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Summary and Conclusions

Cardiovascular diseases are the leading cause of mortality and morbidity in industrial-

ized societies. Among these diseases, atrial fibrillation (AF) stands out as the most common

arrhythmia encountered in clinical practice. It is estimated that by 2050, AF will affect 6-

12 million people in the USA and by 2060, 17.9 million people in Europe. AF significantly

increases the risk for heart failure, stroke and overall mortality and it negatively impacts

the quality of life and healthcare costs. The development of arrhythmias, including AF, in-

volves three key elements: an arrhythmogenic substrate, a trigger and modulating factors.

The Autonomic nervous system (ANS) has been proved to be a crucial modulator in this

process, with both its parasympathetic and sympathetic ANS branches playing a pivotal

role in initiating and sustaining AF.

Given the complex relationship between AF and the ANS, the primary objective of this

thesis is to improve the understanding of the mechanisms by which the ANS promotes

and modulates AF and pave the way for the development of new treatment strategies. To

achieve this goal, we developed comprehensive in silico computational models incorporat-

ing theoretical descriptions of electrophysiology, cholinergic and β-adrenergic stimulation

and the effects of electrical remodeling resulting from the arrhythmia. These models en-

compass scales from the cellular to the whole atria level, with the multi-dimensional models

also considering structural remodeling and providing a geometrical representation of ANS

innervation. By combining theoretical computational research with the analysis of clinical

and experimental atrial signals, the research presented in this thesis establishes a founda-

tion for future investigations aimed at guiding the search for more effective anti-arrhythmic

therapies targeting the ANS.

The first part of this thesis focuses on characterizing the autonomic influence on the

modulation of f-waves, i.e. the AF electrical activity reflected on the surface electrocardio-

gram (ECG). In particular, the f-wave frequency is analyzed as a means to non-invasively

assess ANS activity during AF. This research could be the basis for future developments

of personalized treatment approaches based on specific ANS dysregulation patterns, with

such approaches having the potential to be beneficial in managing AF.
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In Chapter 3, we aimed to assess the impact of vagal stimulation on the respiratory

modulation of fibrillatory frequency in persistent AF (psAF) patients. The objective was

to explore the possibility of using this relationship as a surrogate measure to quantify the

vagal input in such patients. To achieve this, we combined the analysis of data obtained

from a clinical study involving ECG recordings of psAF patients during controlled respi-

ration with computational modeling and simulation. In these simulations, we mimicked

the parasympathetic modulation induced by respiration by introducing cyclic variations in

the concentration of acetylcholine (ACh), the parasympathetic neurotransmitter. Both 2D

tissue models and 3D biatrial models considering different innervation patterns were em-

ployed in this investigation. We found that temporal variations in the fibrillatory frequency

followed the simulated temporal ACh(t) pattern in all cases. The temporal mean of the

fibrillatory frequency (Ff) depended on the fibrillatory pattern, on the percentage of ACh

release nodes and on the mean ACh concentration over time. The magnitude of the respi-

ratory modulation of the fibrillatory frequency (∆Ff) depended on the percentage of ACh

release nodes and on the peak-to-peak ACh range ∆ACh. The spatial pattern of ACh re-

lease did not have an impact on Ff and only a mild impact on ∆Ff for the highest tested

spatial ACh percentage.

In Chapter 4 of this thesis, we delved into the correlation between autonomic influ-

ences and alterations in the modulation of the fibrillatory frequency during head-up tilt

(HUT) and head-down tilt (HDT) tests. These tests are commonly used in medical settings

to assess the autonomic function, providing valuable information about the ability of the

ANS to regulate blood pressure and heart rate in response to postural changes. Similarly,

we sought to assess if the same test could be adopted in AF to evaluate the autonomic

modulation of atrial electrical activity. We used computational modeling and simulation to

test different combinations of sympathetic and parasympathetic stimulation. The simula-

tion outcomes were then compared to the analysis of clinical ECGs obtained from psAF

patients who underwent a tilt test protocol. Collectively, the findings of this study indicate

that the increase in the fibrillatory rate following the HUT maneuver and the decrease in

the fibrillatory rate following the HDT maneuver can be primarily attributed to enhanced

and diminished sympathetic activity, respectively. Furthermore, it appears that parasympa-
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thetic stimulation exerts a modulatory effect on the sympathetic effects rather than being

the primary driving force behind the observed trends in atrial function.

Managing AF is challenging due to its complex and uncertain underlying mechanisms.

Rhythm control strategies focus on restoring and maintaining sinus rhythm. This can be

achieved through a combination of treatment approaches, including electrical or pharmaco-

logical cardioversion, antiarrhythmic drug therapy (ADT) and catheter ablation. Chapter 5

and Chapter 6 of this thesis focus on AF therapies, particularly addressing signal processing

of atrial electrograms (EGMs) to improve cardioneuroablation procedures and theoretically

investigating the efficacy of new pharmacological therapies targeting ion channels and neu-

ral components.

In Chapter 5, we developed a method to locate atrial parasympathetic innervation sites

using EGM measurements. The ablation of the intrinsic cardiac autonomic ganglia, called

ganglionated plexi (GPs), individually or in combination with pulmonary vein isolation,

has been associated with a decreased risk of AF recurrence. However, accurate location

of GPs is required for ablation to be effective. We developed computational models to

simulate non-AF, paroxysmal AF (PxAF) and psAF tissues. In GPs, predominance of

parasympathetic activity has been shown, so parasympathetic effects were incorporated by

increasing the concentration of ACh in randomly distributed islands within the tissue. Dif-

ferent sizes of ACh islands and fibrosis geometries were considered, including uniform

diffuse and non-uniform diffuse fibrosis. Unipolar EGMs in a 16x16 electrode mesh were

generated from the simulation. The study revealed that the amplitude of the atrial EGM re-

polarization wave reflects the presence or absence of ACh release sites, with larger positive

amplitudes indicating that the electrode is placed over an ACh region. Statistical analysis

was employed to determine optimal thresholds for identification of ACh sites. The method

successfully identified ACh sites in all types of tissues, with higher accuracy in the absence

of fibrosis or with uniform diffuse fibrosis. The proposed algorithm proves robust against

noise and electrode-to-tissue distance variations.

Chapter 6 focuses on the analysis of antiarrhythmic pharmacological therapies in com-

bination with β-adrenergic signaling to treat cholinergic AF. The parasympathetic neuro-

transmitter ACh causes a reduction in action potential (AP) duration (APD) and an increase
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in resting membrane potential (RMP), both of which contribute to enhance the risk for

reentry. In this chapter, we used computational modeling and simulation to examine the

impact of SK channel block (SKb) and β-adrenergic stimulation by Isoproterenol (Iso) on

countering the negative effects of cholinergic activity in human atrial cell and 2D tissue

models. The steady-state effects of Iso and/or SKb on AP shape, APD at 90% repolariza-

tion (APD90) and RMP were evaluated. The ability to terminate stable rotational activity

in cholinergically-stimulated 2D tissue models of AF was also investigated. A range of

SKb and Iso application kinetics, which reflect varying drug binding rates, were taken into

consideration. The results showed that SKb alone prolongs APD90 and is able to stop sus-

tained rotors in the presence of ACh concentrations up to 0.01 µM. Iso terminates rotors

under all tested ACh concentrations, but results in highly-variable steady-state outcomes

depending on the baseline AP morphology. Importantly, the combination of SKb and Iso

results in greater APD90 prolongation and shows promising anti-arrhythmic potential by

stopping stable rotors and preventing re-inducibility.

In conclusion, this thesis develops cardiac computational modeling and simulation tech-

niques to provide insights into the mechanisms of AF under the influence of the ANS and

presents innovative methodologies for its treatment. Specifically, this research sheds light

on the modulation of fibrillatory frequency by the ANS, enhancing our understanding of

the potential underlying mechanisms behind macroscopic observations. Furthermore, it

paves the way for the possibility of non-invasively assessing autonomic activity from EGM

signals. In addition, from a therapeutic perspective, this thesis develops a method to de-

termine the location and dimensions of GPs from an electrogram grid to aid in cardioneu-

roablation procedures. Finally, it investigates potential pharmacological therapies, identi-

fying the combination of SK channel blockade and Iso as a potential therapy for treating

cholinergically-induced AF.

Keywords: Acetylcholine, Atrial fibrillation, Autonomic nervous system, Cardiores-

piratory modulation, Catheter ablation, Computational simulation, Electrograms, f-waves,

Ganglionated Plexi, Isoproterenol, Repolarization EGM, Small-conductance calcium-activated

potassium channels, Tilt Test.



Resumen y Conclusiones

Las enfermedades cardiovasculares son la principal causa de mortalidad y morbilidad

en las sociedades industrializadas. Entre estas enfermedades, la fibrilación auricular (FA)

destaca como la arritmia más común en la práctica clı́nica. Se estima que para el año 2050

la FA afectará a entre 6 y 12 millones de personas en Estados Unidos y para el año 2060, a

17.9 millones de personas en Europa. La FA aumenta significativamente el riesgo de insu-

ficiencia cardı́aca, accidentes cerebrovasculares y mortalidad en general, y afecta negativa-

mente a la calidad de vida y los costes económicos de la atención médica. El desarrollo de

arritmias, incluida la FA, implica tres elementos clave: un sustrato arritmogénico, un des-

encadenante y factores moduladores. El sistema nervioso autónomo (SNA) ha demostrado

ser un modulador crucial en este proceso, con sus ramas parasimpática y simpática de-

sempeñando un papel fundamental en la iniciación y mantenimiento de la FA.

Dada la compleja relación entre la FA y el SNA, el objetivo principal de esta tesis es

mejorar la comprensión de los mecanismos por los cuales el SNA promueve y modula la

FA, y abrir el camino para el desarrollo de nuevas estrategias de tratamiento. Para lograr

este objetivo desarrollamos modelos computacionales in silico que incorporan descrip-

ciones teóricas de la electrofisiologı́a, la estimulación colinérgica y β-adrenérgica, y los

efectos de la remodelación eléctrica resultante de la arritmia. Estos modelos abarcan desde

la escala celular hasta el nivel de las aurı́culas completas. Los modelos multidimension-

ales consideran, además, la remodelación estructural y proporcionan una representación

geométrica de la inervación del SNA.

Mediante la combinación de investigación computacional teórica y el análisis de señales

auriculares clı́nicas y experimentales, la investigación presentada en esta tesis sienta las

bases para futuras investigaciones destinadas a guiar la búsqueda de terapias antiarrı́tmicas

más efectivas que se centren en el SNA.

La primera parte de esta tesis se centra en caracterizar la influencia autonómica en la

modulación de las ondas f, es decir, de la actividad eléctrica de la FA reflejada en el elec-

trocardiograma (ECG) de superficie. En particular, se analiza la frecuencia de las ondas
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f como un medio para evaluar de manera no invasiva la actividad del SNA durante la FA.

Esta investigación tiene potencial para sentar las bases de futuros tratamientos personaliza-

dos basados en patrones especı́ficos de disfunción del SNA, que podrı́an ser beneficiosos

en el manejo de la FA.

En el Capı́tulo 3, nuestro objetivo fue evaluar el impacto de la estimulación vagal en la

modulación de la frecuencia fibrilatoria en pacientes con FA persistente (psFA). El objetivo

era explorar la posibilidad de utilizar esta relación como una medida subrogada para cuan-

tificar la actividad vagal en dichos pacientes. Para lograr esto combinamos el análisis de

datos obtenidos de un estudio clı́nico que involucraba registros de ECG de pacientes con

psFA sometidos a respiración controlada, con modelos y simulaciones computacionales.

En estas simulaciones, imitamos la modulación parasimpática inducida por la respiración

al introducir variaciones cı́clicas en la concentración de acetilcolina (ACh), el neurotrans-

misor parasimpático. Se emplearon modelos de tejido en 2D y modelos biauriculares en

3D en los que se consideraron diferentes patrones de inervación.

Encontramos que las variaciones temporales en la frecuencia fibrilatoria seguı́an el

patrón temporal simulado de ACh(t) en todos los casos. La media temporal de la frecuen-

cia fibrilatoria (Ff) dependı́a del patrón fibrilatorio, del porcentaje de nodos de liberación

de ACh y de la concentración media de ACh a lo largo del tiempo. La magnitud de la mod-

ulación respiratoria de la frecuencia fibrilatoria (∆Ff) dependı́a del porcentaje de nodos de

liberación de ACh y del rango pico a pico de ACh, ∆ACh. El patrón espacial de liberación

de ACh no tuvo un impacto en Ff y sólo tuvo un leve impacto en ∆Ff para el porcentaje

espacial de ACh más alto analizado.

En el Capı́tulo 4 de esta tesis, profundizamos en la correlación entre la actividad del

SNA y las alteraciones en la modulación de la frecuencia fibrilatoria durante las pruebas

de tabla basculante cabeza arriba (HUT) y cabeza abajo (HDT). Estas pruebas se utilizan

comúnmente en entornos médicos para evaluar la función autonómica, proporcionando

información valiosa sobre la capacidad del SNA para regular la presión arterial y la fre-

cuencia cardı́aca en respuesta a cambios posturales. Del mismo modo, buscamos evaluar

si la misma prueba se podrı́a utilizar en la FA para evaluar la modulación autonómica de la

actividad eléctrica auricular.
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Para ello utilizamos modelos y simulaciones computacionales con el fin de probar difer-

entes combinaciones de estimulación simpática y parasimpática. Los resultados de las sim-

ulaciones se compararon con el análisis de ECG clı́nicos obtenidos de pacientes con psFA

que se sometieron a un protocolo de prueba de tabla basculante. En conjunto, los hallaz-

gos de este estudio indican que el aumento en la tasa fibrilatoria después de la maniobra

de HUT y la disminución en la tasa fibrilatoria después de la maniobra de HDT pueden

atribuirse principalmente a una actividad simpática aumentada y disminuida, respectiva-

mente. Además, parece que la estimulación parasimpática ejerce un efecto modulador

sobre los efectos simpáticos en lugar de ser la fuerza impulsora principal detrás de las

tendencias observadas en la función auricular en respuesta a maniobras autonómicas.

El manejo de la FA es un desafı́o debido a sus mecanismos subyacentes complejos

e inciertos. Las estrategias de control del ritmo se centran en restablecer y mantener el

ritmo sinusal. Esto puede lograrse mediante una combinación de enfoques de tratamiento,

que incluyen cardioversión eléctrica o farmacológica, terapia farmacológica antiarrı́tmica

(TFA) y ablación por catéter. El Capı́tulo 5 y el Capı́tulo 6 de esta tesis se centran en las

terapias para la FA, abordando en particular el procesamiento de señales de electrogramas

(EGM) auriculares para mejorar los procedimientos de cardioneuroablación e investigar

teóricamente la eficacia de nuevas terapias farmacológicas dirigidas a canales iónicos y

componentes neurales.

