nevertheless, since
additional empirical ablation has not demonstrated incremental benefit in large clinical trials (STAR AF
II (Verma et al., 2015), or CAPLA (Kistler et al., 2023)), PVI remains the recommended ablation
strategy at the first procedure (Betts ef al., 2023). In patients who experience AF recurrence despite

durable PVI (Benali et al., 2023), there is no consensus regarding the optimal further treatment strategy.

As mentioned in section 2.3.2, novel ablation strategies (i.e., Marshall-Plan (Derval et al., 2021),
MiLine (Bergonti, Spera, Ferrero, Nsahlai, Bonomi, Boris, et al., 2023), and LVA ablation (Huo ef al.,
2022)) have shown promising results. However, these strategies rely on extensive ablation lesions or are
counter to the paradigm of patient-specific ablation. Thus, the ability to accurately stratify patients with
AF recurrence after PVI to those requiring extensive versus minimal substrate modification, those
benefitting from empirical versus functional ablation, and those who may be optimally treated only with
additional antiarrhythmic drug therapy, would be of tremendous clinical value but remains a major

challenge.

The aim of this study was to provide evidence for the optimal stratification of patients with AF

recurrence after PVI to 12 state-of-the-art pharmacological and ablation therapies.

9.3. Methods

9.3.1. Overview of study design

A total of 800 virtual AF patients with durable PVI underwent a non-pulmonary vein-based AF
induction protocol. The subset with sustained arrhythmia despite PVI were then subjected to 12
independent further treatments for AF (Figure 9.1). This served to identify specific subgroups of
patients that, based on their clinical characteristics, were most likely to respond to a specific treatment.
These clinical features were used to inform a decision algorithm for the optimal stratification of AF

patients to specific catheter ablation strategies and/or antiarrhythmic drug therapies.
9.3.2. Virtual AF patients

The cohort of 800 virtual AF patients was designed to have variability in anatomy, electrophysiology,
and tissue structure, based on human data and recreating the heterogeneity encountered in clinical
practice (Figure 9.1). In line with STABLE-SR-II (Yang et al., 2022), one-half of the cohort was
modelled without LVAs. These 400 virtual AF patients were developed combining 40 widely-variable

ionic current profiles with 10 population-representative atrial anatomies.
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Anatomical variability. The atrial anatomies in the virtual cohort were selected to span volume ranges
associated with AF recurrence (right and left atrial volume [80, 148] mL and [65, 112] mL, respectively

(Lang et al., 2015)). Thus, the 10 atrial anatomies presented in Section 4.2.2.1 were considered.

Electrophysiological variability. Forty atrial cardiomyocyte profiles were identified to mimic
variability in experimental recordings. An initial population of 60 atrial cardiomyocyte models was
created as described in section 4.1.2. From the initial population, 40 cardiomyocyte models captured
the action potential characteristics of right atrial trabeculae from persistent AF patients (Sanchez et al.,
2014). Each of these 40 cardiomyocyte models, representative of the right atrial tissue, was scaled to
reflect electrophysiological heterogeneities in six atrial regions, as described in section 4.2.1. Every
virtual patient presented a unique combination of ionic current profile and atrial anatomy, resulting in
400 human bi-atrial models with variability in anatomy and electrophysiology (Figure 9.1). Regional
heterogeneities in conduction velocity and anisotropy were also included, setting the baseline plane
wave velocity to 80 cm/s in the bulk tissue. After considering variability in the ionic current profile (e.g.,
+50% variation in Ix. density), the population of virtual patients had a conduction velocity in the bulk

tissue ranging between 58.8 and 102.5 cm/s (86.9+18.3 cm/s; median & IQR).

Structural variability. To develop the other half of the cohort, each of the 400 virtual patients was
duplicated into a version that considered LVAs. LVAs occupied at least 15% of the left atrium, as this
LVA extension has been associated with AF recurrence in patient with persistent AF (Bergonti, Spera,
Ferrero, Nsahlai, Bonomi, Tijskens, et al., 2023). Moreover, the same degree of LVAs was modelled in

the right atrium, since structural remodelling occurs in both atria (Hopman et al., 2023).

To incorporate LV As, the bi-atrial electro-anatomical maps of 20 (85% persistent) AF patients (Pope et
al., 2021) were registered to the endocardial surface of the bi-atrial statistical shape model. Then, the
bipolar voltage data of all 20 patients were superimposed into the same atrial geometry to build a
probabilistic LVA map, i.e., identifying those atrial regions most likely to undergo LVA remodelling.
These most probable areas were assigned to be LVA until 15% of the left and right atrium was
remodelled. Finally, the LVA distribution created in the bi-atrial statistical shape model was extended
to the 10 atrial anatomies. Figure 9.1 shows the 15% LVA extension in the right and left atrium in a

representative anatomy. LV As were simulated as described in section 4.2.2.2.

Pulmonary vein isolation and AF induction. To simulate AF recurrence after PVI, the pulmonary
veins of virtual patients were isolated before applying the AF induction protocol. PVI was modelled as
in (Roney et al., 2022), considering a wide circumferential ablation. For consistency across different
atrial anatomies, the circumferential ablation was applied at the minimum distance from the veins that
enabled their complete isolation. The ablation lesions were modelled by making cells of the atrial mesh

unexcitable.

85



After the virtual application of PVI, spiral wave re-entries were imposed in the atria as the initial
conditions of the simulation and AF dynamics were analysed for 7 s of activity. This protocol, described

in section 4.3, mimicked AF initiation from non-specific triggers outside the pulmonary veins.
9.3.3. In-silico trials

Virtual patients with uninterrupted arrhythmia (i.e., > 7 s of organized flutter or AF) after PVI were
independently subjected to nine ablation strategies and two antiarrhythmic drugs. Two additional drugs

were applied after ablation if arrhythmia sustained for all ablation procedures (Figure 9.1).

The ablation strategies considered: (i) Posterior wall isolation, PWI (Kistler et al., 2023) (ii)) PWI plus
mitral isthmus (MI) line, PWI+MI; (iii) PWI+MI plus cavo-tricuspid isthmus line (CTI), PWI+MI+CTI;
(iv) Anterior mitral line, MiLine (Bergonti, Spera, Ferrero, Nsahlai, Bonomi, Boris, ef al., 2023); (v)
MiLine+CTI; (vi) Marshall-Plan (Derval et al., 2021); and (vii-ix) ablations of LVAs in three steps:
only isolating LVAs in the left atrium, as in STABLE-SR-II (Yang ef al., 2022) and ERASE-AF (Huo
et al., 2022), together with CTI block, and with CTI block and right atrial LVA ablation. Two drugs
could be applied on top of the ablation procedure: amiodarone 1.5 uM and digoxin 10 nM.

The pharmacological arm considered: (i) amiodarone 3.0 uM; and (ii) vernakalant 30 uM. Drug action
was simulated as a simple pore-block model, considering the doses within the therapeutic plasma

concentration. Table 9.1 shows the percentage of ionic current block.

Table 9.1. Ionic current block (%) exerted by the antiarrthythmic drugs.

. Ionic current block (%)
Treatment (concentrations)

Kur Ikr Ito Ik1 Iks IcaL Inak Incx INa
Amiodarone (1.5 M) - 40 - - 30 - - 30 20
Amiodarone (3.0 uM) - 70 30 20 50 - 40 50 50
Vernakalant (30 M) 70 60 70 - - 20 - - 70
Digoxin (5 nM) - - - - - - 30 - -
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Figure 9.1. Top) Study design: virtual patients with AF despite PVI are subjected to second procedure treatments.
Bottom) Population of 400 virtual patients with absence of LVAs: Forty cardiomyocyte (CM) models,
representative of right atrial tissue, are considered. The 40 ionic current profiles, with consideration of regional
heterogeneities, are used to populate 10 atrial anatomies, resulting in 400 human atria. The cohort is extended to
800 virtual patients by adding LVAs into each of the 400 atria, using a probabilistic LVA map derived from 20
AF patients. A representative model with 15% LVA extension in the right and left atrium is shown. Abbreviations.
RA-LA: right and left atrium; RAA-LAA: RA and LA appendage; SCV-ICV: superior and inferior cava vein; rs-
ri-Is-li-PV: right superior, right inferior, left superior and left inferior pulmonary vein; CS: coronary sinus.
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9.4. Results

9.4.1. Primary outcome

Sustained arrhythmia (i.e., organized flutter or AF) occurred in 522 (65%) virtual patients despite PVI
(243 and 279 with absence and presence of LVA, respectively; the type of arrhythmia observed with
and without LV As is explained below). Table 9.2 summarizes the efficacy of each treatment according

to presence of LVAs, and compares the efficacy obtained in-silico and in clinical studies.

Table 9.2. Efficacy of second strategies according to presence of LVAs. Comparison between in-silico and clinical
trials. Abbreviations. PWI: Posterior wall isolation; MI: Mitral isthmus ablation; CTI: Cavo-tricuspid isthmus
ablation; MiLine: Anterior mitral line; LVALA—LVARra: Ablation of LVAs in the left (LA) and right atrium (RA).

Number of patients free from arrhythmia after treatment (N (%)) |
In-silico trials Clinical trials /studies
Treatment
absence LVAs  presence LVAs Total o
(N=243) (N=279) (N=522) N (%) Name
Amiodarone 160 (66%) 140 (50%) 300 (57%) 65 (61%) AMIO-CAT
Vernakalant 135 (56%) 163 (58%) 298 (57%) 60 (52%) AVRO
PWI 10 (4%) 0 (0%) 10 (2%)
89 (52%) CAPLA
PWI+MI 127 (52%) 146 (52%) 273 (52%)
147 (74%) Lietal., 2023
PWI+MI+CTI 187 (77%) 217 (78%) 404 (77%) 36 (80%) Davong et al., 2023
Marshall-Plan 182 (75%) 170 (61%) 352 (67%) 54 (72%) Marshall-Plan
MiLine 130 (53%) 152 (54%) 282 (54%) 69 (63%) MiLine Study
MiLine+CTI 186 (77%) 206 (74%) 392 (75%)
29 (57%) ERASE-AF
- o, -
LVALs 156 (56%) 46 (65%)  STABLE-SR-II
LVALA+CTI - 222 (80%) - - -
LVALArA+CTI - 279 (100%) - - -

In the cohort of 552 virtual patients with AF after PVI, additional PWI had no incremental benefit, in
agreement with CAPLA (Kistler et al., 2023), and arrhythmia only stopped in 2% of cases. Higher
success rates were observed when PWI was applied together with mitral isthmus (PWI+MI) and cavo-
tricuspid isthmus ablation (PWI+MI+CTI): 52% and 77%, respectively. Similar efficacies derived from
the virtual application of MiLine and MiLine+CTI: 54% and 75%, in agreement with 63% reported
clinically (Bergonti, Spera, Ferrero, Nsahlai, Bonomi, Boris, et al., 2023). Virtual Marshall-Plan
prevented 67% of AF cases, comparable to 72% observed in human patients (Derval et al., 2021).
Finally, LVA ablation was applied in the 279 virtual patients with LVA remodelling, and 56%, 80%
and 100% efficacy were observed for LVA ablation in the left atrium (LVALA), together with cavo-
tricuspid isthmus block (LVApa+CTI) and LVA ablation in the right and left atrium
(LVALAtCTIH+LVARa), respectively. Regarding the antiarrhythmic drug arm, both amiodarone and
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vernakalant had a success rate of 57%, as observed clinically (Hindricks et al., 2021). The credibility of

in-silico trials is supported by the overall agreement with the efficacy reported in clinical trials.
9.4.2. Arrhythmia despite PVI

Two-hundred forty-three virtual patients with absence of LVAs had inducible arrhythmia despite PVI.
In 57% (137 of the 243) this was an organised atypical flutter around the rings of the isolated veins,
whilst in 43% it was AF. AF was facilitated by shorter tissue refractoriness (172.3£13.0 vs. 230.6+47.7
ms; virtual patients with AF vs. flutter, respectively; mean + SD) and a larger right atrium (i.e., AF
proportion increased by 0.21% per mL increase in right atrial volume). The latter enabled sustained
arrhythmia in virtual patients with faster conduction velocity (95.0+£6.1 vs. 75.3+5.7 cm/s; mean wave
velocity in the bulk tissue observed in virtual patients with right atrial volume bigger vs. smaller than

90 mL, respectively).

LVA remodelling increased the proportion of virtual patients sustaining AF to 60% (166 of the 279),
whilst the remaining 40% had organized flutter. Figure 9.2 illustrates representative LVAs in the left
and right atrium associated with lower and higher proarrhythmic potential. An increase in arrhythmia
complexity owed to a higher amount of pathological conduction patterns located in LV As. Furthermore,
the proarrhythmic potential of LVAs depended on the atrial refractoriness, modulated by the ionic

current variability and the resulting electrophysiological substrate.

AF drivers (i.e., sources of electrical activity with the fastest activation time) were observed within
LVAs only in virtual patients with the shortest refractoriness (168.5£12.1 ms). When these patients
additionally presented slower conduction velocity (75.3£5.7 cm/s), rotors anchored to smaller LVAs
(Figure 9.2, top). On the other hand, rotors were observed in bigger LVAs (Figure 9.2, middle) for
virtual patients with higher conduction velocity (95.0+6.1 cm/s). Throughout the population, rotors only
anchored to dense and more spherical LVAs that presented healthy myocardium in their surroundings
(Figure 9.2, bottom). In virtual patients with longer refractoriness (237.8+46.6 ms), drivers were
observed in healthy myocardium, and LVAs contributed to AF perpetuation by creating localized
irregular activity (i.e., changes of wavefront direction). In these patients, AF maintenance and the

success of ablation therapy were determined by the right and left atrial volumes, as discussed below.
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Figure 9.2. Proarrhythmic potential of LV As. Re-entrant drivers anchored to smaller LV As in virtual patients with
short refractoriness and slow conduction velocity. Virtual patients with higher conduction velocity showed rotors
within bigger LVAs. Rotors only anchored to LVAs that presented enough healthy myocardium in their
surroundings. Higher proarrhythmic potential derived from more spherical rather than elongated LVA shapes.
Abbreviations. RA-LA: right and left atrium; RAA-LAA: RA and LA appendage; SCV-ICV: superior and inferior
cava vein; rs-ri-Is-li-PV: right superior, right inferior, left superior and left inferior pulmonary vein; MV-TV:
mitral and tricuspid valve; CS: coronary sinus.

9.4.3. Catheter ablation as second procedure treatment

The success of second ablation procedures was determined by the extent of bi-atrial enlargement and
presence of LVAs. Thus, positive ablation outcomes derived from targeting anatomic and functional
structures in the left and right atrium. Indeed, the importance of additional right atrial ablation is

evidenced by comparing the efficacy of strategies that considered CTI ablation (Table 9.2).
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Additional benefit of cavo-tricuspid isthmus block. Fifty percent of virtual patients presented
sustained arrhythmia when only left atrial ablation was considered, regardless of the ablation extent
(52%, 54% and 56% arrhythmia freedom after PWI+MI, MiLine and LV A ablation, respectively). As
explained below, small differences in the efficacy of these strategies regarded whether drivers could still
arise in the left atrium post-ablation. Patients with sustained arrhythmia after left atrial ablation were
characterized by bigger right atria: no arrhythmia was observed for right atrial volumes lower than 60
mL, and a 40% probability of sustained arrhythmia arose for volumes higher than 100 mL. These
patients additionally presented short refractoriness (172.3£13.0 ms), so that right atrial drivers could

still perpetuate AF after extensive left atrial ablation.

On the other hand, 67-80% efficacy derived from additionally considering CTI block (67%, 77%, 75%
and 80% arrhythmia freedom after Marshall-Plan, PWI+MI+CTI, MiLine+CTI and LVApA+CTI,
respectively). Noteworthy, only 10% of virtual patients where CTI block was successful had originally
flutter alone. The other 90% showed a stable macro-re-entry, anchored to an anatomical structure of the
right atrium, which potentiated other forms of complex arrhythmias such as unstable rotors anchored to
LVAs (Figure 9.3A), meandering throughout the right atrial body (Figure 9.3B) or breaking into
wavelets (Figure 9.3C). When the macro-re-entry was eliminated through CTI block, unstable rotors

spontaneously vanished.

A) Unstable rotors around LVA B) Unstable rotors around the RA body C) Wave breakups

Transmembrane
Voltage (m
-75 i 15

Figure 9.3. Snapshots of complex arrhythmias sustained by the presence of a macro-re-entrant circuit. The arrows
show the direction of rotation. One arrow represents unstable rotors (i.e., rotors that vanish if the macro-re-entry
is terminated), and two arrows a macro-re-entrant circuit. Abbreviations. RA-LA: right and left atrium; RAA-
LAA: RA and LA appendage; TV: tricuspid valve; SCV-ICV: superior and inferior cava vein; rs-ri-Is-li-PV:
right superior, right inferior, left superior and left inferior pulmonary vein; MiLine: anterior mitral line of block;
MI: mitral isthmus line of block.
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When CTI block was applied, the success of left atrial ablation depended on the ablation strategy

considered, tissue refractoriness and presence of LVAs. Figures 9.4A-D illustrate representative
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examples of unsuccessful ablation for the ablation strategies that considered CTI block. Figure 9.4E
shows the number of virtual patients with left vs. right atrial drivers, while Figure 9.4F separates the

latter between drivers anchored to LV As or drivers present in healthy myocardium of the right atrium.

Marshall-Plan. Marshall-Plan had a 75% efficacy in virtual patients with absence of LVAs (Table 9.2).
The lines of block considered by Marshall-Plan (i.e., dome and mitral isthmus) prevented all arrhythmias
in virtual patients with a left atrial volume lower than 90 mL. However, since no ablation lines were
applied in the roof or anterior wall, where rotors preferentially located (Figure 9.4Ai-ii), the proportion
of AF increased by 0.15% per mL increase in left atrial volume. The efficacy of Marshall-Plan worsened
with LVA presence (61%, Table 9.2), since more virtual patients presented drivers anchored to LVAs
in the left atrial anterior wall (Figure 9.4Aii). In total, 24 and 69 virtual patients with absence and

presence of LV As, respectively, presented drivers in the left atrium.

MiLine+CTI. Compared to Marshall-Plan, anterior mitral line prevented the formation of rotors in the
anterior wall of the left atrium for both patients with absence and presence of LVAs. However, after
applying MiLine, 6 and 24 virtual patients with absence and presence of LVA, respectively, still
presented left atrial drivers. The 6 virtual patients with absence of LVAs had a left atrial volume bigger
than 140 mL, which facilitated rotor anchoring in the posterior wall (Figure 9.4Bi). The 24 virtual
patients with LVAs had varying left atrial sizes (100.5+54.5 mL), but all of them presented very short
refractoriness (168.5+12.1 ms). Rotors also appeared in the posterior wall, anchored to small LVAs

(Figure 9.4Bii). For longer refractoriness, MiLine was very effective even for large left atria.