En el Capı́tulo 5, desarrollamos un método para localizar los lugares de inervación

para-simpática auricular utilizando mediciones de EGM. La ablación de los ganglios au-

tonómi-cos cardiacos intrı́nsecos, llamados plexos ganglionares (PG), individualmente o

en combinación con el aislamiento de las venas pulmonares, se ha asociado con un menor

riesgo de recurrencia de la FA. Sin embargo, se requiere una ubicación precisa de los PG

para que la ablación sea efectiva.

Para este estudio desarrollamos modelos computacionales con los que simulamos la ac-

tividad eléctrica en tejidos sin FA, con FA paroxı́stica (pxFA) y con psFA. Se ha demostrado

que en los PG hay predominio de actividad parasimpática, por lo que se incorporaron efec-

tos parasimpáticos mediante el aumento de la concentración de ACh en islas distribuidas

aleatoriamente dentro del tejido. Se consideraron diferentes tamaños de islas de ACh y



viii

distintas distribuciones fibróticas, incluyendo fibrosis difusa uniforme y fibrosis difusa no

uniforme. Se generaron EGMs unipolares en una malla de 16x16 electrodos a partir de la

simulación.

El estudio reveló que la amplitud de la onda de repolarización del EGM auricular refleja

la presencia o ausencia de lugares de liberación de ACh, siendo las amplitudes positivas

más grandes indicativas de que el electrodo se encuentra sobre una región de ACh. Se

empleó análisis estadı́stico para determinar umbrales óptimos para la identificación de los

lugares de liberación de ACh. El método identificó exitosamente dichos lugares en todos

los tipos de tejidos, con una mayor precisión en ausencia de fibrosis o con fibrosis difusa

uniforme. El algoritmo propuesto demuestra ser robusto contra el ruido y las variaciones

en la distancia electrodo-tejido.

El Capı́tulo 6 se centra en el análisis de terapias farmacológicas antiarrı́tmicas en com-

binación con la señalización β-adrenérgica para tratar la FA colinérgica. El neurotrans-

misor parasimpático ACh provoca una reducción en la duración del potencial de acción y

un aumento en el potencial de membrana en reposo, contribuyendo ambos a aumentar el

riesgo de reentrada.

En este capı́tulo, utilizamos modelos y simulaciones computacionales para examinar

el impacto del bloqueo de los canales SK (SKb), que son canales de potasio activados por

calcio con conductancia baja. Exploramos también la estimulación β-adrenérgica mediante

isoproterenol para contrarrestar los efectos negativos de la actividad colinérgica en modelos

auriculares humanos. Los resultados mostraron que la combinación de SKb e isoproterenol

fue capaz de restaurar el potencial de reposo y la duración del potencial de acción a los

niveles observados en ausencia de actividad colinérgica, lo que indica una posible estrategia

terapéutica para contrarrestar los efectos adversos de la actividad colinérgica en la FA.

En resumen, esta tesis ofrece una comprensión más profunda de los mecanismos de

modulación autonómica en la FA y presenta avances en el desarrollo de nuevas estrategias

terapéuticas basadas en el SNA, ya sea individualmente o en combinación con fármacos

que bloquean canales iónicos que se encuentran en las aurı́culas. Los resultados obtenidos

a través de modelos computacionales y análisis de señales clı́nicas y experimentales pro-

porcionan información valiosa para futuras investigaciones y el desarrollo de tratamientos
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más efectivos y personalizados para la FA.

Palabras clave: Ablación por catéter, Acetilcolina, Canales de potasio activados por

calcio de baja conductancia, Electrogramas, Fibrilación auricular, Isoproterenol, Modu-

lación cardiorespiratoria, Ondas f, Plexos ganglionares, Prueba de tabla basculante, Repo-

larización de EGM, Simulación computacional, Sistema nervioso autónomo.
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Chapter 1

Introduction

1.1 Motivation

Atrial fibrillation (AF) is the most common cardiac dysrhythmia affecting millions of pa-

tients worldwide [1–3]. AF increases the risk for heart failure (HF) [4, 5], stroke [6, 7] and

death [4, 8]. On top of being associated with reduced life expectancy, it has substantial

adverse effects on the quality of life and significantly increases the costs of care [1, 8, 9].

AF is a progressive disease often initially manifested by intermittent episodes terminating

spontaneously and eventually leading to sustained forms of AF in some patients [10].

The prevalence of AF increases with advancing age [11]. As the older adults become a

proportionately larger segment of the population worldwide [11–14], predictions estimate

that AF will affect 6-12 million people in the USA by 2050 and 17.9 million in Europe by

2060 [15].

The imbalance of the autonomic nervous system (ANS) represents an important patho-

physiological mechanism for AF genesis and maintenance [16–18]. Autonomic imbalance

is not only a modulating factor of AF, but both the triggers and the substrate of the arrhyth-

mia can be influenced by such an imbalance [19, 20]. The relationship between AF and

the ANS is complex and multifaceted and further research is needed to fully elucidate the

underlying underpinnings of this relationship and to help guiding the development of new

treatment strategies for AF. Drugs that specifically target ANS activity and/or modulate

atrial refractoriness may be effective in preventing AF recurrence. Transcatheter biatrial

1
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ablation of ganglionated plexi (GPs) has been suggested as an adjunct to pulmonary vein

isolation (PVI) to treat AF, even if with heterogeneous results [21–27]. Furthermore, iden-

tifying patients with specific ANS dysregulation patterns could aid in the development of

personalized treatment approaches for AF.

In this thesis, computational modeling and simulation is used to improve the under-

standing of the mechanisms by which the ANS promotes and modulates AF and to ex-

plore new potential AF therapies. Particularly, new pharmacological therapies targeting

ion channels and neural components as well as strategies to improve cardioneuroablation

procedures have been investigated.

1.2 The heart

1.2.1 Anatomy and function

The human heart is a vital organ responsible for circulating blood throughout the body. It

comprises two similar sides, the left and right, each consisting of an upper chamber called

the atrium and a lower chamber called the ventricle. The heart’s electrical and mechanical

functions are responsible for ensuring proper blood circulation. This relies on rhythmic

contraction and relaxation movements, known as systole and diastole, respectively.

The heart has four valves that regulate blood flow between the atria and ventricles,

known as atrioventricular (mitral and tricuspid) valves, and between the ventricles and the

arteries and veins that supply blood to the lungs and other body parts, known as pulmonary

and aortic valves. All of the heart valves facilitate forward blood flow while preventing

backward flow.

The right atrium (RA) receives deoxygenated blood from the entire body except for

the lungs via the superior and inferior vena cavae. Deoxygenated blood from the heart

muscle itself drains into the RA through the coronary sinus. From there, the blood flows

through the tricuspid valve and fills the right ventricle, the primary pumping chamber of

the right heart. The right ventricle pumps blood through the right ventricular outflow tract,

across the pulmonary valve, and into the pulmonary artery, which distributes it to the lungs
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for oxygenation. In the lungs, blood gets oxygenated as it passes through the capillaries,

where it gets close enough to the oxygen in the alveoli of the lungs. The four pulmonary

veins (PVs), two from each lung, collect the oxygenated blood, and they all open into the

left atrium (LA), which acts as a collection chamber for oxygenated blood. The oxygenated

blood then flows from the LA into the left ventricle, which is the primary pumping chamber

of the left heart. The left ventricle pumps and sends freshly oxygenated blood to the sys-

temic circulation through the aortic valve. Figure 1.1 (A) illustrates the different chambers

of the heart and the course of blood through them.

(a) (b)

Figure 1.1: Anatomic overview of the heart: chambers and blood flow (a) and conduction network
(b). Extracted from [28]

.

The cardiac conduction system is responsible for initiating, conducting and control-

ling the heart rhythm, which is the ordered pattern of electrical impulses that governs the

beating of the heart. The normal heart rhythm is known as sinus rhythm (SR), which is

characterized by a regular and coordinated pattern of electrical impulses that result in the

contraction and relaxation of the heart muscle. In the absence of ANS influence, the heart

beats at a rate of about 100-120 beats per minute [29]. Abnormal heart rhythms, known as

arrhythmias, can occur when the electrical impulses become irregular, too fast or too slow.

The heart’s muscular fibers, composed of thousands of aligned muscle cells known as

cardiomyocytes, contract and relax synchronously in a healthy heart. The cardiac cycle is
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initiated by a mass of self-excitable cells located in the RA called the sinoatrial node (SAN),

also known as the natural pacemaker of the heart. The SAN generates electrical impulses

autonomously, thanks to a property called autorhythmicity, at a rate that is modulated by the

ANS. A second system of specialized fibers is responsible for distributing these electrical

impulses throughout the myocardium. The electrical signal generated by the SAN cause

the atria to contract and travels to the atrioventricular (AV) node, where the impulse is

delayed to allow the atrial contraction to further increase the blood volume in the ventricles

before the systole takes place. From the AV node the impulse continues to the bundle of

His. The bundle of His divides into the right and left bundle branches and finally reaches

the Purkinje network. The Purkinje network rapidly propagates the impulse to the different

layers of cardiac muscle, achieving a coordinated contraction of the ventricles. The cardiac

conduction system is illustrated in Figure 1.1 (B).

1.2.2 Cellular electrical activity

The cellular membrane of cardiomyocytes is a semi-permeable membrane composed of

a lipid bilayer made up of two layers of phospholipids. The membrane contains various

proteins, including ion channels, transporters, receptors and enzymes. These proteins play

crucial roles in maintaining the function of the cardiomyocyte, such as regulating the flow

of ions and nutrients into and out of the cell, transmitting signals between cells and facili-

tating metabolic processes.

The movement of ions through ion channels is passive and is controlled by two forces:

the electrical gradient, which is the difference in potential between the inside and outside

of the cell, and the chemical gradient, which is the difference in ion concentrations between

the extracellular and the intracellular media.

In contrast, pumps and exchangers move ions against the gradient, using energy from

ATP hydrolysis or electrochemical gradients. The activation of pumps and exchangers is

regulated by various factors, including changes in intracellular and extracellular ion con-

centrations, changes in membrane potential and the presence of specific ligands.

During the resting state of a cardiomyocyte, the concentrations of ions inside and out-



1.2. The heart 5

side the cell are different. The resting membrane potential (RMP) is around -65 to -80 mV

for atrial myocytes, which means that the inside of the cell is negatively charged compared

to the outside. The concentration of ions inside the cell includes a high concentration of

potassium (K+) ions and a low concentration of sodium (Na+) and calcium (Ca2+) ions.

The concentration of ions outside the cell includes a high concentration of Na+ and Ca2+

ions and a low concentration of K+ ions.

The action potential (AP) of an atrial cardiomyocyte refers to the sequence of electrical

events that occur when the cell is stimulated. It is a rapid and brief change in the membrane

potential of the cell, characterized by a depolarization phase followed by a repolarization

phase. The AP time course is divided into five phases (Figure 1.2). The minimum stimu-

lation current required to generate an AP when the cell is at its resting state is called the

diastolic threshold. The five phases are described in the following:

• Phase 0 is characterized by a rapid cell depolarization. The inward flux of sodium ions

through voltage-gated sodium channels causes a sharp increase in the transmembrane

potential. This influx of sodium ions generates the fast sodium current (INa).

• Phase 1, also known as the AP dome, is marked by inactivation of the sodium channels

and by the activation of the outward transient potassium current (Ito), which begins to

repolarize the cell, causing a transient reduction in the transmembrane potential.

• Phase 2 is the plateau phase, marked by a balance between the inward flux of calcium

ions through L-type calcium channels and the slow opening of outward potassium chan-

nels. The inward calcium ion flux creates slow calcium currents (ICaL) that compensate

for the outward delayed rectifier potassium current (IKur), resulting in a relatively sta-

ble transmembrane potential. This phase lasts for several hundred milliseconds and is

essential for efficient heart contraction and blood pumping.

The late sodium current (INaL) is a small inward current that flows through sodium chan-

nels during the plateau phase. It is generated by a small fraction of sodium channels that

remain open during the plateau phase, even after the initial rapid depolarization. These

channels do not inactivate as rapidly as the majority of sodium channels that are respon-

sible for the upstroke of the AP, thus allowing a small inward flow of sodium ions that
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contributes to prolong the plateau phase.

• Phase 3 is the repolarization phase, in which the transmembrane potential returns to the

resting potential due to calcium channel inactivation and potassium channel opening.

Outward potassium currents, such as the rapid delayed rectifier potassium current (IKr)

and the slow delayed rectifier potassium current (IKs), act to get the cell back to its resting

state. The inward rectifier potassium current (IK1) helps to shape the final stages of repo-

larization by slowly closing and causing the repolarization of the cell to slow down and

eventually reach a plateau before returning to its resting state. Inward rectifier potassium

channels are so named because they allow potassium ions to flow more easily into the

cell than out of the cell, rectifying the potassium current and allowing more potassium

ions to enter than leave. IK1 channels can conduct much larger inward currents at mem-

brane voltages negative to the K+ equilibrium potential than outward currents at voltages

positive to it because the conductance is larger at potentials more hyperpolarized than EK

and is smaller at depolarized potentials [30, 31].

• Phase 4 is the final phase of the atrial AP, during which the transmembrane potential

reaches its resting value (-65 and -80 mV). At this phase, the cell remains in its resting

state when there is no external stimulation. The Na+/K+ ATPase pump plays a crucial

role in maintaining this state by actively transporting sodium ions out of the cell and

potassium ions into the cell. Additionally, IK1 channels are still open, allowing potassium

ions to flow out of the cell and contributing to the maintenance of the RMP.

Apart from these mechanisms, other currents also play a role in the atrial AP. Chloride

currents help to balance the outward potassium currents during repolarization, thereby en-

suring that the cell remains at a stable RMP. The voltage-gated chloride channels open in

response to the depolarization of the cell membrane, whereas the calcium-activated chlo-

ride channels open in response to an increase in intracellular calcium levels.

The Na+/Ca2+ exchanger is responsible for regulating the levels of calcium inside atrial

myocytes. During the resting phase of the AP, the concentration of calcium is low inside

the cell, and the Na+/Ca2+ exchanger is responsible for removing any calcium that enters

the cell. The equilibrium potential for Na+/Ca2+ exchange current is generally slightly
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negative to 0 mV. Thus, near the resting potential the Na+/Ca2+ exchanger works in the

normal mode and generates an inward current. As the AP begins, voltage-gated calcium

channels open, allowing calcium to flow into the cell and trigger muscle contraction. Dur-

ing the first part of the plateau, the Na+/Ca2+ exchanger works in the reverse mode and

briefly generates an outward current prior to returning to the normal mode, when the in-

crease in intracellular calcium levels activates the Na+/Ca2+ exchanger, which removes

calcium from the cell in exchange for sodium ions that are present outside the cell.