PWI+MI+CTI. When applied with cavo-tricuspid isthmus block, posterior wall isolation plus mitral
isthmus ablation had a similar efficacy in virtual patients with absence and presence of LVA: 77 and
78%, respectively. In the absence of LV As, drivers were mainly located in the right atrium, but unstable
rotors appeared in the anterior wall of the left atrium (Figure 9.4Ci). In this subgroup, the proportion of
AF increased with increasing right atrial volume (0.16%/mL). Conversely, in the subgroup of virtual

patients with LVAs, 18 presented stable left atrial drivers in the anterior wall (Figure 9.4Cii).

LVApLA+CTI. Ablation of LVAs prevented all left atrial drivers, showing the highest success rate in the
subgroup of virtual patients with LV As. Fifty-seven patients still had sustained arrhythmia, due to right
atrial drivers (Figure 9.4Dii, 9.4E).

Arrhythmia despite left atrial ablation and cavo-tricuspid isthmus block. Despite extensive left
atrial ablation and CTI block, these four strategies had an efficacy of 67-80% since drivers could still
arise primarily in the right atrium (Figure 9.4E). In the subgroup of patients with presence of LVAs,
drivers were mostly anchored to LVAs (Figure 9.4F). Furthermore, even when drivers located in
healthy myocardium of the right atrium, LVAs helped perpetuating the arrhythmia. Consequently, a
prevention of 100% was observed after ablating LVAs in the right and left atria plus additional CTI
block.
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In the subgroup with absence of LVA, 56-61 virtual patients presented right atrial drivers despite left
atrial ablation and CTI block (Figure 9.4E). In this subgroup no further ablation was considered, since
non-focal rotors meandered throughout the right atrial body. Conversely, additional pharmacological
treatment successfully stopped the arrhythmias. Low dose amiodarone (i.e., 40% Ik, inhibition) was

successful in virtual patients with absence of LVAs when applied on top of the ablation.

A) Marshall-Plan B) MiLine+CTI C) PWI+MI+CTI D) LVALA+CTI

Rotor LA | | Rotor LA posterior wall Rotor LA anterior wall
anterior wall
o rsPV Transmembrane
-75 \Voltage (mV) 15

i. Absence of LVA

Rotors LVA posterior and

Pvd® anterior wall
ri ' ‘)‘
Aw/\

CV

ii. Presence of LVA

E) Number of virtual patients with LA vs. RA drivers F) Number of patients with RA drivers in LVA
1201 LA 60 [IDrivers RA body
ok Absence LVA Presence LVA EERA [Drivers RA LVA
80F 40 Il 21
60} 6 y ( 7| 28| 15
6 8 a. Marshall-Plan
40+ 20 b. MiLine+CTI
5ok y ol 2a 026l 28 c. PWI+MI+CTI
- o o d. LVAL+CTI
a) b) ¢ a b)) ¢ d a b)) ¢ d

Figure 9.4. Examples of unsuccessful ablation for the strategies considering CTI block. A) Re-entrant drivers (the
arrows show the direction of rotation) in the anterior and posterior wall of the left atrium after Marshall-Plan. B)
Rotors in the posterior wall after anterior mitral line (MiLine). C) Drivers in the anterior wall after posterior wall
isolation and mitral isthmus ablation (PWI+MI). D) Ablation of LVAs in the left atrium (LVALa) prevents left
atrial drivers, but right atrial drivers may exist. E) Number of virtual patients presenting left atrial vs. right atrial
drivers. F) Number of virtual patients with right atrial drivers in healthy myocardium vs. anchored to LVA.
Abbreviations. RA-LA: Right and left atrium; RAA-LAA: RA and LA appendage; SCV-ICV: Superior and
sinferior cava vein; rs-ri-Is-li-PV: Right superior, right inferior, left superior and left inferior pulmonary vein.

9.4.4. Antiarrhythmic drugs as second procedure treatment

When antiarrhythmic drugs were virtually-tested post-PVI in the absence of further ablation procedures,

the ionic current substrate of the atria determined the response to pharmacological treatment.
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Amiodarone. Amiodarone prevented all arrhythmia in atria presenting longer refractoriness
(230.7+51.4 ms), resulting from higher Icar density (0.13+£0.08 vs. 0.08+£0.02 S/mF; responders vs. non-
responders; median + IQR). For shorter refractoriness, the success rate of amiodarone was also
influenced by the structural substrate (i.e., atrial volume and LVA infiltration). LVA infiltration
hampered amiodarone efficacy (66% and 50% for absence and presence of LVAs, respectively).
Moreover, 88% (73/83) and 82% (114/139) of non-responders with absence and presence of LVAs,
respectively, were characterized by a bi-atrial volume bigger than 200 mL. Thus, amiodarone was less

efficacious in virtual patients with short refractoriness, big atria and presence of LVAs.

Vernakalant. Vernakalant increased post-repolarization refractoriness through In, block and thus,
virtual patients with In. up-regulation were less likely to respond to vernakalant (5.2+1.8 vs. 9.1+£1.8
S/mF; responders vs. non-responders). Unlike amiodarone, the efficacy of vernakalant was not
influenced by atrial size or LVA infiltration (56% and 58% efficacy for absence and presence of LVA,

respectively), but by the excitability (i.e., Ina expression) of virtual AF patients.
9.4.5. Key patient characteristics and proposed decision algorithm

Decision trees. In an attempt to rationalise the findings of our large-scale simulation study, three
decision trees were built: one for the selection of optimal ablation therapy in virtual patients with
absence of LVA, one considering ablation in virtual patients with LVA, and one for optimal drug therapy
in the entire cohort. In all three cases, key patient characteristics were used as features. Therefore, the
complete dataset considered 522 items (i.e., 522 virtual patients with sustained AF), and 12 attributes
(i.e., nine ionic current densities, right and left atrial volumes, and tissue refractoriness). The datasets
for ablation therapy considered the same number of attributes (i.e., patient characteristics) but included
243 and 279 items for virtual patients with absence and presence of LVA, respectively. The vector of
labels was constructed by assigning to each virtual patient (i.e., rows) the least aggressive treatment that

terminated AF (e.g., the strategy that considered less tissue ablated).

Figure 9.5 illustrates decision algorithms built using the entire dataset of features and the MATLAB
function fitctree. In this scenario, the trees included many branches (especially for ablation of virtual
patients without LVA), since the algorithm tried to provide optimal stratification for every virtual patient
in the dataset (i.e., overfitting). However, a careful examination of the trees allowed identifying key
patient characteristics determining optimal stratification. For example, in both ablation trees, virtual
patients with a right atrial volume below 61 mL or longer tissue refractoriness (>195-200 ms) were
stratified to left atrial ablation alone (Figure 9.5, LVALa and MiLine). This is not surprising since, as
mentioned in Section 9.4.2, virtual patients with long tissue refractoriness presented atypical flutter in

the left atrium. Moreover, larger right atria prompted the appearance of rotors in this chamber.

Therefore, virtual patients with LVA and bigger right atria (>61 mL) were stratified to additional CTI,
which could be applied alone or together with LVA ablation in the right atrium (LVARra). In this sense,
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the algorithm identified a refractory period shorter than 165—175 ms for selecting the most aggressive
approach (LVALA+CTI+LVARa).

Decision tree for optimal
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Figure 9.5. Data-driven decision algorithm for optimal stratification of persistent AF patients to catheter ablation
and antiarrhythmic drug therapy. Abbreviations as in Table 9.2. The decision tree for optimal pharmacological

treatment considers the scaling factors (dimensionless) applied to the ionic current densities.
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In virtual patients with absence of LVA and larger right atrial volumes (> 61 mL), a left atrial volume
below 90 mL was indicative of successful Marshall-Plan (Figure 9.5, green box). Moreover, combined
Marshall-Plan and pharmacological treatment was selected in virtual patients with a refractory period
below 165 ms. On the other hand, larger left atrial volumes (>90 mL) suggested a more aggressive
ablation in the left atrium (i.e., MiLine). Indeed, the algorithm repeatedly identified MiLine or
MiLine+CTI as the ideal strategy in virtual patients with very large left atrial volumes (Figure 9.5,
purple boxes). Similar to Marshall-Plan, virtual patients with shorter refractory periods (<165 ms) were

stratified to combined MiLine+CTI and pharmacological therapy (Figure 9.5, blue boxes).

When pharmacological therapy was applied alone, the decision algorithm reiterated the results presented
in Section 9.4.4. Virtual patients with I, up-regulation (scaling factor for Gna > 1.0) were stratified to
Class Ic antiarrhythmics, and amiodarone was selected in virtual patients presenting longer

refractoriness (>165 ms) and Ica. up-regulation (scaling factor for Gear > 0.9).

Random Forest. The complete datasets used in Figure 9.5 were subsequently split into 70-30% training
and testing data, respectively, through a hold-out cross-validation approach. A Random Forest classifier
was trained using MATLAB’s function TreeBagger. Fifty trees were included in the forest, and the

prediction accuracy of the resulting classifier was assessed using the testing set.

After considering 10-fold cross-validation, prediction accuracies of 60-70% and of 70-80% were
obtained for the optimal stratification to catheter and pharmacological therapy, respectively.
Noteworthy, higher accuracies would have been obtained if the labels considered, not only the least
aggressive treatment that terminated AF but also, all treatments resulting in AF termination for a given

virtual patient. This, however, would have greatly increased the complexity of the generated trees.

In this sense, Figure 9.6 illustrates an updated decision algorithm, resulting from the combination of the
results presented in Figure 9.5 (i.e., machine learning) and the subjective assessment of key aspects not
captured by the machine learning approach (i.e., natural learning). Figure 9.6 has been developed in
order to provide an optimal stratification of the virtual patients considered in this study, and can be

further evaluated with additional clinical evidence in successive iterations.