Finally, the small conductance calcium-activated potassium (SK) channels generate the

calcium-activated potassium current (ISK). These channels, which represent a subfamily

of all calcium-activated potassium channels, have a small single channel conductance of

the order of 10 pS and are activated by an increase in intracellular calcium levels during

the depolarization phase of the AP. As intracellular calcium levels increase, these channels

open, allowing potassium ions to flow out of the cell, thus contributing to the repolarization

of the cell membrane.

Figure 1.2: Schematic representation of a cardiac AP with the ionic currents involved in each AP
phase. Adapted from [32]

AP profiles remarkably vary between different regions of the heart due to tightly con-

trolled variations in gene expression and regulation. Typically, the human atrial AP exhibits

a triangular morphology, which is distinct from the spike-and-dome shape with a more

prominent plateau phase seen in the ventricular AP [33, 34]. The human atrial AP dura-

tion (APD) at 90% repolarization (APD90) at 1 Hz is highly variable, ranging from 150 to
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500 ms, and may be influenced by recording conditions and ionic concentrations [34–37].

Additionally, the human atrial RMP is more depolarized, ranging from -65 to -80 mV, than

the human ventricular RMP [34–37]. The more depolarized RMP in atrial cells compared

to ventricular cells is mainly due to differences in the density of the inward rectifier K+

current, IK1 [38]. Maximum upstroke velocities for atrial APs have been experimentally

reported to vary between 150 and 300 V/s, in contrast to the higher values of 300-400 V/s

reported for human ventricular cells [34–37].

During the AP, three states of refractoriness can be identified: 1) the absolute refractory

period, which is the time when a stimulus, regardless of its strength, will not generate

another AP due to the membrane not being sufficiently repolarized and Na+ channels being

inactivated; 2) the relative refractory period, requiring a stronger stimulus to initiate an AP;

and 3) normal excitability.

1.2.3 Cardiac electromechanical coupling

Cardiac electromechanical coupling refers to the process that links electrical signals in the

heart to mechanical contraction of the myocardium. During the AP, the opening of voltage-

gated calcium channels in the cellular membrane of the cardiomyocytes leads to an influx

of Ca2+ into the cell. This calcium influx triggers the opening of Ca2+-sensitive ryanodine

receptors (RyR) in the sarcoplasmic reticulum, an internal membrane system within the

cardiomyocyte that stores and releases calcium ions. The opening of RyRs leads to an

increase in the intracellular Ca2+ concentration in the sarcoplasm, which binds to troponin,

thus allowing the interaction of the two contractile proteins actin and myosin. This leads to

the mechanical contraction of the cardiomyocyte.

The above described process is coordinated by the T-tubules, which ensure that the

membrane gets close to the sarcoplasmic reticulum in the sarcoplasm and the AP reaches

all regions of the cell. This allows spatially and temporally synchronous release of Ca2+

from the sarcoplasmic reticulum, thus facilitating the rapid and coordinated contraction of

the cell.

Following mechanical contraction, the sarcoplasmic reticulum calcium ATPase (SERCA)
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pump restores the cytoplasmic Ca2+ concentration by introducing Ca2+ into the sarcoplas-

mic reticulum [39].

1.2.4 Electrical conduction in the heart

The electrical conduction in the heart relies heavily on the specialized cardiac conduction

system and the connectivity between cells. In the cardiac muscle, cells are separated by

intercalated discs. Gap junctions (GJs) form when adjacent cell membranes fuse at these

discs. GJs are structures that connect adjacent cells, allowing for electrical coupling and

exchange of small molecules, ions or metabolites. Each GJ is made up of two hemichan-

nels, or connexons, each composed of six proteins called connexins, which combine with

the connexons of neighboring cells to create a functional channel in the intercellular space.

This allows ions to move along the longitudinal axes of the muscle fibers. The electrical

impulse travels from one cardiac cell to a neighboring one through these junctions. As a

result, the cardiac muscle functions as a closely interconnected group of cells and, when

one cell is stimulated, the AP spreads to the rest of the cells [40].

1.2.5 Cardiac arrhythmias

Cardiac arrhythmias encompass a wide range of heart rhythm disorders, ranging from be-

nign irregularities to life-threatening complications. Arrhythmias can arise in hearts with

an underlying heart disease or other medical conditions, including hypertension, hyper-

thyroidism and structural heart defects. Lifestyle factors such as stress, smoking, exces-

sive alcohol consumption and drug abuse can also contribute to their development. If left

untreated, cardiac arrhythmias can lead to serious complications, such as HF, stroke and

sudden cardiac death.

There are two main types of cardiac arrhythmias depending on where they are origi-

nated: ventricular and supraventricular arrhythmias. Ventricular arrhythmias, which occur

in the lower chambers of the heart, can be fatal and require immediate medical attention.

Supraventricular arrhythmias, which originate above the ventricles, such as in the atria or

the AV node, are typically less severe. Nevertheless, without proper treatment, supraven-
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tricular arrhythmias can lead to significant complications too. Treatment for this type of

arrhythmias may involve medication, lifestyle intervention or procedures like ablation or

cardioversion.

Some common types of supraventricular arrhythmias include supraventricular tachycar-

dia, which is a rapid heart rate (HR) originating above the ventricles that can be caused by

factors like stress, caffeine or heart disease. Atrial flutter occurs when the atria contract at

an excessively high rate, usually between 250 and 350 beats per minute, leading to a rapid

HR and decreased blood flow to the body. AF, the most common type of supraventricular

arrhythmia, occurs when the atria quiver or fibrillate instead of contracting properly. AF

increases the risk for blood clot formation and stroke (explained in detail in section 1.3).

1.2.6 Electrograms and electrocardiograms

Electrograms (EGMs) and electrocardiograms (ECGs) are important tools for diagnosing

and monitoring heart rhythm abnormalities.

Electrograms An intracardiac EGM measures localized electrical activity in the heart

using invasive electrodes placed on the heart wall. The EGM signals can be bipolar or

unipolar depending on the position of the electrodes.

A unipolar EGM records electrical activity from an electrode at a point on the heart sur-

face with respect to a reference electrode located remotely. Unipolar EGMs have straight-

forward morphology interpretation and their shape is independent of the wavefront direc-

tion [41]. They are rather sensitive to electrical signals generated at a distance from the

electrode, such as remote activation caused by activity of distant heart cells or electrical

disturbances. The EGM recorded at the origin of activation is consistently negative be-

cause the electrode remains in the negative area of the extracellular potential field during

the propagation of the activation front. However, at a site where the activation front passes

the electrode, the EGM shows a biphasic deflection: during the initial phase of the front’s

approach, the electrode is in the positive part of the potential field, resulting in a positive

deflection of the EGM; when the front is exactly over the electrode, the EGM amplitude

becomes zero; as the front moves past the electrode, the EGM becomes negative once again
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because the electrode is now in the negative part of the potential field (Figure 1.3, bottom

panel). This sequence results in a biphasic deflection for the EGM, a positive deflection

followed by a negative one. when the electrode is situated at a site where activation comes

to an end, it is positioned within the positive region of the potential field and therefore the

signal will be positive [41].

A bipolar EGM records electrical activity between two points on the heart’s surface.

Both the recording and reference electrodes are placed in contact with the surface of the

heart. Bipolar electrograms are sharper than unipolar ones because differentiation of the

signal promotes the high-frequency components in the signal (Figure 1.3, top panel). Mor-

phology and amplitude of a bipolar electrogram depend on the direction of the wavefront

[41]. The degree of time shift between the two (unipolar) signals depends on the direction

of the wavefront and is nearly zero if activation moves perpendicular to the line between

the electrode positions. If the distance between the two electrodes is small, the EGM signal

is more sensitive to near-field components, while if they are far apart, the signal collects

information from a larger heart region.

Figure 1.3: Comparison between bipolar (top) and unipolar (bottom) EGM signals. Extracted from
[42].

EGM recordings are a useful tool for analyzing activation patterns, identifying regions
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with impaired electrical propagation and guiding interventions such as surgical ablation

procedures.

Electrocardiograms The ECG is obtained by placing electrodes at specific locations on

the body surface and represents a summation of voltage gradients generated within the

heart. A standard 12-lead ECG is recorded using 10 surface electrodes, which include 6

precordial leads (V1-V6), 3 bipolar limb leads (I, II, and III), and 3 augmented limb leads

(aVR, aVL, and aVF).

The limb electrodes, placed in each of the arms and legs, allow the recording of stan-

dard limb leads I, II and III, and the augmented limb leads aVR, aVL and aVF. The chest

electrodes are positioned at specific locations on the chest and are used to record precordial

leads V1, V2, V3, V4, V5 and V6. The standard limb leads are bipolar as they measure dif-

ferences between a positive and a negative electrode in the limbs, whereas the augmented

and precordial leads are unipolar as they measure differences between a positive electrode

and a combination of electrodes that act as a negative electrode.

The ECG signal consists of a series of waves and intervals that represent the electrical

activity of the heart during one cardiac cycle. These waves and intervals are labeled with

letters of the alphabet, which are commonly referred to as ECG landmarks. The classical

ECG form includes the P wave, the QRS complex and the T wave. The P wave represents

the sequential activation of the right and left atria, while the QRS complex represents the

activation of the right and left ventricles, with the left ventricle having a greater contribution

due to its larger mass. Atrial repolarization is masked within the QRS complex, which

almost exclusively represents ventricular depolarization due to the ventricles’ considerably

larger mass, leading to a greater contribution to the ECG signal. The T wave represents

ventricular repolarization.

Other segments and intervals in the ECG signal include the QT interval, which com-

prises the duration of ventricular depolarization and repolarization. The time interval be-

tween ventricular depolarization and repolarization is, under physiological conditions, an

isoelectric period represented in the ECG by the ST segment. The RR interval is the elapsed

time between two consecutive heartbeats. Figure 1.4 illustrates the correspondence be-
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tween the ECG waveforms and the action potentials of cells from different regions of the

heart. As can be observed, the electrical activities of all cells in the heart contribute to the

ECG signal.

Figure 1.4: Schematic representation of the APs recorded in various cardiac tissues and the corre-
spondence with the ECG waves and intervals. Reproduced from [43].

1.2.7 Autonomic nervous system

Homeostasis refers to the regulation and maintenance of an organism’s internal environ-

ment, including factors such as pH levels, temperature, and nutrient levels. The ANS plays

a crucial role in controlling and maintaining homeostasis. It automatically detects changes

in the internal environment and adjusts physiological processes accordingly to keep the

body’s conditions within a narrow range that is compatible with life.

In order to ensure optimal organ function, the heart must adapt to changes in both

internal and external stimuli. This adaptation is regulated by the ANS, which modulates

HR and contractility through the interplay of sympathetic and parasympathetic inputs.

Dysregulation of autonomic heart function has been implicated in numerous cardiac
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disorders, such as HF, hypertension and arrhythmias. Therefore, understanding the role

of the ANS in regulating heart function is crucial for developing effective treatments and

interventions to prevent or manage these conditions.

The autonomic control of the heart is mediated by the highly integrated intrinsic and

extrinsic cardiac autonomic nervous system (CANS) [44, 45]. The CANS maintains home-

ostasis through two branches: the sympathetic nervous system, which is the primary mech-

anism in control of the “fight-or-flight” response, and the parasympathetic nervous system,

which is involved in rest and recuperation.

Sympathetic and parasympathetic autonomic nervous system The efferent autonomic

signals are transmitted through two major subdivisions of the ANS known as the sympa-

thetic nervous system and the parasympathetic nervous system [40]. Both systems are

tonically active, providing some degree of nervous input to a given tissue at all times.

Sympathetic tone is associated with the fight-or-flight response to confront threats. In a

relaxing environment, the parasympathetic tone is more dominant and is associated with the

rest and digest state. As sympathetic and parasympathetic systems typically have opposing

effects, if one system increases its activity while the other decreases it, the result is a rapid

and precise control of a tissue’s function.

Focusing also on the circulatory system, parasympathetic tone activation results in

lower HR and a decrease in blood pressure due to a lower cardiac output, although parasym-

pathetic activity has more limited effects on blood vessels than sympathetic activity. Dur-

ing sympathetic activation, HR and muscle contractility increase, leading to a higher stroke

volume. Additionally, sympathetic innervation causes vasoconstriction of blood vessels,

giving rise to an increase in blood pressure due to increased cardiac output and vascular

resistance.

ANS neurons mainly release two neurotransmitters, acetylcholine (ACh) and nore-

pinephrine, which are secreted by cholinergic and adrenergic fibers, respectively [40]. Un-

like skeletal motor nerves that contain a single neuron pathway, sympathetic nerves have

preganglionic and postganglionic neurons in each innervated tissue pathway. Both sys-

tems have cholinergic preganglionic neurons, but the majority of postganglionic neurons
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in the parasympathetic system are cholinergic, while those in the sympathetic system are

adrenergic. Thus, except for a few cases, ACh is secreted by terminal nerve endings of

the parasympathetic system, while norepinephrine is secreted by the sympathetic nerve

endings.

Extrinsic and intrinsic cardiac autonomic nervous system The CANS is described

as a multiple-level hierarchy, consisting of central components, intrathoracic extracardiac

components and intrinsic cardiac components. The extrinsic components of the CANS

(ECANS), comprising the central and intrathoracic levels, are composed of brain or spinal

conglomerations of neuron bodies, such as the vagosympathetic trunk, that are connected

to the heart through their axons. The intrinsic CANS (ICANS) consists of a neural network

formed by nerve axons, interconnecting neurons and clusters of autonomic ganglia called

GPs [46, 47].

Regarding the ECANS, a subdivision into sympathetic and paraysmpathetic compo-

nents is made. The sympathetic fibers are mostly derived from major autonomic ganglia

located along the cervical and thoracic spinal cord, including the superior cervical gan-

glia that communicate with cervical nerves C1-3, the stellate (cervicothoracic) ganglia that

communicate with cervical and thoracic nerves C7-8 to T1-2, and the thoracic ganglia [48,

49]. Parasympathetic preganglionic fibers are mostly carried within the vagus nerve and

are divided into superior, middle and inferior branches. The majority of parasympathetic

nerve fibers converge at a distinct fat pad known as the “third fat pad”, between the superior

vena cava and the aorta, to then connect to the SAN and AV node [50]. This is illustrated

in Figure 1.5.

The ICANS represents the final relay center for the coordination of regional cardiac

function and is composed of sensory (afferent), interconnecting (local circuit) and motor

(adrenergic and cholinergic efferent) neurons. These neurons communicate with intratho-

racic extracardiac ganglia, forming a distributive network that processes both afferent and

efferent neuronal impulses for cardiac control, under the influence of the central nervous

system and circulating catecholamines [Bassil˙PulmonaryVein, 51–53]. The ICANS reg-

ulates several aspects of cardiac function, such as HR, atrial and ventricular refractoriness,
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conduction, contractility and blood flow [54]. The ICANS appears to function interdepen-

dently as well as independently of the ECANS, as confirmed by its retention of nearly full

control of cardiac physiology after autotransplantation [52, 53].