Based on the simulation results, we propose that the algorithm first evaluates the presence of LVA (i.e.,
Figure 9.6— right arm of the algorithm), since their ablation yielded the highest prevention efficacy.
Patients with LVA and smaller right atria (<60 mL) benefit from LVA ablation in the left atria alone.
Conversely, right atrial ablation is required for bigger right atria. Patients with a right atrial volume
above 60 mL and short ERP (<170 ms) are optimally treated with LVA ablation in both the left and
right atria, with additional CTI block to prevent flutter-derived more complex arrhythmias (Figure 9.3).
In patients with big right atria but longer ERP, CTI block and LVA ablation in the left atrium are

sufficient to stop AF maintenance.
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In the absence of LVA (i.e., Figure 9.6 — left arm of the algorithm), the optimal empirical ablation
strategy is also dictated by the atrial volume. Atrial flutter is observed in patients with small right (< 60
mL) and left atria (< 90 mL). Thus, ablation should attempt to eliminate the specific re-entrant circuit.
For bigger right atria (> 60 mL), additional CTI ablation improvs AF prevention. Accordingly, within
the strategies considering CTI block, Marshall-Plan is sufficient for small left atria (< 90 mL), but a
more extensive ablation, such as MiLine+CTI or PWI+MI+CTI, is required as the left atrial volume
increases. In the cases of big left atria and small right atria (< 60 mL), the latter strategies without CTI

line (i.e., MiLine and PWI+MI) succeed in preventing AF maintenance.

Noteworthy, patients with absence of LVA but short ERP (< 170 ms) require synergistic
pharmacological (i.e., low-dose amiodarone) and ablation therapy. The optimal stratification to ablation
strategies is still dependent on the atrial volumes, as with patients with long ERP, but additional

antiarrhythmic drugs are needed to prevent AF maintenance.

When administered without catheter ablation, the efficacy of pharmacotherapy is determined by the
patient’s electrophysiological profile, being the inward currents (i.e., Ina and Icar) critical for optimal
selection of amiodarone or class Ic agents (i.e., vernakalant). Due to the current inability to characterise
the patient’s ionic current profile on the fly, the stratification to antiarrhythmic drugs in Figure 9.6 has

been represented with dashed lines.
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volume
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Figure 9.6. Decision algorithm for optimal stratification of persistent AF patients to catheter ablation and
antiarrhythmic drug therapy. Abbreviations as in Table 9.2.
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9.5. Discussion

In this study AF maintenance was evaluated in a population of 800 virtual patients presenting variability
in anatomy, electrophysiology and tissue structure. In this cohort, 522 virtual patients had inducible
arrhythmia after PVI, and were subjected to in-silico trials with 12 ablation and pharmacological
treatments. Key findings are: (i) Ablation strategies that only consider the left atrium have 52-56%
efficacy, and only succeed in virtual patients with small right atria (< 60 mL). (ii) With right atrial
ablation (i.e., CTI block), Marshall-Plan is sufficient for patients with small left atria (< 90 mL).
Conversely, for larger left atria, a more aggressive ablation approach is required, such as anterior mitral
line (MiLine) or posterior wall isolation and mitral isthmus ablation (PWI+MI). (iii) When patients
present LVA, ablation of LV As in both the left and right atrium has the highest efficacy. (iv) Conversely,
patients with absence of LV As that present arrhythmia despite right and left atrial ablation benefit from
additional pharmacological therapy (i.e., low-dose amiodarone). (v) In the absence of catheter ablation,
the efficacy of antiarrhythmic drugs is determined by the patient’s electrophysiological profile, being

the inward currents (i.e., Ina and Icar) critical for optimal selection of amiodarone or vernakalant.
9.5.1. In-silico trials using modelling and simulation for optimal AF treatment

Computer modelling and simulation has been widely used for testing optimal ablation therapies of in
virtual cohorts. Early work by (Hwang et al., 2014) showed the feasibility of applying virtual ablation
in a cohort of 20 virtual atria reconstructed from CT images of 20 (80% persistent) AF patients. The
authors virtually-tested three empirical ablations strategies and, in agreement with our study, concluded
that PVI applied together with roof, floor and anterior mitral line had the highest antiarrhythmic efficacy.
This work preceded a prospective clinical trial by the same group (Shim ef al., 2017), in which 108
(78% persistent) AF patients were randomly assigned to receive in-silico guided or standard-of-care
ablation. In the in-silico ablation group, the patient’s left atrium was reconstructed and five ablation
strategies were assessed. The strategy yielding the fastest AF termination in-silico was selected as
optimal therapy and applied in the actual patient. The study obtained non-inferiority of in-silico guided

ablation and showcased in-silico trials for guiding the selection of optimal AF therapies.

Further simulation studies (Roney et al., 2020; Azzolin et al., 2023) included personalization of both
the left atrial geometry and the patient-specific fibrotic distribution. Thus, the authors additionally
assessed virtual ablation of structurally-remodelled substrate (i.e., LVAs or fibrosis derived from late
gadolinium-enhancement MRI), which showed higher success rates than empirical ablation. Both
studies demonstrated that targeting AF-perpetuating areas (i.e., drivers), yielded the greatest freedom
from arrhythmia (i.e., 46% (Roney et al., 2020) and 40-80% (Azzolin et al., 2023)). In our study, we
have also observed the importance of LVA ablation for driver termination. However, after complete
isolation of left atrial drivers, we found that right atrial drivers sustained AF in ~40% of cases, not

considered in the above-mentioned studies. The importance of right atrial ablation has been illustrated
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by (Roney et al., 2023), in which bi-atrial ablation of fibrosis proved superior to left atrial ablation alone.
This was further supported by (Boyle et al., 2019) in which the optimal ablation of drivers in both atrial
chambers is now being tested in a randomized clinical trial (NCT04101539). In this study, 100 AF
patients are expected to undergo simulation-driven ablation, compared to the 800 virtual patients

included in our pilot study.

While all these works aimed to develop “digital twins” of the atria for precision medicine, they included
no variability in atrial electrophysiology. Failing to consider accurate tissue repolarization properties
might lead to believe (among others) that re-entrant AF drivers exclusively localize within regions of
structurally-remodelled tissue (Azzolin et al., 2023). In our study, variability in ionic current profiles
was considered, resulting in a whole spectrum of AF dynamics (i.e., focal re-entrant drivers anchored
to LVA, wave break-ups, unstable and meandering rotors etc.) for the same atrial anatomy and LVA
distribution. As shown in this population-based study, including variability in atrial electrophysiological
properties is crucial for both accurately phenotyping AF dynamics and properly stratifying patients to

optimal ablation and, specifically, pharmacological therapies.

The latter concept, patient stratification, is another aspect largely disregarded in both simulation and
clinical studies. The “one-size fits all” approach that is currently adopted for rhythm control of AF, and
the search for one best treatment, might explain the high recurrence rates reported in persistent AF
patients. Conversely, we have shown that the efficacy of AF therapy could be improved if optimal

patient stratification, based on key patient characteristics, is considered.
9.5.2. Efficacy of Efficacy of in-silico vs. clinical trials

Overall agreement between simulated and clinical results was observed, supporting credibility of the in-
silico trials. This is important since the results of clinical trials might be confounded by lack of lesion
durability, and failure could be due to healing and gaps in lines, rather than ineffective ablation strategy.
Conversely, 100% lesion effectiveness is guaranteed in-silico. Still, small differences were observed
between clinical and simulated results due to procedural differences. For example, most clinical studies
considered first procedure treatments. Therefore, the proposed strategy comprised the efficacy derived
from the elimination of pulmonary vein triggers (PVI), plus the added benefit of further lines of block
(PVI+). Conversely, our in-silico trials considered second procedure treatments, in which non-
pulmonary vein triggers were imposed in every virtual patient. Thus, PVI had no additional benefit,

which explained the lower efficacies generally observed in-silico.

This was the case for the virtual application of posterior wall isolation. A 52% efficacy was observed
in persistent AF patients treated with PWI in CAPLA (Kistler ef al., 2023), as compared to 2% obtained
in our study. The posterior wall shares a common embryological origin with the pulmonary veins and
thus, it is believed to be a focus of triggered activity. Accordingly, the high success of PVI+PWI might

be attributed to a complete elimination of ectopy. In our study, we mimicked a situation in which triggers
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arose everywhere in the atria, which could explain the low efficacy of simulated PWI. In agreement
with clinical studies (Saad and Slater, 2014), we observed a high proportion (51%) of virtual patients
with mitral isthmus dependent flutter after PWI.

Therefore, an important increase in the success rate derived from the virtual application of posterior wall
isolation together with mitral isthmus ablation. Efficacies of 73.5% and 80% have been reported
clinically after PWI+MI in a retrospective (Li ef al., 2023) and a small prospective study (Davong et al.,
2023). In the former study, 30 (15%) persistent AF patients treated with PWI+MI additionally received
ablation of atrial isthmus, including the tricuspid isthmus, and in the latter study, CTI ablation was
applied in 6 (13%) patients. Consistent with the clinical results, we observed 77% efficacy when

PWI+MI+CTI was considered.

A similar success rate (75%) derived from the virtual application of anterior mitral line and CTI
ablation. When MiLine was applied alone, 282 (54%) virtual patients were free of arrhythmia. While a
higher efficacy (62.7%) was observed clinically in a cohort of 110 persistent AF patients (Bergonti,
Spera, Ferrero, Nsahlai, Bonomi, Boris, ef al., 2023), 59 of them were treated with additional lines of
block (50 with posterior wall isolation and 9 roof line). Moreover, the patients in this clinical study were
carefully selected, so that MiLine was only applied in those presenting large LV As in the left atrial
anterior wall. In this case, MiLine regarded a patient-tailored approach, rather than an empirical ablation.
Consistent with the clinical study, we observed absence of AF drivers anchored to LVAs in the left atrial

anterior wall after the virtual application of MiLine.