The exact shape and structure of the neural network in the myocardium are not fully

known, but some works have documented the presence of between 500 and 1500 ganglia

of different sizes in the atrial and ventricular myocardium [46]. These ganglia may contain

200 to 1000 neurons [46, 52, 55], including efferent neurons, afferent neurons and local

interneurons that receive inputs from both efferent and afferent neurons. Although the

vast majority of ganglion cells are cholinergic, most ganglia also contain adrenergic nerve

fibers [56]. Depending on age, the number of intrinsic ganglia per heart can significantly

fluctuate. For instance, the mean number in human adult hearts is 700, while in human

fetuses, neonates, infants and children, the mean is larger than 900 [56]. The vast majority

of these ganglia are organized into GPs on the surface of the atria and ventricles [52] and

are more abundant epicardially than endocardially [57]. Although their location, shape and

size can vary, intrinsic cardiac ganglia are usually distributed at specific regions in many

mammals, including humans [46, 58, 59].

In particular, with regards to the atria, five major atrial GPs have been reported to be

embedded in epicardial fat pads located near the PVs [46, 52]. They have been named

based on clinical anatomy: the superior right atrial GP (SRA-GP), located on the posterior

superior surface of the RA close to the junction of the SVC and RA; the superior left atrial

GP (SLA-GP), located on the posterior surface of the LA between the PVs; the posterior

right atrial GP (PRA-GP), located on the posterior surface of the RA adjacent to the inter-

atrial groove; the posteromedial left atrial GP (PMLA-GP), located on the posterior medial

surface of the LA; and the posterolateral left atrial GP (PLLA-GP), located on the posterior

lateral surface of the LA base on the atrial side of the atrio-ventricular groove.

Ionic mechanisms of parasympathetic and sympathetic stimulation Autonomic ef-

fects on cardiac function are mediated by the release of neurotransmitters, namely nore-

pinephrine from sympathetic nerves and ACh from parasympathetic nerves. Both neuro-

transmitters bind to G protein-coupled receptors.
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Figure 1.5: Anatomy of the sympathetic and parasympathetic innervation of the heart. Extracted
from [19].

Norepinephrine specifically binds to the β-adrenoceptors of cardiac cells, which in turn

activate the stimulatory G protein α-subunit. This activates adenylyl cyclase, an enzyme

that converts ATP to cyclic AMP (cAMP). cAMP activates protein kinase A (PKA), which

phosphorylates a number of downstream targets, including ion channels and enzymes in

cardiac cells. Among such targets are L-type calcium channels, which, when phosphory-

lated by PKA, increase their activity. This results in increased intracellular calcium lev-

els, contractility and HR. Other targets are RyRs, which, when phosphorylated by PKA,

increase the release of calcium from the sarcoplasmic reticulum, leading to increased con-

tractility. PKA also phosphorylates phospholamban, which relieves its inhibitory effect on

the SERCA pump, leading to increased calcium reuptake by the sarcoplasmic reticulum

and relaxation of the heart muscle. PKA also phosphorylates troponin I, which reduces its

affinity for calcium, leading to increased contractility. Dysregulation of this pathway can
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Figure 1.6: Posterior view of the human heart illustrating the locations of major atrial GPs, extracted
from [52].

lead to cardiovascular diseases, including HF and arrhythmias. In the SAN cells, the effect

of norepinephrine is to accelerate their pacemaker activity.

Similarly, ACh binds to muscarinic receptors in atrial myocytes, activating the in-

hibitory G protein α-subunit. Additionally, ACh exerts its effects through G-βγ-mediated

activation of the G protein-activated inwardly rectifying potassium channels. The resulting

ACh-activated potassium current, IKACh, causes shortening of the APD and hyperpolariza-

tion of the RMP, with concentration-dependent effects. The intrinsic pacemaker activity

of SAN cells is decelerated by ACh-mediated stimulation of the muscarinic receptors due

to an induced decrease in cAMP levels and a reduction in the funny current (If) that con-

tributes to spontaneous SAN depolarization. This results in a decrease in the firing rate of

the SAN and a decrease in HR. Finally, ACh is able to inhibit GJs communication, with a

consequent reduction in the conduction velocity (CV) across the atrium. This may favor

proarrhythmicity by enhancing vulnerability to reentry.
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1.3 Atrial fibrillation

1.3.1 Incidence and diagnosis

AF is currently the most prevalent sustained arrhythmia encountered in clinical practice,

affecting over 43.6 million individuals worldwide [3, 60]. AF is a supraventricular ar-

rhythmia characterized by rapid and irregular activation of the atria at a rate of 5 to 10 Hz,

producing an irregular ventricular response [61]. Ectopic activity and/or areas of slow con-

duction can facilitate the persistence of reentrant activity. AF is associated with frequent

symptoms and reduced quality of life and, although it is not typically life-threatening, it

constitutes a major risk factor for stroke and mortality from cardiovascular and all causes

[62–64].

Age is the most significant risk factor for AF. The population of adults aged over 65

years is expected to double from 12% in 2010 to 22% in 2040 [65] and the risk of develop-

ing AF increases with age, ranging from 0.7% in subjects aged 55-59 years to almost 18%

in patients aged 85 years and above [11]. Due to the aforementioned increase in global life

expectancy and the longer survival of the population with chronic conditions, the incidence

and prevalence of AF have reached epidemic proportions [63, 66–68]. Based on data from

the Framingham Heart Study, the prevalence of AF has tripled over the last 50 years [66]. In

the United States alone, at least 3-6 million people have AF, and the numbers are projected

to reach approximately 6-16 million by 2050 [12, 14]. In Europe, the prevalence of AF in

2010 was around 9 million among individuals older than 55 years and is expected to reach

14-18 million by 2060 [15, 69, 70]. It is estimated that by 2050, AF will be diagnosed in at

least 72 million individuals in Asia, with approximately 3 million experiencing AF-related

strokes [71]. Furthermore, about one-third of the total AF population is asymptomatic [72],

indicating that the global AF burden is likely underestimated.

Despite multifaceted research efforts, the prevention of AF and its related complica-

tions remains challenging [73]. Diagnosis of AF is based on ECG rhythm documentation.

On the ECG, AF can be observed from the replacement of consistent P waves, produced

by a coordinated atrial depolarization during atrial systole, with rapid oscillations or fib-

rillatory waves (”f waves”) that vary in size, shape and timing due to the asynchronous
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depolarization of atrial tissue. The frequency of these fibrillatory waves, known as the f-

wave frequency, is generally accepted as a surrogate marker for local refractoriness and is

extensively studied in clinical contexts [74].

Another characteristic of the ECG in AF is the irregular and often faster HR or RR

intervals, due to the high level of disorganization of ventricular impulses resulting from the

AV node’s filtering role. To establish the diagnosis of AF, conventionally, an ECG tracing

of at least 30 seconds showing heart rhythm with no discernible P waves and irregular RR

intervals is required [38]. Figure 1.7 displays the ECG tracings typically observed during

SR and AF, with the rhythm becoming irregular and the P waves being replaced with f-

waves in the case of AF.

Figure 1.7: Examples of ECGs in normal SR (left) and in AF (right). Extracted from [75].

1.3.2 Types of atrial fibrillation

AF is a progressive disease often initially manifested by intermittent episodes terminating

spontaneously and eventually leading to sustained forms of AF for a subset of patients

[10]. However, progression varies considerably among patients and the exact mechanism

by which some patients progressed while others did not remains elusive.
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Current clinical AF classification is based on the duration of AF episodes and form of

termination [3, 76] as follows:

- First diagnosed AF: This type of AF occurs when the arrhythmia is diagnosed for the

first time, irrespective of the duration of the episode or the presence and severity of

related symptoms.

- Paroxysmal AF (pxAF): It is a self-terminating AF ending in most cases within 48 hours

that, by definition, may continue for up to 7 days.

- Persistent AF (psAF): This type of AF lasts longer than 7 days, including cardioverted

episodes, either with drugs or by direct electrical cardioversion. Persistent AF can be

the first sign or can occur after some paroxysmal episodes.

- Long-standing persistent AF: It is a continuous AF with a duration greater than one

year, usually leading to permanent AF, in which cardioversion has failed or has not been

attempted.

- Permanent AF: This type of AF happens when cardioversion fails or the arrhythmia

relapses within 48 hours.

1.3.3 Pathophysiology

AF is a highly complex arrhythmia whose pathophysiology has been proposed to be based

on a “pathophysiological triangle” (see Figure 1.8). This triangle highlights the interplay

of three key factors in the development and perpetuation of AF: triggers for arrhythmia

initiation, a fibrotic substrate for its maintenance and numerous modulators [77].

The pathophysiological triangle underscores the multifactorial nature of AF and empha-

sizes the importance of addressing all three factors in the management of the arrhythmia.

Treatment strategies for AF may involve addressing structural changes, altering electrical

activity and mitigating triggers or risk factors.
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Figure 1.8: The pathophysiological triangle in AF. Extracted from [77].

Figure 1.9: Masson’s trichrome staining showing the amount of fibrosis (blue) increasing with AF
burden. Modified with permission from [78].

Substrate Atrial structural and functional changes may develop as a result of pathologi-

cal systemic processes in cardiac conditions, including hypertension, valvular disease, HF,

or AF itself [79]. Electrical remodeling, including changes in APD and ionic mechanisms,

occurs over a period of one to two weeks [61]. In contrast, structural remodeling oc-

curs over longer periods of atrial tachypacing (months) and is mostly irreversible [61, 80].

Structural remodeling in AF can manifest in various ways, including enlargement of the

atrial chamber, cardiomyocyte hypertrophy, increased mismatch between the orientations

of epicardial and endocardial myofibers, changes in atrial wall thickness, and most impor-

tantly, increased fibrotic or connective tissue content [81–83]. Fibrosis is the hallmark of

structural remodeling in AF, generally being significantly higher in AF patients compared

to patients in SR and in psAF compared to pxAF [78] (Figure 1.9). However, different
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studies have shown large inter-individual variability in the fibrotic load in both pxAF and

psAF, with some individual cases of pxAF patients showing massive fibrosis and of psAF

patients showing only mild fibrosis [78, 84–86].

Fibrosis remodeling is a multiscale process that occurs from the subcellular to tissue

levels. It has been associated with GJs remodeling [87, 88], fibroblast proliferation [89,

90] and excess collagen deposition [89, 91], all of which interfere with cardiac electrical

propagation and slow conduction. Fibroblasts comprise around 10-15% of the myocardium

volume, despite far outnumbering cardiomyocytes [92]. While fibroblasts were tradition-

ally considered passive structural cells, recent studies have shown that they can exhibit

APs when electrically coupled to cardiomyocytes through GJ channels [93, 94]. Fibrob-

lasts have been recognized to play a crucial role in modulating the electrical function of

the myocardium [95–98]. They can act as current sources or sinks during cardiomyocyte

excitation, thus disturbing normal electrical propagation. Their proliferation has been as-

sociated with abnormal automaticity in the atria, where fibroblast-cardiomyocyte coupling

can induce a depolarizing current during the diastolic phase and elicit APs [99]. Addition-

ally, fibroblasts can exert electrophysiological influences on neighboring myocytes [100],

leading to changes in AP shape, RMP, AP upstroke velocity and CV [101–103].

Electrophysiological remodeling also contributes to the development of a substrate that

facilitates the tendency for persistence of AF [61]. It induces changes in the biophysical

properties of the Na+, Ca2+ and K+ currents, which lead to a shortening of the APD [38,

61, 104–107]. The peak amplitude of [Ca2+]i is reduced in atrial myocytes from psAF

patients compared to those from healthy individuals, although the sarcoplasmic reticulum

Ca2+ content is unaltered [38, 108]. Additionally, [Ca2+]i decays more slowly in psAF

compared to that in SR [38, 108].

Electrical remodeling during AF affects various ionic currents. The main affected ionic

currents are:

• INa: In patients with psAF, the peak INa density slightly decreases in the atrial my-

ocardium [109]. The steady-state activation shifts rightwards by about 10 mV [107].

Furthermore, INaL, the late sodium current component, is significantly increased in

psAF patients [109].
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• ICaL: A reduction of about 50% in ICaL density in psAF compared to that in SR is

one of the most consistent findings in humans and animal models of AF [38, 61, 104,

105, 110, 111]. No changes have been reported in channel activation and inactivation

properties [104].

• Ito and IKur: Human psAF has been strongly associated with a reduction in Ito density

[105, 107, 112–115] and with downregulation of its α-subunit Kv4.3 [116]. Differ-

ent works have described a reduction in IKur in psAF [113, 115, 117], along with a

diminished expression of Kv1.5 in some studies [113, 118]. However, other studies

have reported no changes in IKur density [105, 107, 114]. The inconsistency in IKur

function may result from different strategies to identify Ito and IKur, i.e. peak and late

current [117]. The reduction in Ito and IKur could explain the slight prolongation in

the earlier phases of the action potential [38].

• IKs: Caballero and colleagues were the first to demonstrate that psAF significantly

increases the amplitude of IKs in both atria [112]. They suggested that the increase in

IKs could contribute to psAF-induced shortening of APD and could further promote

fibrillatory conduction, especially with its accumulation at higher pacing frequencies,

as shown in neonatal rat ventricular myocytes in which IKs was overexpressed [119].

• IK1: Increases in both current density [35, 104, 120] and mRNA levels of IK1 [35]

have been reported in human psAF. Increased IK1 causes a more negative RMP in

psAF versus SR human atrial myocytes [35, 38].

• ISK: In the atria of patients with psAF, the density of this Ca2+-activated K+ current

was found to be reduced when compared to those in SR. When assessed pharmaco-

logically, the contribution of this current to APD in psAF was not significant [121].

• Na+/Ca2+ exchange current (INaCa): Abnormal function and increased expression of

the exchange protein have been reported in human psAF and in a sheep model of

psAF [35, 36, 38, 61, 108, 110, 122–124]. The increase in INaCa may be an adaptive

response to cellular Ca2+ loading and helps to reduce the Ca2+ overload induced by

rapid atrial pacing. Na+ overload, which induces Ca2+ influx via the reverse-mode of
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the exchanger, has been implicated in Ca2+ overload and related arrhythmogenesis.

Additionally, an increase in the forward-mode Ca2+ extrusion has been linked to

delayed afterdepolarizations (DADs) [61, 124].