In this sense, a complete elimination of LVA-dependent drivers derived from LVA ablation in both
atrial chambers. When LV A ablation was applied only in the left atrium, we observed a 56% success
rate, consistent with ERASE-AF (Huo et al., 2022). In the latter, from 51 patients with presence of LVAs
that underwent LVA ablation, 29 (57%) were free from arrhythmia. A slightly higher efficacy (65%)
was observed in STABLE-SR-II (Yang ef al., 2022), where recurrence occurred in 25 out of 71 patients
with presence of LVA. This might be attributed to the fact that not all LVAs harbour proarrhythmic

potential, as shown in this study, and PVI might be enough for preventing arrhythmia.

A slightly higher efficacy was also observed for Marshall-Plan in a prospective study (Derval ef al.,
2021) compared to our simulations (72% vs. 67%, respectively). The ablation set of Marshall-Plan was
the hardest to reproduce, since the vein of Marshall ethanol infusion could not be accurately modelled
in-silico. In VENUS (Valderrabano et al., 2020), adding vein of Marshall ethanol infusion proved to
reduce recurrence compared to PVI alone, which could explain the slightly lower efficacy of Marshall-
Plan observed in-silico. Nevertheless, since we incorporated mitral isthmus ablation, comparable
efficacies of 67% and 72% (54/75) derived from our simulations and clinically (Derval et al., 2021). In
the prospective study, 79% freedom from arrhythmia was observed in 68 patients presenting a complete

lesion set, consistent with the efficacy that we observed in virtual patients with absence of LVAs (75%).
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No subgroup analysis or proportion of LVAs is reported in the clinical study for comparison with our

simulations.

Likewise for pharmacological therapy, the success rate obtained after virtual administration of
amiodarone post-PVI (57%) agrees with the 61% (65/107) reported in AMIO-CAT (Darkner et al.,
2014), a randomized clinical trial assessing whether the short-term use of amiodarone after catheter
ablation could prevent early recurrence. The slightly higher efficacy observed in the clinical study might
be due to the fact that PVI only was performed in 75% of patients, with the other 25% receiving
additional ablation lines. Overall, the excellent agreement between in-silico and clinical trials is

improved when the different procedural aspects are also taken into account.

9.6. Conclusion

In this study, we demonstrate that simulations using populations of 800 virtual patients can reproduce
findings of randomized clinical trials for 12 AF therapies, including ablation and pharmacological
therapy. The work presented provides scientific insights and knowledge on how specific patient
characteristics, easily obtained during routine clinical interventions, can guide an optimal stratification
of patients to pharmacological treatment and catheter ablation. In addition to the methodological novelty
and scientific findings into AF therapies, an outcome of this study is to propose a decision algorithm for
stratification of AF patients to optimal treatments based on these patient characteristics. The algorithm
is based on computational results and the validation of the methodological framework and the decision
algorithm with further clinical data would be needed. This could lead, in the future, to improving the
efficacy of AF treatment and reinforce the integration of in-silico trials into clinical practice. Further
discussion on this topic is presented in the following chapter when analysing the contributions of this

thesis and future lines of work.
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CHAPTER

CONCLUSIONS AND FUTURE WORK

In this thesis I aimed to provide a computational framework for in-silico trials in large cohorts
of virtual patients and produce digital evidence for stratifying patients with AF to optimal
therapies. The framework allowed investigating the efficacy of pharmacological and ablation
treatments in large population of virtual AF patients and identifying patient characteristics
dictating treatment response. Accordingly, the in-silico trials results informed clinical decision

algorithms for optimal patient stratification to AF therapies.

10.1. Main thesis contributions

The main contribution of this thesis is the development of a methodological framework based on in-
silico trials for evaluating AF therapy in large populations of virtual atria. For the first time, I show
arrhythmia dynamics and response to treatment in large cohorts of virtual patients that mimic the great
variability observed in clinical practice for characteristics such as electrophysiology, anatomy and tissue
structure. I have demonstrated that including such variability is crucial to extrapolate in-silico trials
findings to the design and interpretation of clinical trials, as evidenced by the overall agreement between

clinical and simulated results in this thesis.

From a clinical perspective, several findings of AF mechanisms and management are generated in this
thesis (summarized in Section 10.2), resulting in five first-author journal publications and many
conference proceedings. Most importantly, I have identified specific patient characteristics that dictate
treatment success and provided mechanistic explanations for treatment failure. The digital evidence
obtained from the in-silico trials has informed decision algorithms to guide patient stratification to
optimal AF treatments. This methodological framework can be used to evaluate further treatments for
AF, or for other cardiac diseases, highlighting a rout for direct translation of human modelling and

simulation into clinical practice and the importance of my work for Precision Medicine.
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From a methodological perspective, this thesis represents a compendium of the largest multi-scale
computational studies reported to date, including more than 16.600 multi-scale simulations of
pharmacological and ablation therapy for AF: 3110 multi-scale simulations (1000 under control
conditions and 2110 after application of 10 drug treatments) in Chapter 6; 6728 simulations (800 under
control conditions and 5928 after application of 12 pharmacological therapies) in Chapter 8; and 7064
multi-scale simulations (800 under control conditions and 6264 after application of 12 catheter ablation
strategies) in Chapter 9. This substantially advances the state-of-the-art compared to previous studies
simulating drug therapy in 275 simulations (Hwang et al., 2021) and ablation therapies in 1100
simulations (Roney et al., 2022).

Therefore, the validation of the computational framework and the resulting decision algorithm with
clinical data has broad implication for treatment personalisation, since it could serve as the basis for

stratifying AF patients to optimal treatments based on patient characteristics.

10.2. Summary of main findings

Throughout the thesis, AF inducibility and maintenance have been evaluated in large populations of
virtual patients with variability in relevant clinical features. In structurally-healthy atria (i.e., absence of
heterogeneities in tissue structure and atrial enlargement) AF inducibility is favoured by discordant APD
alternans. These alternans appear near the ectopic focus (e.g., the pulmonary veins), and result from
steep electrical restitution (occurring for elevated Icar) and high excitability (due to increased Ik;). In
these cases of elevated Icar, localized rotors are absent, and wavefront meandering, transient rotors and
wave breakups rule AF dynamics. Thus, AF maintenance is only enabled in virtual patients with
considerable Ik; and Inax up-regulation, which confer high excitability. These patients with elevated Icar
show high spectral entropy on the f-waves (i.e., fibrillatory waves on the ECG). The high spectral

entropy indicates high AF complexity, consistent with wavefront fractionation.

Conversely, when virtual patients present decreased Ic.. and increased Ix; and Inak, stable micro-
reentries can be observed. AF maintenance is common in these patients, and localized rotors anchor
both to structurally-remodelled substrate (i.e., LVAs) and to healthy myocardium. The formation of
localized re-entries increases the predictability and repetitiveness of AF. Thus, these virtual patients
show elevated sample entropy on the f-waves. Moreover, as shown in clinical studies, I observed that
low Icar and high Ix; and Inak yield the fastest AF episodes (i.¢., highest ECG dominant frequency). The
analysis of the ECG during sinus rhythm (Annex III) further demonstrated a relationship between these
ionic currents and changes on the ECG. As such, I identified Ix; as the main modulator of the To-wave
duration (i.e., atrial repolarization), and In.k determines the To-wave amplitude. This is important since
an accurate, non-invasive characterisation of Ix; and Inak density could help planning safer and more

efficacious AF treatments with Ix; and Ina.x inhibitors.
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Indeed, I have shown that inhibiting both currents represents an effective pharmacological approach,
since it prolongs atrial refractoriness. This atrial refractoriness, additionally modulated by Ic.. and Ina,
determines pharmacological treatment success for both structurally-healthy and structurally-remodelled
atria. Vernakalant is effective in atria presenting long refractoriness (i.e., elevated Ic.r), when simulated
as a Class III inhibitor (i.e., antiarrhythmic effect due to Iku block). For shorter refractoriness, virtual
patients with high Iy, density respond more favourably to amiodarone. Conversely, I have consistently
observed that compounds that exert a primary In. inhibition (i.e., flecainide, Compound 6f and
vernakalant when simulated as a strong Na* channel inhibitor) are more efficacious in virtual patients
without Ina up-regulation. Thus, an accurate estimation of In, density might be crucial for improving
drug efficacy. In this sense, I have shown in Annex III that Iy, is the main modulator of the P-wave

duration, which might serve for its non-invasive characterisation.

As can be appreciated, in this work I have provided direct evidence that the ionic current profile of the
atria modulates the success of pharmacological treatment. Conversely, while the ionic current substrate
greatly influences AF dynamics, I have observed that the outcomes of catheter ablation therapy are
mainly determined by the presence of heterogeneities in the tissue structure (i.e., presence of LVAs) and

the bi-atrial size (i.e., left and right atrial volume).

Accordingly, I found that ablation strategies that only consider the left atrium have 52-56% efficacy,
and succeed in virtual patients with small right atrium. When minimal right atrial ablation is considered
(i.e., CTI block), Marshall-Plan is sufficient for patients with small left atria. Conversely, for large left
atria, a more aggressive ablation approach is required, such as anterior mitral line or posterior wall
isolation and mitral isthmus ablation. However, these strategies might not be sufficient if patients present
LVAs. I have identified that after applying a roof line (e.g., posterior wall isolation), rotors can still
appear in the anterior wall of the left atrium. Similarly, if only an anterior mitral line is applied, then
rotors can appear at the posterior wall. When applying a dome line (e.g., Marshall-Plan), rotors can

appear both in the anterior and posterior walls.