• RyR: In myocytes from AF hearts, leaky RyR channels can cause spontaneous Ca2+-

release events known as Ca2+ sparks and Ca2+ waves, as reported in several studies

[61, 108, 124–127]. Remarkably, these events can occur despite unaltered sarcoplas-

mic reticulum Ca2+ content.

• SERCA: Human psAF has been associated with a decrease in SERCA activity and

reduced SERCA protein expression, which can explain the slower decay of [Ca2+]i

in psAF compared to SR [38, 61].

Triggers Pathophysiological variability is likely to influence how AF is initiated and sus-

tained. In fact, AF has been postulated to have multiple and diverse mechanisms in different

patients or even in the same patient at different times [61, 128, 129]. Ectopic firing refers

to the initiation of electrical impulses from regions outside the SAN. In some cases, other

areas of atrial tissue can spontaneously depolarize and create electrical impulses, leading

to abnormal heart rhythms. Several factors can enhance automaticity in atrial tissue, in-

cluding aging, structural heart disease, hypertension, diabetes, hyperthyroidism and certain

medications. Focal ectopic and triggered activity at the cellular level can be caused by early

and delayed afterdepolarizations (EADs and DADs) and have been associated with reentry

initiation and, in some instances, maintenance of AF [130]. EADs occur during phase 2 or

3 of action potential repolarization, while DADs occur after repolarization is complete or

nearly complete. When afterdepolarizations are large enough to reach the threshold poten-

tial for activating an inward current, they can give rise to APs referred to as “triggered.”

Voltage fluctuations during repolarization are the primary source of EADs. EADs can

increase the dispersion of refractoriness by locally prolonging the APD, making the tissue

susceptible to reentry. Arrhythmias caused by EADs have been shown not to be induced by

overdrive or premature stimulation, but can be initiated by slowing the basic HR. During

diastole, spontaneous release of Ca2+ generates DADs, which can lead to conduction block
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by locally depolarizing the RMP [131]. The amplitude of DADs increases with a decrease

in the cycle length at which AP occurs until the afterdepolarization reaches the threshold

to cause triggered activity. Triggered activity caused by DADs is more easily induced by

rapid pacing than by a single premature stimulus.

Maintenance AF is likely sustained by reentrant activity, with irregular fibrillatory activ-

ity caused by the main reentrant wavefront breaking into multiple chaotic daughter wavelets

due to inhomogeneity in atrial structure, refractoriness and CV [132]. Moreover, the mech-

anisms that sustain AF may change over time as the atria remodel electrically and struc-

turally and AF progresses from paroxysmal to persistent and then permanent forms. Several

studies have demonstrated more frequent reentrant drivers of AF in patients with longstand-

ing arrhythmia, supporting this concept [133].

Functional reentry has been described by the leading circle model, in which circus

movement of a unidirectional wavefront results in constant centripetal activation of the

center of the circuit, rendering it continuously refractory. This refractory area then forms

a functional barrier that can sustain reentry similar to a fixed anatomic barrier, such as a

scar, as first described by Allessie et al. in 1977 [134]. Rotors, also known as spiral waves,

are a specific type of functional reentry. Unlike circular waves, the wavefront of a rotor

has a curved or spiral shape, and the wavefront and wavetail meet at a focal point called a

phase singularity (PS). Rotors can theoretically and experimentally form when a wavefront

interacts with a barrier, such as a scar or functional myocardial electrical inhomogeneity

or anisotropy. When a wavefront passes through a barrier, it can bend and break into two

daughter wavelets in a process known as vortex shedding (similarly to the flow of turbulent

water around an obstacle in a river). In contrast to the leading circle model, the wavefront

velocity in a rotor is not constant, and tissue at the core of a rotor is not truly refractory.

This means that a reentrant circuit in the leading circle model must remain fixed in space

because the center of the circuit is completely unexcitable, while a rotor is able to move

through space, which affects rotor behavior and sustainability significantly. In some cases,

rotors will anchor in place, often in areas around the pulmonary veins and in areas of

heterogeneous atrial tissue, forming stable rotors [135]. Figure 1.10 illustrates the different
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mechanisms of AF triggering and maintenance.

Rapidly firing foci can not only initiate arrhythmia but also perpetuate it. In AF, both

rapid focal firing and reentry may be operative [76]. In both scenarios, wave fronts are gen-

erated and may encounter refractory tissue, causing them to break up during propagation.

The result is the irregular or fibrillatory conduction observed in AF [136].

In 1959, Moe et al. introduced the ‘multiple wavelet hypothesis’ of AF, which expanded

the concept of reentry to include multiple simultaneous atrial reentrant circuits with sep-

arate initiating and sustaining factors. According to this theory, if a critical number of

reentrant wavefronts existed in an appropriate atrial substrate (which depends on a com-

bination of factors including atrial size and mass, CV and tissue refractory period), these

wavefronts could continually re-excite the atria, resulting in chaotic, fibrillatory conduction

[137]. Moe et al. showed that it was unlikely for a large number of simultaneous wavefronts

to all die out simultaneously, making it probable that AF would perpetuate. However, if

the number of simultaneous wavelets was small and/or below a critical value (between 15

and 30 in Moe’s computer model) [138], all reentrant wavefronts would be simultaneously

extinguished, leading to AF termination [138].

Patients with psAF tend to exhibit more complex patterns of atrial activation. They have

multiple wavelets propagating around multiple arcs of functional conduction block, which

are predominantly oriented perpendicular to the tricuspid annulus, and areas of random and

complete reentry. This suggests a critical role for tissue anisotropy in the pathogenesis of

AF.

Modulators: role of the ANS in AF The pathophysiology of AF is complex and involves

various modulators that act through multiple potential mechanisms (Figure 1.8).

Hypertension is the most common cardiovascular risk factor associated with AF, with

hypertensive patients having a 1.7-fold higher risk of developing AF compared to nor-

motensive individuals [140]. Additionally, interactions between AF and HF [141] and

coronary artery disease [142] have been demonstrated. Diabetes mellitus is also an in-

dependent risk factor for AF, particularly in younger patients [143], with a prevalence of

AF twice as high in patients with diabetes compared to those without [144]. Obstructive
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Figure 1.10: Major arrhythmogenic mechanisms include focal ectopic/triggered activity and re-
entry. Focal ectopic/triggered activity is mediated by early and delayed afterdeplarizations, which
are promoted by prolonged repolarization and Ca2+-handling abnormalities, respectively. Concep-
tual interpretations of functional re-entry include leading circle and spiral wave. Extracted from
[61].

sleep apnea (OSA), the most common form of sleep-disordered breathing, is highly asso-

ciated with an increased risk of cardiovascular events and mortality [145]. A prospective

analysis has shown that approximately 50% of AF patients had OSA compared with 32%

of the control group [146]. Lifestyle choices such as obesity [147, 148], excessive alco-

hol consumption [149, 150] and vigorous physical activity mainly related to long-term or

endurance sport participation [151] have also been shown to increase the risk of incident

AF.

Furthermore, several studies have linked the onset and perpetuation of AF to the ANS

[152–154]. Research has shown that fluctuations in both the sympathetic and parasympa-

thetic branches of the ANS are involved in atrial tachyarrhythmias [155–159].

Activation of the adrenergic system can promote focal activity in various ways, includ-

ing through EAD- or DAD-associated triggered activity. Also, α-adrenergic stimulation or
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Figure 1.11: Schematic representation of the mechanisms maintaining AF. (A) Single stable focal or
reentrant source (star) with fibrillatory conduction. (B) Multiple wavelets: multiple waves propagate
randomly and give birth to new daughter wavelets. (C) Multiple reentries (red arrows) around areas
of scar and fibrosis. (D) Combination of the different mechanisms that sustain AF in humans. These
mechanisms are typically meandering and last for few consecutive beats. Extracted from [139].

increased funny current produced by β-adrenergic activation can result in a decrease in IK1

and enhanced automaticity [160].

Hyperactivity of the parasympathetic branch is specifically associated with the onset of

pxAF [161]. It is believed that higher autonomic centers can inhibit GPs, and loss of this

inhibitory tone may result in possible hyperactivity of GPs. This hyperactivity could con-

tribute to increased susceptibility to AF [162–164], as autonomic signals from GPs to the

heart have significant electrophysiological effects, including alterations in atrial refractory

periods [165, 166] and the vulnerability of atrial tissue to AF induction [165, 167, 168].

The release of ACh from cholinergic neurons in atrial GPs can activate the IKACh current,

which facilitates the formation of reentries by shortening the wavelength of reentry (WL),

defined as the distance traveled by the depolarization wave during the effective refractory

period (ERP) [169] and estimated as the product of CV and ERP. In fact, ACh shortens APD

and hyperpolarizes the RMP in a concentration-dependent manner. Hyperpolarization of
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the RMP leads to a reduction in the maximum upstroke velocity of the AP [169], which can

also slow CV. A reduction in WL facilitates reentrant activity by decreasing the distance

covered by the depolarization wave during the ERP.

It is important to note that the heterogeneous spatial distribution of parasympathetic

nerve endings and the rapid breakdown of ACh by acetylcholinesterase at its release site

make the effects of cholinergic stimulation on atrial refractoriness largely spatially hetero-

geneous. This heterogeneity further contributes to increased AF vulnerability, as shown in

previous studies [121, 152, 170].

1.3.4 Therapies for arrhythmia treatment

Managing AF has been challenging due to its complex and not fully understood underlying

mechanisms. AF increases the risk of stroke five-fold as the incomplete contractions of

the atria may cause blood to coagulate and form clots. However, the risk of stroke in

AF is not uniform and varies depending on various risk factors, including congestive HF,

hypertension, age, diabetes mellitus, previous stroke or vascular disease, age between 65-

75 years, and female sex. Hence, the administration of oral anticoagulants (OAC) for stroke

prevention is recommended for patients with one or more of these risk factors.

After considering the use of OAC to prevent stroke, the next step involves managing

symptoms (for symptomatic patients) and deciding between two options: rate control or

rhythm control [171]. The choice between these treatments depends on various factors such

as age, symptoms, medical history and overall health. Therefore, a personalized approach

is necessary to achieve the best outcomes for AF patients.

Rate control Rate control consists in increasing the degree of block at the level of the

AV node. There are two methods to achieve rate control.

The first method is based on using drugs to increase the degree of block that the AV

node offers, thus decreasing the number of impulses that are conducted into the ventricles

so as to maintain a HR of ≤110 bpm, unless symptoms necessitate stricter rate control

[172]. These medications include β-blockers [3], calcium channel blockers [173], digoxin

[174] or a combination of them. They effectively decrease the number of impulses that
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conduct down into the ventricles [173, 175, 176].

If medication fails, the second method consists in AV node ablation, with pacemaker

implantation being attempted to control ventricular rate. This procedure has a low compli-

cation rate and low long-term mortality risk [177, 178]. However, it will render patients

pacemaker-dependent for the rest of their lives.

Rhythm control The rhythm control strategy focuses on restoring and maintaining SR,

especially in AF patients who remain symptomatic despite rate control therapy. This can

be achieved through a combination of treatment approaches, including electrical or phar-

macological cardioversion, antiarrhythmic drug therapy (ADT) and catheter ablation [179–

184].

Pharmacological and electrical cardioversion Pharmacological cardioversion to SR

is recommended for haemodynamically stable patients. While it is less effective than elec-

trical cardioversion, restoring SR in approximately 60-80% of patients with recent-onset

AF versus the 80%-90% restoration rate of electrical cardioversion, it does not require

sedation. Flecainide, propafenone, vernakalant and amiodarone are some examples of ef-

fective antiarrhythmic drugs for pharmacological cardioversion [185–188]. For severely

haemodynamically compromised patients, synchronized direct current electrical cardiover-

sion is the method of choice to quickly and effectively convert AF to SR [3]. The standard

device for electrical cardioversion is the biphasic defibrillator with anterior-posterior elec-

trode positions for more effective rhythm restoration [179, 189].

Antiarrhythmic drugs The goal of ADT is to reduce AF-related symptoms [3]. While

clinically successful, ADT may only reduce rather than eliminate AF. Compared to no

therapy, ADT approximately doubles SR maintenance [190], but it is less effective than

other therapies like AF catheter ablation [191, 192]. To reduce the risk of side effects,

such as adverse events, proarrhythmic events and even death, a shorter duration of ADT

is preferred [190, 193, 194]. For example, short-term treatment with flecainide for four

weeks was well-tolerated and prevented up to 80% of AF recurrences when compared to
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long-term treatment [195]. The main ADT available to prevent AF include amiodarone,

dronedarone, flecainide, sotalol and dofetilide [190].

There are three classes of antiarrhythmic drugs: Class I, II and III. Class I antiarrhyth-

mics block the sodium channels in the heart, which slows down the conduction of electrical

impulses and reduces the excitability of the heart. Sodium channel blockade can terminate

AF and prevent its re-induction by slowing conduction and making reentry unfavorable.

Proposed mechanisms of AF rotor termination with sodium channel blockade include an

increase in rotor size so that the rotor extinguishes at tissue boundaries, reduced anchor-

ing of the rotor which promotes meander of the core and eventual termination, reduced

rotational frequency, and a reduction in the number of daughter wavelets that can gener-

ate new rotors to sustain AF [196]. Class II antiarrhythmics are β-blockers, which block

the β-receptors in the heart and reduce the sympathetic tone. This slows down the HR

and reduces the force of contraction of the heart. Examples of Class II antiarrhythmics in-

clude propranolol, metoprolol and atenolol. Class III antiarrhythmics block the potassium

channels that drive AP repolarization, leading to an increase in APD and WL [197, 198].

Examples of Class III antiarrhythmics include amiodarone, sotalol and dofetilide.

Catheter ablation Over the years, catheter ablation has become a common treatment

for patients with AF [181]. This procedure is particularly beneficial for patients who have

not responded well to ADT or those who experience severe symptoms [3, 181, 199].

The first catheter ablation procedure used to treat AF was based on the surgical Maze

procedure [200, 201]. This involved creating multiple linear lesions in the RA using ra-

diofrequency (RF) energy. The Maze procedure aimed to compartmentalize the atria by

creating scar tissue on the heart’s surface to eliminate reentrant wavelets and restore SR or

an atrial rhythm within the atrial myocardium [200].

Since the pioneering work of Haı̈ssaguerre and colleagues [202], which showed that

a rapidly firing focus in or close to the PVs can be a trigger for pxAF, PVI has become

the most widely used ablation approach for treating AF [203]. PVI can be achieved by

creating lesions around the pulmonary veins using RF ablation, cryoballoon ablation or the

relatively new electroporation ablation technique.
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RF point-by-point myocardial ablation is a thermal-mediated method that creates tis-

sue necrosis and ablation lesions by generating localized heat. Lesions are created in a

point-by-point manner, typically guided by a 3D electro-anatomical mapping system [204].