Therefore, ablation of LVAs in both the left and right atrium might have the highest efficacy, especially
in patients that present rotors anchored in LVAs (i.e., short refractoriness derived from low Icar).
Conversely, patients with absence of LVAs that presented arrhythmia despite right and left atrial
ablation, benefit from additional pharmacological therapy. Indeed, the synergy of pharmacological
therapy and catheter ablation is the most effective approach, especially for patients with the shortest

refractoriness (low Ic,. and high Inak and Ik;).

10.3. Limitations and future work

This thesis proposes an in-silico trial framework, applied to study several AF treatments in large
populations of virtual patients. Given the large scale of the studies presented in this thesis (more than

16,600 multi-scale simulations), a compromise was reached between the total number of simulations
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and the time per simulation (i.e., 7 seconds). At baseline conditions (i.e., no treatment simulation),
virtual patients with sustained AF over 7 s also present AF maintenance for 30 s. Moreover, since
pharmacokinetics (i.e., time course of drug absorption and bioavailability in the organisms) are not
included in the drug modelling, the simulated interventions produce an immediate effect. Thus, in-silico

trials can predict within a very short time whether a drug might be effective terminating an arrhythmia.

Likewise, since human modelling and simulation allows a perfect control over the parameters of interest,
a mechanistic explanation can be provided for treatment success. In this sense, I have illustrated
throughout the thesis that virtual patients responding to drug treatment experienced a significant
prolongation of the ERP after drug application, which failed to happen in those patients not responding.
Similarly, virtual patients not responding to an ablation strategy presented stable rotors in the atria,
which remained unmodified during the entire duration of the AF episode. The significant difference in
ERP prolongation between responders vs. non-responders and the stable AF dynamics seen in non-
responder patients after simulated drug treatment and ablation therapy is reassuring that longer
simulation times would unlikely change the outcomes of the study. That being said, my future studies
should attempt to analyse whether 7 s of simulated AF is representative of the follow-up time reported

in clinical trials and thus, if could be used to predict AF cardioversion or recurrence clinically.

With this thesis, I have proposed two decision algorithms in an attempt to rationalise the large amount
of data generated and initiate the process of clinical translation. In their current version, the proposed
decision algorithms have not been validated with prospective clinical data, since clinical validation was
out of scope of the current thesis. Instead, I have developed a computational framework and provided
the tools for in-silico trials, so that the path towards clinical translation could start (plans for validation

are currently ongoing; see following section).

Lastly, the algorithms that I presented largely rely on invasive electro-anatomical mapping. For future
studies, I have to consider that an ideal tissue characterisation derives from combining several mapping
modalities and clinical data. Thus, further work should complement invasive mapping with other non-

invasive image techniques (e.g., late-gadolinium enhanced magnetic resonance imaging).

10.4. Thesis outlook

Building on the simulations already conducted, now I aim to translate the developed research tool to
clinical practice. Bridging the gap between in-silico results and clinical impact requires being immersed
in the clinic and understanding clinical requirements. Thus, the immediate step in this direction is the
validation of the theoretical findings and the methodological framework with appropriate clinical data.
For this, I applied, and have been already granted, the ERPSC (Engineering and Physical Sciences
Research Council) Impact Acceleration Award. This award provides support for accelerating the impact

of research beyond academia, and thus it constitutes a perfect scheme to achieve clinical impact.

105



Therefore, for the duration of one year I will partner with three hospital centres, with access to clinical
experience and data to validate the theoretical work, as well as highly relevant expertise. This will build
confidence in human in-silico trials towards precision medicine and facilitate its dissemination to other
clinical centres. Eventually, it could impact future guidelines of AF treatment, highlighting the power

of modelling and simulation as an assisting tool for optimal treatment selection.
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CHAPTER

ANNEX: BENCHMARK OF CARDIAC
CELLULAR ELECTROPHYSIOLOGY

In this chapter I present a modified computational benchmark of cardiac electrophysiology, that

was conducted to verify the convergence of MonoAlg3D in the setting of atrial simulations.

I.1. Definition of the modified benchmark problem

As proposed by (Niederer et al., 2011) the monodomain equation of the transmembrane voltage was
solved on a slab geometry of size 20x7x3 cm’. An anisotropic conductivity tensor was defined
considering the longitudinal-transversal ratio presented in Table 4.1 (Chapter 4). The longitudinal
velocity was set to 60 cm/s (i.¢e., the slowest considered in this thesis), with a transversal to longitudinal
ratio of 1:2 (Table 4.1). Simulations were performed with the CRN model, which was solved with an
adaptive Euler method (second order accurate). The minimum and maximum time steps were set to dt
= 0.0001 and dt = 0.01, respectively, with the latter also used for the system of partial differential
equations. Different mesh element sizes, ranging from 0.1 to 0.5 mm, were tested to find a compromise
between accuracy and computational cost. Other parameters were defined as in (Sachetto Oliveira ef al.,

2018), namely B = 1400cm™ and Cy, = 1 pF-cm™.

An external stimulus of 50 mA/cm® during 2 ms was applied on a cubic region of 1.5x1.5x1.5 mm®,
located in one corner of the slab tissue. Following electrical propagation, the conduction velocity was

computed across the diagonal of the slab (Figure 1.1)

I.2. Results

Figure I.1 illustrates a representation of the slab geometry and the local activation times. The latest
activation time was 34, 35, 36, 37 and 39 ms for the geometries with element sizes from 0.1 to 0.5 mm,
respectively (Figure I.1). This resulted in conduction velocities (computed in the farthest point) of 54.9,
57.8,59.4, 61.1, and 62.9 cm/s. Thus, an element size of 0.4 mm was the longest (i.e., coarsest mesh)
that yielded a conduction velocity loss below 10% compared to the finest mesh. This element size has

been adopted for conducting multi-scale simulations.
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Figure I.1. Schematic representation of the slab geometry used to solve the benchmark problem. Plots of the
activation time are evaluated across the line from P1 to P8. Plots of the activation along the plane shown are
provided for four meshes with different element length (0.1, 0.2, 0.4 and 0.5 mm).
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CHAPTER

ANNEX: SUPPLEMENTAL
INFORMATION FOR CHAPTER 5

This chapter covers additional, yet fundamental, material for this thesis, that has been presented

in Chapter 6 as supplemental information.

I1.1. Supplemental methods

I1.1.1. APD and conduction velocity restitution

The APD restitution was obtained by both standard S1S2 and dynamic protocols. The standard S1S2
protocol was computed in a single-cell environment and consisted of 50 S1 stimuli applied at a specific
cycle length followed by an extra S2 stimulus. Six different cycle lengths (700, 600, 500, 400, 300 and
250 ms) were employed for the S1 stimuli. The S2 stimulus started at the same cycle length than the last
S1 and was decreased by 50 ms from 700 to 400 ms, by 20 ms from 400 to 300 ms, and by 10 ms from

300 ms until the previous diastolic interval was lower than zero.

The dynamic restitution protocol was computed using an isotropic cable (40000x100x100 um) as in
(Wilhelms et al., 2013). Five consecutive beats were paced at one side of the cable at decreasing cycle
length, following the same interval progression as for the standard S1S2 protocol. Cardiomyocyte
models were previously paced for 50 beats in a single-cell environment, so they could adapt to the

different cycle lengths. To detect APD alternans, the last two APDs were recorded.

The conduction velocity restitution was computed during the dynamic restitution protocol. For this, the
distance travelled by the wavefront was divided by the time at which the cell located at three-quarters
down the cable reached the maximum depolarization upstroke. The diffusion coefficient was adjusted

to obtain a CV of 60 cm/s (Sanchez et al., 2017).
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I1.2. Supplemental results

I1.2.1. Discordant APD alternans and AF inducibility

Figure IL.1A illustrates the sequence of atrial depolarization during sinus rhythm. The transmembrane
voltage is recorded at three sites of the posterior wall of the left atrium during the last sinus rhythm beat
and the first two S2 stimuli in the burst (Figure II.1A, right). Figure II.1B (top) shows the APD
alternans map obtained subtracting the APD of the last sinus rhythm beat to the APD of the first S2
stimulus. The identity line (white) separates regions alternating in a short-long pattern (green) from
those showing a long-short APD alternation (purple). Figure I1.1B (bottom) depicts snapshots of the

transmembrane voltage following the second S2 stimulus, highlighting conduction block and re-entry.
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-60F —> —>
-80+
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Magnitude (ms)
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Figure II.1. Discordant alternants favouring AF inducibility. A) Local activation times (LAT) during sinus
rhythm and time course of the transmembrane voltage (Vm) at three sites of the posterior wall of the left atrium.
The application of the burst pacing inverts the activation sequence at the latter. The green arrow represents the
direction of wavefront propagation during sinus rhythm (SR) and the red one during burst pacing. B) APD
alternans map, showing discordant alternation: purple regards long-short alternation and green short-long
alternation. The colour dots correspond to the representative action potential traces shown in A), illustrating short-
long alternation (yellow dot), long-short alternation (red dot) and no alternation (orange dot placed at the line of
identity). Snapshots of Vm following the second S2 stimuli in the burst. The cyan star represents the location of
the burst pacing and the red star conduction block.
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During sinus rhythm, the wavefront travelled from the right pulmonary veins, throughout the posterior
wall, to the left pulmonary veins, as illustrated through local activation time map in Figure II.1A. The
application of the burst pacing inverted the sequence of activation (red arrow) and the left pulmonary
veins were firstly depolarized. Since the left pulmonary veins were lastly depolarized during sinus
rhythm but first during ectopic stimulation, a very short diastolic interval arose. This, in turn, yielded a
very short APD, so that regions near the left pulmonary veins alternated with a long-short pattern.
Following the same reasoning, regions close to the right pulmonary veins presented a very long diastolic
interval, which led to a very long APD. These regions alternated with a short-long pattern. Along both
regions, a third region presented the same APD during the first S2 stimulus than during SR.

This led to discordant alternans, characterized by adjacent regions alternating with opposing APD phase.
In this scenario, when the following S2 stimulus was applied, only those regions that presented short
APD (Figure I1.1B, red dot) were able to propagate the wavefront. Conduction block (red star) arose in
regions with long APD (Figure IL.1B, yellow dot), yielding re-entry and AF initiation. The steep

restitution properties that favoured APD alternans additionally facilitated AF maintenance.

I1.2.2. Comparison of drug effects between simulated and experimental result, and between

simulated results obtained with different cell models

Figure I1.2A compares the percentage (%) of APD variation obtained after drug action with respect to
control conditions in-silico and in-vitro. Corresponding results were obtained for APD change between
simulated drug action and experimental data, with further validation, illustrating rate-dependence

alterations in APD, conduction velocity and maximum upstroke velocity provided in Table II.1.

Moreover, Figure I1.2B shows a comparison of APD variation after drug action between the CRN,
Grandi-Bers and Maleckar-Trayanova models. Although consistent trends were observed for the
antiarrhythmic drugs tested in all three ionic models, the Grandi-Bers and Maleckar-Trayanova models
showed a higher sensitivity to Iy inhibition than the CRN model, which presented a greater APD
prolongation after Ik, block. This is due to a predominant contribution of Ik, on the cellular
repolarization of the former, and a minor Ik: and Ik, role (Maleckar et al., 2009). Thus, repeating the in-
silico trials with the Grandi-Bers or Maleckar-Trayanova models would be expected to yield an even

higher efficacy for Ik, blockers than that already shown in Figure 6.5 (Chapter 6).
I1.2.3. Dynamic APD restitution and effective refractory period after drug action

Figure I1.3 illustrates the dynamic APDR curve (Figure I1.3A) and refractor period prior and after drug
action (Figure I1.3B). These biomarkers have been computed for 49 virtual AF patients that developed
sustained AF. Figure I1.3C shows consecutives snapshots of a representative AF episode after
amiodarone application and Ik; inhibition. Unstable rotors in control conditions became stable and local

rotors after the virtual application of amiodarone. Ix; inhibition terminated the AF episode.
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Figure 11.2. A) Percentage (%) of APDyo variation after drug application with respect to control conditions, in-
silico (color bars) and in-vitro (black bars, error bars in-vitro not available). B) Comparison of the APD variation
in-silico between the CRN model, Grandi-Bers (GB 2011) and Maleckar-Trayanova (MT 2009) models.
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Table I1.1. Comparison of the rate-dependent effects of different drugs in-silico (labelled as “This thesis”) and in-vitro (previously published). The in-silico results are obtained
from the virtual patient with sustained AF, before (“Control”) and after drug modelling. For the in-vitro results, data are presented in parentheses if the authors reported the
dose-dependent effects of a drug. The symbol (¥) is added in those cases that the cycle length was not exactly the one considered in this table but similar. In both in-silico and
in-vitro, data are presented as mean + standard deviation. The standard deviation is not reported in-vitro if data were not available.

Study APD (ms) CV (cm/s) Vmax (mV/ms)
Cycle Length (ms) 1000 500 300 1000 500 300 1000 500 300
Control This thesis 276 +31 252 +£35 199 + 25 63+5 63+5 60+ 6 211+ 3 208 £ 30 162 £ 50
APD Change (%) CV Change (%) Vmax Change (%)
Drug Study Species
1000 500 300 1000 500 300 1000 500 300
This thesis 28 £ 13 29+6 -18+7 -12+1 -13+1 -6+11 21 +1 21 +1 -13£5
(Quinteiro and Biagetti,
Amiodarone 1994) Dog - - - -2 -3 -5 -4 -11 221
(Sun, Sarma and Singh, Rabbit -11 -11 -8 - - -7 -8 -8
1999) Rabbit 2 - - - -19+4 - - -
(Suzuki et al., 2013)
This thesis 30+ 8 19+12 28 £23 S+ S+2 S5+3 9+1 -12+4 -13+£6
(Sun, Sarma and Singh,
Dronedarone | 1999 Rabbit [27,30]*  [15,20]* [5, 12] - - -
(Sun, Sarma and Singh, Rabbit 15 15 17 -6 -7 -6
2002)
This thesis 21 £ 14 22+9 29+ 14 -13+1 -12+1 -l16 £4 23 +1 24 +£2 -65+30
(Wang et al., 1990) Human 643 B 27412 B B 98 B 50
. (O’Hara et al., 1992) Do B [5 . 20] 7, 39] 3 3 B 3 3
Flecainide (Hatem et al., 1992) g . ’ : .
Human 12 - - - - - -21 - -
(Wang, Feng and Nattel,
1995) Dog - - - - -8 -1 _ _ _
Goat - - - - [-12,-24]* -16, -331* - - -
(van Hunnik ez al., 2016) oa [-12, -24] [-16, -33]
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Table I1.1. (Continuation).

APD Change (%) CV Change (%) Vmax Change (%)
Drug Study Species
1000 500 300 1000 500 300 1000 500 300
This thesis 0+21 9+12 -7+£9 -10£1 -10+1 5+9 -19+1 -19+1 -32+50
(Dukes and Williams,
Propafenone 1984) Rabbit - [-1,24] - - [-15, -24] - B [-7,-77] -
(Wang et al., 1993) Dog - - - - - -29+4 - -
(Burashnikov, Belardinelli Dog — [0, 2] [-2,0] [-15, -41] [-30, -77]
and Antzelevitch, 2012)
This thesis 12+7 66 4+8 2+1 2+ 1 -1+5 3+ -4+ ] -17 7
Ranolazine (Burashn¥kov etal., 2(.)07). Dog 3 3 B 3 16 35 3 2445 3
(Burashnikov, Belardinelli Do B 9 1 B B B B 2646 57417
and Antzelevitch, 2012) b g ; s e 3413 43418
(Burashnikov et al., 2012) 08 B B B B ) )
This thesis 6+13 11+13 11+11 S+ 4 +1 -6£6 -7+ 1 -8+1 -15+34
Vernakalant | (Burashnikov et al., 2012) Dog 9 7 4 — — — — 2012 2248
(Wettwer et al., 2013) Human 7 — 11 — — — 2347 — -32+5
(van Hunnik ez al., 2016) Goat — — - — [-15,-18] [-15,-21] — — —
This thesis 13+£5 10£7 12+7 0 0 0 0+1 0 0
Ibutilide (Lee, 1992) Guinea pigs — [5, 39]* - — — — — — —
(Lee and Lee, 1998) Human [4, 19] — - — — — — — —
(Oshikawa et al., 2001) Human — 23%* 24* — — — — — —
This thesis 19+9 21+8 26+ 6 0 0 S5+8 2+ 1 3+3 -44 +76
Digoxin
(Wang et al., 2007) Guinea pig [22, 100]* — - — — — — — —
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Figure I1.3. A) Dynamic APD restitution in control conditions and after simulated drug effects for virtual patients with sustained AF. B) Comparison of the effective refractory
period in control conditions and after drug application. C) Consecutive snapshots of a representative AF episode after amiodarone and Ixi inhibition.
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CHAPTER

ANNEX: ECG ANALYSIS REVEALS
IONIC CURRENT DYSREGULATION III
RELEVANT FOR AF

In Chapter 6 [ have suggested that the ECG might contain information of the atrial ionic current
properties. In Chapter 8 I have shown that ECG biomarkers of virtual AF patients might reflect
ionic current dysregulations. This chapter further assesses the extent of atrial ionic information
embedded in the ECG, by analyzing ECG biomarkers computed during sinus rhythm. The original
work can be found in “Dasi et al., (2022), CinC. DOI: 10.22489/CinC.2022.083 .

II.1. Summary of the study

For conducting this study, a dataset of 1,000 simulated ECGs was computed using a population of virtual
patients with 200 individual ionic profiles and 5 different torso-atria orientations. A regression neural
network was built to predict key atrial ionic conductances based on P- and T,-wave biomarkers (ECG

waves during the atrial depolarization and repolarization, respectively).

The neural network predicted, with >80% precision, the density of seven ionic currents relevant for AF,
namely, Ikur, Ikr, Tto, Ik1, Icar, INak and Ina. These ionic densities were identified through the P- (i.e., Ina),
Ta- (i.e., Iki, Inak) or both waves (i.e., Ikur, Ikr, lto, Icar), providing a non-invasive characterisation of

atrial electrophysiology. This could improve patient stratification for pharmacological AF treatment.

I11.2. Introduction

Pharmacological treatment is a fundamental pillar of AF management. Nevertheless, antiarrhythmic
drugs are usually contraindicated given proarrhythmia and cardiotoxicity (Hindricks ef al., 2021).
Importantly, while proarrhythmic toxicity has been strongly associated with the ionic current profile of
the patient (Passini et al., 2017), the latter has so far not been considered for treatment personalization.
As shown in Chapters 6-9, the ionic current profile is also expected to influence antiarrhythmic drug
efficacy, so that neglecting it could explain the limited success of pharmacological treatment for AF and

the high rate of cardiotoxic adverse events.
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Ignoring the atrial ionic current profile might be due to the inability for its non-invasive characterisation.
Nevertheless, previous studies have observed that analysing the ECG might reveal atrial conduction
properties, the clinical stage of AF (Zink et al., 2022) or the percentage of atrial fibrosis (Nagel, Luongo,
et al., 2021). Thus, as hypothesized in Chapter 6 and Chapter 8, the ECG might also contain
information on the ionic current properties. Identifying the atrial ionic substrate non-invasively could
improve pharmacological treatment personalization, cardiac safety and efficacy. Accordingly, this study

aims to assess the prognostic value of the ECG for inferring the atrial ionic current profile.