Factors that affect lesion size include electrode size, temperature, electrode-tissue contact,

power and duration of RF energy delivery [205, 206]. To improve catheter-tissue contact,

catheters have been developed that can measure contact force between the catheter tip and

tissue during ablation [207, 208]. Despite being the most commonly applied technique for

achieving PVI, point-by-point RF ablation remains technically challenging, even in expe-

rienced centers.

Multielectrode circumferential RF ablation catheters were designed to simplify and ex-

pedite PVI procedures. Currently available multielectrode PV ablation catheters have nine

to ten electrodes arranged in a circular configuration when deployed. These catheters can

be guided to the PV ostium by fluoroscopy to allow for both mapping and ablation. The

circumferential placement of the electrodes allows for the creation of a circular ablation

lesion at the PV ostium after multiple applications, eventually resulting in PVI.

In cryoballoon ablation, PVI is achieved by freezing tissue using a pressurized bal-

loon that occludes the PV ostium and injecting liquid nitrous oxide as refrigerant into the

balloon. Operators use fluoroscopic guidance to place the device at each pulmonary vein

antrum. Freezing tissue below -40°C causes irreversible cell death due to the freezing of

intracellular water, resulting in irreversible disruption of organelles and cell membranes

[209].

The balloon design allows circumferential ablation in a single shot and, while cryobal-

loon procedures have shown reduced hospitalizations and lower complication rates than

RF ablation, both types of energy have similar AF termination and maintenance outcomes

[210, 211]. The most commonly reported complication in cryoballoon ablation is phrenic

nerve injury with a reported incidence between 2 and 5%, fortunately often of temporary

nature [212, 213].

Irreversible electroporation (IRE), also referred to as pulsed field ablation, is a novel

nonthermal ablative modality in which ultrarapid (< 1 s) electrical pulses are applied to

target tissue. This approach destabilizes cell membranes by forming irreversible nanoscale
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pores and leakage of cell contents, culminating in cell apoptosis (programmed cell death)

[214]. Importantly, various tissues have specific characteristic thresholds to field strengths

that induce necrosis by electroporation. Myocardial tissue has the lowest threshold and is

thus the most sensitive tissue for irreversible electroporation. Therefore, unlike any other

energy source, IRE spares collateral structures such as the esophagus, arteries and nerves

while effectively ablating myocardial tissue.

Potential benefits of IRE include the tissue selectivity of the ablation and the rapid deliv-

ery of energy, which could result in shorter procedure times. The first-in-human experience

with IRE ablation for PVI in patients with AF was recently reported [215]. The feasibility

of achieving acute PVI by IRE ablation was shown using different catheter designs, in-

cluding a 14-polar circular catheter [216] and an over-the-wire catheter with a deployable

basket containing 20 separate electrodes [217].

IRE depends on current density, while RF tissue heating depends on the square of cur-

rent density and therefore decreases with the fourth power of distance with unipolar RF

ablation. These differences suggest that circular electroporation application may penetrate

deeper and create larger lesions than unipolar RF application. In addition, the contact be-

tween the electrode and the tissue is less critical in electroporation since the current density

decays linearly, whereas the direct resistive RF heating decays with the fourth power.

Figure 1.12 depicts the PVI procedures using cryoballoon ablation and RF ablation.

Despite being the most common ablation procedure to treat AF, PVI has unsatisfactory

long-term results, particularly for psAF [218]. Two potential explanations could clarify

this phenomenon. First, recurrent AF may occur due to PV reconnection, which means

that sustained PVI is not achieved. Second, failure to eliminate the trigger (or substrate)

in standard PVI may contribute to the high recurrence rate after ablation, with the trigger

possibly being the GPs surrounding the PVs. Autonomic modification or denervation might

contribute to the effectiveness of standard PV-directed ablation because the linear lesions

from this procedure run through areas with high GP concentrations [219].

GP ablation has been associated with a decreased risk of AF recurrence [23, 25, 220–

226], either as an addition to PVI [23, 24, 26, 227–230] or as a stand-alone procedure [26,

231]. Although the success rates in eliminating AF are similar for PVI and GP ablation
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individually, combining the two has been shown to have a significantly higher success rate

[26, 47, 227]. The hitherto largest randomized, multicenter trial reported by Katritsis et al.

[227] enrolled 242 patients with pxAF and compared the efficacy of PVI, GP ablation alone

and PVI followed by GP ablation. This study found that freedom from AF was achieved in

56%, 48%, and 74% of patients after 2 years of follow-up, respectively.

Figure 1.12: PVI procedures using cryoballoon ablation (top) and RF ablation (bottom). Extracted
from [213].
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1.3.5 Unmet needs

Understanding the electrophysiological mechanisms that initiate and sustain AF is crucial

for developing safer and more effective therapies. The role of the ICANS in atrial excitabil-

ity is complex and its understanding is currently incomplete. Computational simulation is a

powerful tool to investigate the mechanisms by which the ANS can influence the initiation

and development of AF. It enables reproducible control of the tested conditions, conduction

of virtual interventions not feasible clinically or experimentally and in-depth mechanistic

research.

ADT and catheter ablation are the main treatments for pxAF, but the short- and long-

term clinical efficacy of these treatments remains controversial. Studies have shown that the

control rate of AF recurrence at 6 to 12 months is only about 46% [232–235] and patients

often discontinue therapy due to side effects [236–238]. Despite recent advancements in

AF management, current pharmacological therapies still present limitations in terms of

efficacy and side effects and there is an unmet need for safe and effective ADT for AF

[239].

Class III antiarrhythmic drugs that block potassium channels can prolong the APD

and ERP in both the atria and the ventricles. They can be beneficial in treating AF by

preventing reentry and restoring normal SR. However, they can also have harmful effects

on the ventricles. One of the main concerns is their potential to cause torsades de pointes, a

type of polymorphic ventricular tachycardia that can degenerate into ventricular fibrillation

and cause sudden cardiac death. Prolonged ventricular repolarization can lead to EAD,

which can trigger torsades de pointes in susceptible individuals. To minimize potentially

harmful side effects on the ventricles, potassium channels primarily expressed in the atria

are being considered as targets for AF therapy and new targets are continuously sought.

PVI has become a common treatment for AF patients over the decades [203]. However,

the long-term efficacy of catheter ablation reported in AF single-procedures does not ex-

ceed 70% [240]. Adding GP ablation to PVI has shown some degree of improvement in AF

recurrence outcomes. Po et al [26] showed that the combination of GP ablation with PV

isolation was effective in more than 80% of patients at a long-term follow-up. However,
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the validity of existing methods for the selective location of GP clusters is in question. The

significant heterogeneity of such location can be inferred from the complex anatomy of

the ANS, which is why various attempts have been made in the literature to simplify the

location of cardiac GPs. Many authors have adopted a selective approach characterized by

RF applications in atrial areas where vagal reaction could be elicited during high-frequency

stimulation (HFS). An alternative method is the anatomic approach, which is characterized

by an extended RF ablation of the GPs based on anatomic knowledge of cardiac ganglia

topography. This method, mainly performed in the LA and in patients with pxAF, resulted

in higher effectiveness than the selective approach in some investigations [27]. The same

approach was not beneficial when applied to ablate longstanding psAF.

1.4 Objectives and outline of the thesis

The research in this thesis aims, on the one hand, to shed light on the role of the ANS in the

onset and maintenance of AF, and on the other hand, to evaluate therapies for AF treatment

acting on autonomic neural components, either individually or in combination with other

therapies targeting ion channels of atrial cells.

To achieve these objectives, realistic computational models of human atria have been

developed, which incorporate descriptions of sympathetic and parasympathetic modula-

tion of atrial electrical activity. These models have been used to elucidate the role of neural

stimuli in the onset and maintenance of AF. In addition, descriptions of the effects of an-

tiarrhythmic drugs that act on ion channels have been included. The efficacy of autonomic

modulation, both with and without the action of these drugs, to stop AF in humans has been

analyzed.

1.4.1 Chapter 2

In this chapter, general methods used in the following chapters are described. In particu-

lar, we present the computational models, from cellular to whole atrial level, employed to

simulate human atrial electrophysiology in SR and AF.
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1.4.2 Chapter 3

In this chapter, we used computational modeling and simulation to investigate cardiores-

piratory interactions during AF. In particular, we evaluated the role of the spatiotemporal

release pattern of ACh, considered to temporally vary in phase with inspiration and expira-

tion, in the modulation of the f-wave frequency. The computational results were compared

with results obtained from the analysis of clinical ECGs.

The following publications are based on the results described in this chapter:

• C. Celotto, C. Sánchez, K. A. Mountris, P. Laguna, E. Pueyo, Relationship between

Atrial Oscillatory Acetylcholine Release Pattern and f-wave Frequency Modulation:

a Computational and Experimental Study. International Conference on Computing

in Cardiology (CinC), 2020, article no. 303.

• C. Celotto, C. Sánchez, M. Abdollahpur, F. Sandberg, J.F. Rodrı́guez, P. Laguna,

E. Pueyo, Effects of Acetylcholine Release Spatial Distribution on the Frequency

of Atrial Reentrant Circuits: a Computational Study. International Conference on

Computing in Cardiology (CinC), 2022, article no. 396.

• C. Celotto, C. Sánchez, M. Abdollahpur, F. Sandberg, J.F. Rodrı́guez, P. Laguna, E.

Pueyo, The Frequency of Atrial Fibrillatory Waves is Modulated by the Spatiotempo-

ral Pattern of Acetylcholine Release: a 3D Computational Study, Frontiers in Physi-

ology, Under review.

1.4.3 Chapter 4

In this chapter, we aimed to assess the relationship between changes in autonomic bal-

ance and in atrial fibrillatory rate (AFR) oscillations induced by head-up and head-down

tilt test. We used computational modeling and simulation to investigate the effects of the

combination of different levels of parasympathetic and sympathetic stimulation on AFR.

The following publications are based on the results described in this chapter:

• C. Celotto, C. Sánchez, M. Abdollahpur, F. Sandberg, P. Laguna, E. Pueyo, Depen-

dence of Atrial Fibrillatory Rate Variations Induced by Head-Up/Down Tilt-Test on
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Autonomic Action. International Conference on Computing in Cardiology (CinC),

2023, Submitted.

• C. Celotto*, M. Abdollahpur*, C. Sánchez, P. Laguna, E. Pueyo, F. Sandberg. Tilt

Induced changes in f-wave characteristics during atrial fibrillation: an experimental

and computational investigation. In preparation. * Joint first authorship.

1.4.4 Chapter 5

In this chapter, we used computational simulation to develop a method to locate sites of

atrial parasympathetic innervation within atrial GPs, based on measurements from a EGM

multielectrode grid. This approach, developed to aid cardioneuroablation procedures over-

coming the limitations of the current techniques (HFS and anathomical), is expected to

provide information not only on the approximate location but also on the dimensions of

those sites.

The following publications are based on the research described in this chapter:

• C. Celotto, C. Sánchez, P. Laguna, E. Pueyo, Location of Parasympathetic Innerva-

tion Regions From Electrograms to Guide Atrial Fibrillation Ablation Therapy: An

in silico Modeling Study. Frontiers in Physiology, 2021;12:674197.

1.4.5 Chapter 6

In this chapter, we assessed how the combination of β-adrenergic stimulation and SK chan-

nel block (SKb) could counteract alterations in atrial electrical activity caused by choliner-

gic stimulation. Our hypothesis was that by administering Iso and SKb at the same time,

we could extend the APD shortening induced by ACh and return it to its original state.

We conducted numerical simulations based on human atrial cellular models and 2D tissue

models to analyze the effects of adrenergic and cholinergic stimulation and of SKb, both

transiently and at steady-state.

The following publications are based on the research described in this chapter:
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• C. Celotto, C. Sánchez, P. Laguna, E. Pueyo, Calcium-Activated Potassium Chan-

nel Inhibition in Autonomically Stimulated Human Atrial Myocytes. International

Conference on Computing in Cardiology (CinC), 2019, article no. 334.

• C. Celotto, C. Sánchez, K. A. Mountris, P. Laguna, E. Pueyo, SK Channel Block

and Adrenergic Stimulation Counteract Acetylcholine-Induced Arrhythmogenic Ef-

fects in Human Atria. Annual International Conference of the IEEE Engineering in

Medicine and Biology Society (EMBC), 2020.

• C. Celotto, C. Sánchez, K. A. Mountris, P. Laguna, E. Pueyo, Rotor Termination in

Cholinergic Paroxysmal Atrial Fibrillation by Small-Conductance Calcium-Activated

K + Channels Inhibition and Isoproterenol: a Computational Study. International

Conference on Computing in Cardiology (CinC), 2021, article no. 166.

• C. Celotto, C. Sánchez, K. A. Mountris, P. Laguna, E. Pueyo, Steady-state and tran-
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1.4.6 Chapter 7

This chapter contains the main achievements, limitations, possible future work and the

main conclusions of this PhD thesis.



Chapter 2

General methods

In this chapter, general methods used in following chapters are presented. The section in-

cludes the description of the computational electrophysiological models later employed to

perform AF simulations. All the described models and simulation methods will be further

discussed in each chapter with respect to the specific applications.

Computational models have become powerful tools to complement in vivo and in vitro

research. They do not have ethical restrictions and can test almost unlimited hypotheses,

including those that may not be feasible in traditional studies, in a time- and cost-effective

manner. These models can be used to model physiological processes and diseases, to de-

velop drugs, to study the mode of action and identify adverse cardiac effects and to enhance

the understanding of AF mechanisms and discover potential pharmacological targets.

2.1 In silico models of cellular electrical excitability

In 1952, Alan L. Hodgkin and Andrew F. Huxley proposed the first computational model

of an excitable cell, which described the electrical activity of the squid giant axon [241].

They formulated the equations of the temporal evolution of the transmembrane voltage and

the ionic currents based on the selective permeability of the cellular membrane to ions in

a voltage and time dependent manner. Particularly, the cell was described as an electrical

circuit with the cell membrane acting as a capacitor and ion channels modeled by resistors

and voltage sources. Figure 2.1 shows the equivalent circuit of the Hodgkin-Huxley model

41
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(HH), which comprises four ionic currents: a sodium current, INa, a potassium current, IK,

a capacitive current and a leak current, IL. The leak current refers to the current generated

by other ions.

Figure 2.1: The equivalent circuit of the Hodgkin-Huxley model representing the cell, with voltage
sources (VNa, VK, VL), membrane capacitance (Cm) and three currents, namely sodium (gNa con-
ductance), potassium (gK conductance) and leak (gL conductance) currents. Adapted from [242].

Ionic movements across the cell membrane are governed by electrical and diffusion

forces. Each ionic species is in equilibrium when these two forces are equal in magnitude

but opposite in sign. The equilibrium potential of an ion k is known as the Nernst potential

and is defined as follows:

Ek = −R T

zkF
log

(
[k]i
[k]o

)
, (2.1)

where Ek is the Nernst potential for ion k, T is the absolute temperature, R is the ideal

gas constant, zk is the valence of ion k, F is Faraday’s constant and [k]i and [k]o are the

intracellular and extracellular concentrations of ion k, respectively.

Using Ohm’s law, the conductance per unit area, gk, for a specific ion k, can be com-

puted as:

gk =
Ik

Vm − Ek

, (2.2)

where Ik is the electric current carried by ion k per unit area, Vm is the transmembrane

potential and Ek is the Nernst potential for ion k.

Considering that the ion channels are selective for a particular type of ion and that the

ions pass through the specific channel only when the channel is open, the conductance gk
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is computed as:

gk = Gk,maxpk,o (2.3)

where Gk,max is the maximum current when all channels are open and pk,o is the proportion

of k channels that are open, with this proportion being dependent on the transmembrane

potential.

In the HH model, each of the gates can be in the open or the closed states and transitions

between these two states along time, with the opening and closing transition rates being

dependent on transmembrane voltage. For the Na+ channels, Hodgkin and Huxley defined

three activation gates (named m gates), which became open when voltage increased and

remained closed during the resting AP phase, and one inactivation gate (named h gate) that

was open during the resting AP phase and became closed when transmembrane potential

increased. In the HH model, K+ channels were composed of four activation gates (named

n gates). Assuming that each of the gates open and close independently of the others, the

proportion of open channels is equal to the product of the proportions of open gates for the

different types of gates the channel is composed of [151]. For Na+ channels this can be

written as:

pNa,o = m3h, (2.4)

where m represents the probability that any of the three activation gating subunits of the

channel is open, and h represents the probability that the inactivation gate is open. For K+

channels:

pK,o = n4, (2.5)

where n represents the probability that any of the four activation gating subunits of the

channel is open.

Therefore, INa and IK can be described by the following equations:

INa = gNa(Vm − ENa) = GNamaxm
3h(Vm − ENa), (2.6)

IK = gK(Vm − Ek) = GKmaxn
4(Vm − Ek), (2.7)



44 chapter 2. general methods

where GNamax and GKmax are the maximal conductances of sodium and potassium chan-

nels, respectively. The variables m, h and n are the gates of the ion channels. The ionic

conductance is equal to the maximal ionic conductance when all the gates are in the open

state for a specific ion channel.

The opening and closing of the gate variables m, h and n are regulated by the following

ordinary differential equation (ODE):

dx

dt
= αx(1− x)− βxx, (2.8)

where x refers to the m, h or n gates of ion channels and αx and βx are transition rates from

closed to open state and from open to closed state, respectively.

Therefore, the total current across the cell membrane can be computed as the sum of all

ionic currents and the capacitance current as follows:

Itot = Cm
dVm

dt
+ INa + IK + IL. (2.9)

2.2 In silico models of human atrial cellular electrophysi-

ology

Since the original HH model, the development of computational models has been driven

by the increasing computational power available to researchers at decreasing costs [243].

Models for cardiac cellular electrophysiology and ion dynamics have been developed for

over five decades. The first cellular models specific of the atria were published by Courte-

manche et al. in 1998 [244] and Nygren et al. in 1998 [245]. These model lineages have

been retroactively extended with novel features. Also, new models have been introduced,

as shown in Figure 2.2.

Currently, there are three families of in silico human atrial cell models [246]: the

Nygren-Maleckar-Koivumäki-Skibsbye [245, 247–249], the Courtemanche [244], and the

Grandi [38] models. These models were built based on different sets of human and ani-

mal experimental data and rely on slightly different formulations of ionic currents, pumps
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and exchangers. There are substantial differences among these models in terms of AP and

calcium transient morphologies and of their rate adaptation properties [246]. Furthermore,

some of these models include ionic currents not incorporated in the other models [250]. An

advantage of the diversity of existing cardiac computational models is the larger representa-

tion of data responses when modeling pharmacodynamics or other effects, as the outcome

of in silico interventions varies between different models and could better represent the

extensive variability found experimentally.

Figure 2.2: Evolution of the development of atrial cardiomyocyte models and their interdependen-
cies. Extracted from [251].
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As a basis for our research, we took three previously published computational models

of human atrial cellular electrophysiology. Those models differ in AP morphology and rate

adaptation properties, which may reflect the inherent diversity in cell phenotypes of the

human atria. To test the model independence of our findings, we selected a model of each

of the three main types of available atrial cellular models in the literature. Specifically, we

used the Courtemanche (C) [244], Skibsbye (S) [249] and Grandi (G) [38] human atrial

AP models. For each of the three models, the effects of cholinergic stimulation by ACh,

adrenergic stimulation by the non-specific β-adrenergic agonist isoproterenol (Iso) and the

formulation of the ISK current were incorporated, as described in the following sections and

summarized in Table 2.1.

2.2.1 Courtemanche model

The Courtemanche, C, model is based on the guinea pig ventricular model of Luo and

Rudy [252]. It is a common-pool model, approximating the cytosol as a homogeneous

compartment without considering local changes in intracellular ion concentrations. HH

ion channel formulations are used. Human experimental data was used to model the fast

Na+ current INa, the transient outward potassium current Ito, the ultrarapid delayed rectifier

K+ current IKur, the rapid and slow delayed rectifier K+ currents IKr and IKs, the inward

rectifier K+ current IK1 and the L-type Ca2+ current ICaL. The Na+ and Ca2+ background

currents IbNa and IbCa, the Na+/Ca2+ exchange current INaCa, the Na+/K+ pump current

INaK, the sarcolemmal Ca2+ pump current IPMCA and the intracellular calcium handling

were based on a previous (canine) model [253]. The sarcoplasmic reticulum is divided into

two compartments, one for uptake and one for release of Ca2+. The Ca2+ uptake current Iup

pumps Ca2+ into the sarcoplasmic reticulum and a leak current Ileak allows flow back into

the intracellular space. The transfer current Itr transports Ca2+ to the release compartment,

where Ca2+ stores are emptied into the intracellular space by the Ca2+ release current Irel.

Regarding intracellular Ca2+ buffers, there are formulations for troponin, calmodulin and

calsequestrin. The AP shows a pronounced spike-and-dome morphology. The original

application of the C model was the investigation of the rate dependence of the AP and its
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response to inhibition of ICaL and INaCa.

In this thesis, we introduced a new formulation for the ISK current into the C model.

The current formulation was as in Engel et al [254], with adjustments made to match the

experimental ISK characteristics found in the literature [121, 255]. The ISK current was

defined as:

ISK(t) = gSKf
2
([
Ca2+

]
i

)
(Vm(t)− Ek(t)) , (2.10)

where gSK is the conductance of ISK, Ek is the Nernst potential for potassium and f ([Ca2+]i)

is a gating variable that depends on [Ca2+]i. f ([Ca
2+]i) satisfies the equation:

df ([Ca2+]i)

dt
=

f∞ ([Ca2+]i)− f ([Ca2+]i)

τf
(2.11)

where τf=3 ms is the time constant associated with the activation gate f. The steady-state

value of gate f is:

f∞
([
Ca2+

]
i

)
=

([Ca2+]i /0.0025)
q

KSK + ([Ca2+]i /0.0025)
q (2.12)

where the constant KSK is the half-activation calcium concentration and the Hill coefficient

q account for the cooperativity effect. In the literature, a disparity of values for the ISK

current parameters exists. In the Engel model, KSK=1 µM and q=2 were used. Since

the model by Engel et al. was built for neurons and not for cardiac cells, we adapted

the conductance gSK so that the contribution of the ISK current was consistent with the

results reported from experiments in isolated atrial myocytes and atrial trabeculae strips

from patients in SR, where SK channel block increased APD90 by around 20% [121, 256].

After adding the ISK current to the C model, we compared the ionic current traces in

the original and modified model. The results are presented in Figure 2.3. We found that

most of the currents were only slightly impacted by the addition of the SK current, with the

exception of IKr, which showed a reduction in peak value of 15%, and of IKs, which showed

a peak reduction of 35%. Nonetheless, the values of these two currents in the original and

modified models were relatively close, especially compared to the wide range of physio-

logical variability reported in experiments, up to 45% for IKr and 72% for IKs [257] (Figure

2.4). These percentages were computed referring to the 0 mV voltage, corresponding to the
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transmembrane voltage at the peak of the currents IKs and IKr. From Figure 2.4, the percent-

age value was obtained by dividing the standard deviation by the mean and multiplying the

result by 100. The experimental variability would indeed be expected to be higher, as one

standard deviation around the mean would only cover 68% of the observations if the data

followed a Gaussian distribution. Based on these results, we concluded that the modified

model was still within the physiological range of available experiments and, thus, it was

not necessary to perform any reparametrization of the cellular model.

Figure 2.3: Representation of the individual currents in the C model before (red) and after (blue) the
introduction of the ISK current.

The parasympathetic stimulation effects were described by introducing the ACh-activated

potassium current IKACh in the models to account for the activation of G protein-activated

inwardly rectifying potassium channels induced by ACh. The IKACh formulation was based

on the study by Kneller et al. [196] and subsquently updated as proposed by Bayer et al.

[258]. The equation is reported below:

IKACh(t) =

(
10.0

1 + 9.14
(ACh(t)10−1)0.478

)(
0.05 +

5.0

1 + e
Vm(t)+85.0

5.0

)
(Vm(t)− EK(t)) (2.13)

where ACh(t) is the ACh concentration at time “t” expressed in µM, Vm(t) is the mem-
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Figure 2.4: IV curves for IKs and IKr adapted from Kohajda et al. [257]. Data are expressed as mean
± SEM. Values obtained from dog myocytes. Here we are interested in the control black curves
representing control conditions.

brane potential and EK(t) is the Nernst potential for potassium.

Sympathetic stimulation affects atrial myocytes by activating the β-adrenergic signaling

cascade, which triggers the phosphorylation of various cellular substrates by PKA. In the C

model, the effects of β-adrenergic stimulation were modeled as proposed by González de

la Fuente et al. [259]. This involved modeling the increases in the maximal conductances

of ICaL and IKs and the decrease in the maximal conductance of Ito following the experi-

mentally reported concentration-dependent conductance modulation curves [259]. At an

Iso concentration of 1 µM, the maximal conductances of ICaL and IKs were increased by

160.6% and 65.7%, respectively, while the maximal conductance of Ito was reduced by

18.6%.

2.2.2 Grandi model

The Grandi, G model is based on a human ventricular model from the same research group

[260], which in turn relies on the rabbit ventricular model of Shannon et al. [261]. The

majority of the current formulations are similar to those found in the human ventricular

model but with appropriate adaptation to human atrial data. It is a common-pool model of

the atrial cardiomyocyte with detailed validation of rate-dependent Ca2+ handling based

on experimental data obtained in isolated human atrial cardiomyocytes at physiological
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temperature [38].

In contrast to the C model, the concentration of Cl−, a background Cl− current IbCl and

a Ca2+-activated Cl− current ICl(Ca) are also taken into account. Furthermore, a plateau

K+ channel IKp is included. For the Ito and IKur currents, slightly adapted formulations of

the Malekar model were employed [247]. The intracellular Ca2+ handling is identical to

the rabbit ventricular model of Shannon et al. [261] and includes a subsarcolemmal space

and a junctional cleft between the ICaL channels and the release unit. In this model, repolar-

ization occurs in two distinct phases, resulting in a longer APD. This model was originally

developed to analyze the differences between human atrial and ventricular electrophysiol-

ogy with a focus on Ca2+ handling.

As we did for the C model, we introduced in the G model a new formulation of the

ISK current based on the formulations by Peñaranda et al. [262], which we chose based on

experimental evidence [255]. The current was written as:

ISK = gSKf
([
Ca2+

]
i

)
(Vm(t)− Ek(t)) , (2.14)

where gSK is the conductance of ISK, Ek is the Nernst potential for potassium and f ([Ca2+]i)

is a gating variable that satisfies the equation:

df ([Ca2+]i)

dt
=

f∞ ([Ca2+]i)− f ([Ca2+]i)

τf
(2.15)

where the steady-state value of gate f is:

f∞
([
Ca2+

]
i

)
=

([Ca2+]i)
q

Kq
SK + ([Ca2+]i)

q (2.16)

and KSK=700 nM is the half-activation calcium concentration, q=2 is the Hill coefficient

and τf=5 ms is the activation time.

Comparing the ionic current traces in the original and modified G model (Figure 2.5)

we found again that the most impacted currents were IKr, which showed a reduction in peak

value of 10%, and IKs, which showed a peak reduction of 31%. Given those results we did

not perform a reparametrization of the G cellular model on the basis of the same arguments
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described above for the C model.

Figure 2.5: Representation of the individual currents in the G model before (red) and after (blue) the
introduction of the ISK current.

To simulate the effects on atrial electrophysiology of parasympathetic stimulation, the

G model adopted the formulation by Voigt et al. [263], with further adjustments based on

the experimental data from Koumi et al. [38, 264]:

IKACh(t) = gKACh

√
[K+]o
5.4

ACh(t)

ACh(t) + 0.125
RKACh (Vm(t)− EK(t)) (2.17)

gKACh = 0.1275

1 +
1.6863

1 +
(

10
[Na+]i

)3
 (2.18)

RKACh(t) = 0.055 +
0.40

1 + exp
(

(Vm(t)−EK(t)+9.53)
17.18

) (2.19)

where ACh(t) is the ACh concentration at time “t” expressed in µM, Vm(t) is the mem-

brane potential and EK(t) is the Nernst potential for potassium.

In the G model, the effects of β-adrenergic stimulation were modeled based on the

method described in [265]. This involved PKA regulation of various subcellular targets,
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such as a 3-fold increase in the maximal conductance of IKs and a 40 mV leftward shift in

the IV relationship, a 3-fold increase in the maximal conductance of IKur and a 50% increase

in the fraction of available channels for ICaL with a 3 mV leftward shift in the channel

availability. The sensitivity of the SERCA pump to Ca2+ was increased by reducing the

forward mode, kmf, by 50%. The sensitivity of RyR to Ca2+ was increased 2-fold, while

the troponin affinity for Ca2+ (TnI) was decreased by increasing kd by 50%. Finally, the

affinity of the Na+/K+ pump for [Na+]i was increased by 25% [38].

2.2.3 Skibsbye model

The starting point for the Skibsbye, S, model was the in silico human atrial cell model of

Koivumaki et al. [248, 266]. Skibsby et al. reformulated the INa current and adjusted the

Ito and ICaL currents to obtain a more spike and dome-like AP morphology in 1D tissue

strand simulations. They also extended the model to include ISK and they updated the psAF

model variant [266] to include the disease-related remodeling reported after the publication

of the original Koivumaki model. One of the main differences between the C and G models

and the S model is that in the latter the cytosol and sarcoplasmic reticulum are divided

into several transverse components with centripetal Ca2+ diffusion between them, thereby

providing the first model with a partial spatial representation of the atrial cardiomyocyte

[248].