I11.3. Methods

A dataset of 1,000 ECGs, computed in a population of 200 virtual patients and considering 5 torso-atria
orientations (Figure II1.1), was used to predict the ionic current profile of the atria. The methodology

from single cell to body surface level is described below.
I11.3.1. Population of virtual patients

A population of 300 atrial cardiomyocyte models was developed as described in section 4.1.2. Key
conductances and permeabilities of the CRN model were sampled up to +50% of their control values to
capture ionic current variability. The candidate population underwent subsequent calibration, resulting

in 200 atrial cardiomyocyte models (Figure I11.1C).

Every cardiomyocyte model populated one whole-atria model (Visible Female atria), by assigning the
single-cell properties to the left atrial tissue and scaling them in the remaining atrial regions (Figure

IIL.1B). The longitudinal conduction velocity in the bulk tissue was set to 80 cm/s.

Sinus rhythm was simulated in the cohort of 200 virtual patients for 5 beats, starting with the steady-

state conditions at single cell.
I11.3.2. ECG analysis and regression with neural networks

Standard 12-lead and extended 15-lead (Zink et al., 2022) ECGs (Figure II1.1A) were computed for the
sixth sinus beat, as described in section 4.4.2. The atrial geometry was rotated £30° around the y- and
z-axis, resulting in 5 ECG calculations per virtual patient. Six biomarkers, namely duration, amplitude,
area, Shannon entropy, sample entropy and complexity (Zink et al., 2022), were calculated lead-wise
from the P- and T,-wave. Three additional biomarkers were obtained for the P-wave: actual duration (as

the last activation time extracted from the simulations), dispersion and V1 terminal force.

A complete dataset was generated considering the P- and T.-wave biomarkers from 1,000 ECGs (ECG
for 200 virtual patients with 5 torso-atria orientations). The dataset was partitioned into four sub-datasets
to compare the prognostic value of P- vs. Ty-wave and 12- vs. 15-lead ECG for predicting the ionic

current densities of the atria.
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Figure II1.1. A) 1,000 simulated ECGs (example of lead V1) considering 5 torso-atria orientations (£30 rotation
in the Y and Z axis) and 200 virtual patients with B) electrophysiological heterogeneities in different atrial regions
and C) ionic current variability (200 different cardiomyocyte models).

A regression neural network was built in MATLAB as in (Nagel, Schuler, ef al., 2021), considering one
hidden layer of 10 neurons. The network was trained 10 times using Bayesian regularisation, with
random train-validation-test splits for 1000 epochs each. Thus, 70-15-15% of the entire dataset were
randomly allocated for training, validation and testing, respectively. The performance of the neural
network was assessed through the root mean squared error. Furthermore, a multi-class classification
problem was set by grouping the ionic current distribution into low ([-50, —20] %), middle ((-20, +20)

%) or high ([+20, +50] %) ionic density variation, allowing evaluation of precision and recall.
111.4. Results and discussion

II1.4.1. Ina and Ix1 modulate P- and Ta.-wave duration, respectively

Figure II1.2A illustrates the influence of In, and Ix; on the P- and T.-wave, and the neural network

prediction of their ionic densities.

Ina and Ix; were markedly associated with the P- and T.-wave duration, respectively, with their up-
regulation causing a prominent wave shortening (Figure III.2A). Accordingly, the neural network

predicted their ionic current density with an error below 5%.
I11.4.2. Ik and Inak determine the amplitude and complexity of the T.-wave

Figure I11.2B illustrates the prediction of Ik:, [, and Inax densities. Average errors below 12% were

obtained for all three currents, as they were key modulators of the T,-wave.

T,-wave amplitude and area showed a proportional relationship with Inak, with high Inax density causing
large Ta-waves in the precordial leads (Figure I11.2B). The amplitude was to a lower extent associated

with Ik, although Ik, primarily influenced the signal complexity. As such, elevated Ik. yielded less
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complex T,-waves, (i.e., characterized by fewer local peaks), potentially due to a more homogeneous

cellular repolarization.

I, influenced both P- and Ta.-wave biomarkers. While high I, density increased To-wave sample entropy,
it reduced P-wave Shannon entropy. Moreover, elevated I, decreased P-wave amplitude and area, due
to a reduction in the action potential amplitude. However, as mentioned above, P-wave biomarkers

showed a predominant relationship with Ina.
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Figure 111.2. A) Effects of Ina and Iki on the P- and Ta-wave (lead V6 on the ECG). Performance of the neural
network, measured using the root mean squared error (RMSE), for the prediction of Ina and Ix1 density. B) Effects
of Inak on the Ta-wave amplitude (lead V6) and prediction (RMSE) of Inak, Ikr and I density. Abbreviations.
CTRL: Control ionic current density.

I11.4.3. ECG metrics identify ionic current dysregulation relevant to pharmacological

AF management

Figure I11.3 illustrates precision, recall and confusion matrix for the classification of Ikur, Icar, Ikr, Iki,

Inak and Ina density, using P- and T.-wave biomarkers from the 12-lead ECG.

As anticipated in Figure II1.2, very high precision and recall were obtained for In, classification. As
explained in Chapters 7-9, the efficacy of class Ic agents (e.g., flecainide) or other compounds that
exert a strong Na' channel inhibition (e.g., compound 6f) is influenced by the baseline In, density of

each patient. Therefore, an accurate estimation of the latter could be crucial for improving drug efficacy.

Similarly, in Chapter 6 and Chapter 8 I have presented the high AF cardioversion and prevention
efficacy that derives from blocking Ix; and Inak. Both current are thought to be increased during AF.
Thus, their inhibition represents a well-established approach for AF termination (Filgueiras-Rama et al.,

2012; Bueno-Orovio et al., 2014). Paradoxically, repolarization abnormalities, such as early and delayed
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afterdepolarizations (Bueno-Orovio ef al., 2014), and increased automaticity (Filgueiras-Rama et al.,
2012) have been documented after Inax and Ix; block, respectively. Accordingly, an accurate, non-
invasive characterisation of Ix; and Inak density (as illustrated in Figure II1.3) could help planning safer

and more efficacious AF pharmacological treatments with Ix; and Inax inhibitors.

Multiple antiarrhythmic drugs, such as amiodarone, dronedarone and ibutilide, block Ik, Ikur or both.
Pharmacological Ik inhibitors are used with caution, given potential QT prolongation and risk for
ventricular proarrhythmia. Accordingly, knowing the atrial Ix: density (Figure I11.3: precision and recall
around 80%), could be used to estimate the ventricular Ik, density and reduce the number of

proarrhythmic adverse events (though atrial and ventricular ionic current densities might differ).

Still, the lack of safety associated with Ix: blockers made AF pharmacological treatment to consider
atrial-selective targets, such as Ikyr. Ixur inhibition, however, has shown limited efficacy in clinical trials,
potentially due to Ik, down-regulation in AF patients (Heijman, Hohnloser and Camm, 2021). Similarly,
Chapter 6 showed that Ik, block was more effective in virtual patients with higher Ik, Thus, estimating

Ikur density with high precision, as shown in Figure II1.3, could enable a better use of Ik, inhibitors.

Finally, high precision was also obtained for the classification of Ic,. down-regulation. As shown in
Chapter 8, Ic.. density might be crucial for optimal stratification of patients to pharmacological

treatment. Thus, estimating Icar represents an important step into precision medicine.

Ik1 Ikur Ikr

True class
L M H

-

Predicted class
<

e

Ionic current High Density (>20%) Low Density (<-20%)

density Precision Recall Precision Recall

Ikur 0.71 0.29 0.78 0.37
Ik 0.83 0.79 0.81 0.81
Ik 0.92 0.98 0.97 0.92
IcaL 0.82 0.50 0.81 0.59
Inak 0.78 0.78 0.85 0.70
INa 0.94 1.00 0.97 1.00

Figure II1.3. Confusion matrix, precision and recall for the multi-class classification of Ixur, Ikr, Ik1, IcaL, INak and
Ina density. Abbreviations: L-M-H: Low, middle and high density.
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I11.4.4. Both P- and T,-wave are needed for characterizing the atrial ionic profile

The classification error (i.e., root mean square error) differed less than 1% when the neural network was
trained with the standard 12-lead ECG or the augmented 15-lead, with the latter adding marginal gain.
However, the prediction of all ionic densities required biomarkers from the P- (i.e., Ina) Ta- (i.e., Iki,
Inak), or both waves (i.e., Lo, Ikr, Ikur, Icar). This poses the question as to whether the T,-wave could be
obtained through improved electrode configurations that unmask the atrial repolarization (Jayaraman et

al., 2015), without needing adenosine administration.

I11.5. Conclusion

The ionic current profile of the atria has been non-invasively characterized in a cohort of 200 virtual
patients, showing that ionic current dysregulations critical for pharmacological AF management can be
identified through the analysis of the P- and Ta,-wave. All simulations were conducted using the same
atrial geometry and electrode positions. However, the size and shape of the atria, structural
heterogeneities (i.¢., atrial fibrosis) and the distance of the electrodes with respect to the heart are known

factors that influence the duration and amplitude of ECG waves (Nagel, Schuler, ef al., 2021).

Therefore, although further work is needed to take these parameters into account, the non-invasive
characterisation of the atrial ionic profile could improve patient stratification, cardiac safety and the

efficacy of AF pharmacological treatment.
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