In the S model, the description of the ISK current was already included as per Skibsbye

et al. [249]. SK channel opening is described as a two-state Markov model that shares the

properties reported by Hirschberg et al. [267]. The opening of the channel simply depends

on the subsarcolemmal calcium concentration (squared). Rectification of ISK was adjusted

based on the in vitro data by Tang et al. [268]. The equations defining the opening of the

channel and the current are as follows:

ISK = gSKO

 1

1 + exp
(

Vm(t)−EK(t)+120
45

)
 (Vm(t)− EK(t)) , (2.20)

where gSK=3.6 is the conductance of ISK, EK is the Nernst potential for potassium and O
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is a gating variable that satisfies the equation:

dO

dt
= (1−O)SKonCa

2
ss −OSKoff (2.21)

To account for parasympathetic stimulation, the S model adopted the formulation by

Voigt et al. [263] and the effects of β-adrenergic stimulation were described as proposed

by González de la Fuente et al. [259], which are described above for the C model.

2.2.4 In silico cellular models of AF-related electrical remodeling

The human atrial cardiomyocyte models described in section 2.2 were considered to rep-

resent atrial cells in either SR or with early-onset AF. In this thesis, models of psAF were

generated by incorporating AF-induced electrical remodeling as described in previous stud-

ies.

In the C model, electrical remodeling was simulated by reducing the maximal con-

ductances of Ito, ICaL and IKur by 50%, 70% and 50%, respectively, and by increasing the

maximal conductance of the inward rectifier potassium current, IK1, by 100% [269].

In the G model, electrical remodeling involved reductions in the conductances of Ito,

IKur and the fast sodium current, INa, by 45%, 45% and 10%, respectively. Additionally, a

late component was added to the INa current, as previously described [109]. The density

of ICaL was reduced by 50%, sensitivity of RyR to luminal Ca2+ was doubled and the rate

of the SERCA pump was decreased [270]. The conductances of IK1, IKs and INaCa were

increased by 100%, 100% and 40%, respectively. Finally, passive sarcoplasmic reticulum

calcium leak was increased by 25% [38].

In the S model, under psAF-related electrical remodeling, ICaL, Ito, IKur, INa and the

sarcolipin to SERCA ratio (SLN) were reduced by 55%, 62%, 38%, 18% and 40%, respec-

tively, while IK1, IKs, INaCa and the phospholamban to SERCA ratio (PLB) were increased

by 68%, 145%, 50% and 18%, respectively [121]. Additionally, the expression of SERCA

was decreased and the sensitivity of RyR to sarcoplasmic reticulum calcium was increased

2-fold. Cell dilation was also considered by increasing the cell length by 10% [121].

Regarding ISK, AF-induced remodeling was considered to reduce the magnitude of the
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ISK current by 50% in all models, in concurrence with experimental evidence [121]. Finally,

the formulation of Iso effects on atrial electrophysiology from González et al. provided

specific conductance modulation curves for the psAF case [259].

The above described representations of psAF-related electrical remodeling are summa-

rized in Table 2.1 for each of the cellular models.

2.3 In silico models of cardiac electrical propagation

Two commonly used mathematical models for simulating electrical propagation in cardiac

tissue are the bidomain and the monodomain models.

The bidomain equations consist of a system of two partial differential equations that

describe the electrical potential in the intracellular and extracellular domains of the cardiac

tissue. These equations are coupled with the system of nonlinear ordinary differential equa-

tions that represent the electrical activity of a cardiac cell, as can be seen from the equations

of the HH model described in section 2.1. The cardiac tissue consists of both extra- and in-

tracellular media that interact through the cellular membrane. In both the monodomain and

bidomain models, every point in space is assumed to be in both domains and is therefore

assigned both extra- and intracellular potentials. This assumption, although not reflective

of actual cardiac tissue, has been surprisingly accurate in producing normal resolution by

averaging over a large number of cardiomyocytes. Several alternatives to the bidomain

and monodomain models have been published in the literature that explicitly represent all

individual cells in the models [271–278].

The parabolic-elliptic form of the bidomain equations is as follows:

χ

(
Cm

∂Vm(t)

∂t
+ Iion(u,Vm(t))

)
−∇ · (Di∇(Vm(t) + ϕe)) = 0, (2.22)

∇ · ((Di + De)∇ϕe + Di∇Vm(t)) = 0, (2.23)

where Vm(t) is the transmembrane potential, Cm is the membrane capacitance, χ is the

membrane surface-to-volume ratio (the amount of membrane found in a given volume of

tissue), Iion(u,Vm(t)) is the sum of all transmembrane ionic currents and of the applied



2.3. In silico models of cardiac electrical propagation 55

Figure 2.6: Tissue model used in electrical propagation models, in which the membranes of the
cells (boxes) are connected to each other with resistances in both intracellular (white cylinders) and
extracellular (grey cylinders) spaces. Adapted and modified from [279].

stimulation current, ϕe is the extracellular potential, Di and De represent the intracellular

and extracellular conductivity tensor fields, respectively.

The boundary conditions for equations (2.22) and (2.25) specify the current applied

along the border:

n · ((Di + De)∇(Vm(t) + ϕe)) = 0 (2.24)

n · (De∇ϕe) = 0 (2.25)

where n is the outward pointing unit normal vector to the tissue.

A scheme of a tissue model is illustrated in Figure 2.6.

The bidomain model, which is a system of partial differential equations, is challenging

to solve and analyze. However, by assuming equal anisotropy ratios between the intracel-

lular and extracellular conductivity tensors, the coupled system can be decoupled. This

allows the extracellular potential to be calculated as a postprocessing step, once the trans-

membrane potential has been obtained. This simplification leads to the monodomain equa-

tions, which were used to simulate atrial electrical propagation in this thesis. Indeed, for

the type of simulations run here, the accuracy of the monodomain model is similar to that

of the bidomain model and its computational cost is lower, thus making it more suitable for

our investigations[280].
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The monodomain equations read as:

χ(Cm
∂Vm(t)

∂t
+ Iion(u,Vm(t))) = ∇ · (D∇Vm(t)), (2.26)

(1 + λ)∇ · (D∇ϕe) = −∇ · (D∇Vm(t)) (2.27)

where D is a conductivity tensor as described by D = Di (Di + De)
−1De [281], while λ

is the proportionality factor between the intracellular and extracellular conductivity tensor

fields, being Di = λDe.

And the boundary conditions become:

n · (D∇Vm) = 0 (2.28)

n · (D∇ϕe) = 0 (2.29)

2.4 In silico models of fibrosis

As reported in section 1.3.3, fibrotic remodeling is a multiscale process associated with

GJs remodeling [87, 88], fibroblast proliferation [89, 90] and excess collagen deposition

[89, 91]. Computational models of fibrotic atria have accounted for these remodeling char-

acteristics, either separately or in combination. Nonetheless, due to the need for further

experimental characterization from human tissue, additional work could help to shed light

on how to best model atrial fibrosis in humans [282]. In our models, we did not consider

the increase in collagen content, which is usually modeled as non-conductive obstacles in

the tissue. However, we considered a combination of GJ remodeling and fibroblasts pro-

liferation. GJ remodeling was simulated through tissue conductance reduction in fibrotic

regions. The fibroblast-fibroblast GJ conductance was reduced 4-fold with respect to the

myocyte-myocyte conductance. When myocytes were coupled to fibroblasts, the junctional

conductance was linearly adjusted depending on the number of fibroblasts coupled to a my-

ocyte.

Fibroblast proliferation was modeled by replacing myocytes with fibroblasts and using
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the MacCannell active fibroblast ionic model [283], as in previous studies [284]. This

model comprises a time- and voltage-dependent potassium current IKv, an inward rectifying

potassium current IK1, a sodium-potassium pump current INaK and a background sodium

current IbNa [283].

2.5 In silico 2D and 3D atrial models

Human atrial electrical activity was simulated in 2D square sheets of tissue and in 3D

biatrial anatomical models. The 2D models represented square pieces of tissue of 5x5 cm2

or 7x7 cm2, discretized in square elements of 200-µm side. A uniform bottom-to-top fiber

direction was assigned to the tissues. For the 3D biatrial models, the anatomy was in all

cases defined as in [285]. The 3D anatomical models were discretized in a multi-layer mesh

with a homogeneous wall thickness between 600 and 900 µm, built with linear hexahedral

elements with regular spatial resolution of 300 µm, resulting in a total of 754,893 nodes

and 515,010 elements. The models included detailed regional description of fiber direction

and functional heterogeneity.

In the 3D models, the C cellular model was adapted to represent different atrial regions

by varying the ionic current conductances as in [285]. The eight regions with different elec-

trophysiological characteristics were: LA, right atrium (RA), left atrial appendage (LAA),

right atrial appendage (RAA), PVs, tricuspid valve ring (TVR), mitral valve ring (MVR),

crista terminalis (CT) and Bachmann bundle (CTBB). In Figure 2.7, the APs corresponding

to these regions are shown.

The myocyte-myocyte conductance was adapted to match experimental evidence in

terms of CV and total activation time (TAT). In the 3D models, we used values of lon-

gitudinal conductivity (LCV) and transverse-to-longitudinal conductivity ratio (T/LCR) that

were adapted from [285] for different atrial regions. Particularly, for definition of the con-

ductivity values, we considered ten atrial regions: LA, RA, PV, SAN, coronary sinus (CS),

isthmus (IST), fossa ovalis (FO), CT, limb of the fossa ovalis (LFO), Bachmann bundle and

pectinate muscles (BBPMS). The defined conductivity values, reported in Table 2.2, led to

a TAT of 180 ms, in line with data reported in the literature for psAF patients [286]. It is
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Figure 2.7: APs corresponding to the different electrophysiological regions in the 3D biatrial mod-
els.

worth noting that the heterogeneities in electrophysiological characteristics and in conduc-

tivities were defined by using eight and eleven atrial regions, respectively, so as to match

experimental evidence [285]. In the 2D models, we used the same values of longitudinal

conductivity and transverse-to-longitudinal conductivity ratio as in the LA region of the 3D

model, which rendered a longitudinal CV of 50 cm/s for a planar wave, in agreement with

values reported for AF patients in previous studies [258].

2.6 Stimulation protocols and numerical simulations

Single cells were subjected to pacing at a fixed cycle length (CL) until they reached steady

state for each of the three employed models (C, G and S). Steady state was considered to be

attained when changes in state variables between consecutive stimuli measured at the end

of each cardiac cycle were below 3%. In particular, the C model was paced for 10 minutes,

while the G and S models were paced for 5 minutes.

The C model was used for tissue simulations with its state variables initialized to the

steady-state values obtained from single cell simulations. The temporal resolution use to

solve the ODEs defining the S and C models was 0.005 ms, while the G model was run

with a temporal resolution of 0.001 ms, in all cases ensuring numerical convergence of

the results. In the tissue simulations, a spatial resolution of 0.02 cm was considered. To
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define the spatial resolution, a convergence analysis was conducted by running simulations

with progressively reduced space step. When differences in longitudinal CV between con-

secutive step sizes were below 0.2%, no improvement was considered to be achieved by

additionally refining the mesh and that space step was taken as the spatial resolution for all

the simulations.

The cellular simulations were performed using MATLAB, while tissue simulations

were performed using the software ELECTRA [287–289] and and the software ELVIRA

[290]. ELECTRA is an in-house software that implements the Finite Element Method

(FEM) and Meshfree Methods for the solution of the monodomain model. In this work,

FEM was used. In some of the simulations, a dual adaptive explicit time integration

(DAETI) method was used [291]. DAETI employs adaptive explicit integration for the

solution of both the reaction and diffusion terms of the cardiac monodomain model, which

allows obtaining accurate solutions while reducing the computational time. ELVIRA de-

scribes electrical propagation in the atria by the monodomain model and uses FEM in com-

bination with the operator splitting numerical scheme to solve the propagation equations.
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Table 2.1: Summary of formulations for descriptions of cholinergic (ACh) and β-adrenergic (1 µM
Iso) stimulation effects, SK current (ISK) and psAF-induced electrical remodeling.

Models ACh Iso ISK psAF

C) IKACh as in
Kneller [196]
+ Bayer [258]

Ito: −48.6%
ICaL: +160.6%
IKs: +65.7%
González [259]

ISK as in Engel
[254]

Ito: −50%
ICaL: −70%
IKur: −50%
IK1: −70%
Courtemanche [244]
gSK: −50%

G) IKACh as in
V oigt [263]

IKs: +300% and IV re-
lationship leftward shift
(−40 mV).
gKur: +300%.
ICaL: increased fraction
of available channels
(+50%), channel avail-
ability shifted leftward
(−3 mV).
SERCA forward mode
kmf: −50%.
RyR Sensitivity to Ca2+:
+200%.
TnI: decreased (kd
+50%).
INaK affinity for [Na+]i:
+25%.
Grandi [38]

ISK as in
Peñaranda
[262]

INa: −10% peak density.
INaL: added.
IKs: +200%.
IKur: −45%.
IK1: +100%.
Ito: −45%.
ICaL: −50%.
INaCa: +40% in cAF.
SERCA: reduced maxi-
mal pump rate.
RyR: sensitivity for lumi-
nal Ca +200%.
sarcoplasmic reticulum
Ca2+ leak: +25%.
Grandi [38]
gSK: −50%

S) IKACh as in
V oigt [263]

Ito: −48.6%
ICaL: +160.6%
IKs: +65.7%
González [259]

ISK as in
Skibsbye [121]

gNa: −18%
gCaL: −55%
gto: −62%
gKur: −38%
gKs: +145%
gK1: +68%
gNaCa: +50%
PLB: +18%
SLN: −40%
Cell length: +10%
SERCA expression:
−18%
RyR: +100%
gSK: −50%
Skibsbye [121]
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Table 2.2: Longitudinal conductivity (LCV) and transverse-to-longitudinal conductivity ratio
(T/LCR) values for the different atrial regions.

Region LCV
(S/cm)

T/LCR

RA 0.0030 0.35
CT 0.0085 0.15
PV 0.0017 0.50
BBPMS 0.0075 0.15
IST 0.0015 1.00
SAN 0.0008 1.00
FO 0.0000 1.00
CS 0.0060 0.5
LA 0.0030 0.25
LFO 0.0075 0.15
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Chapter 3

Characterization of ANS modulation of

atrial fibrillatory rate

3.1 Motivation

As described in section 1.3.3, ANS activity is closely related to the genesis and mainte-

nance of atrial arrhythmias, including AF [292]. While sympathetic activation mainly acts

as a trigger by facilitating the generation of ectopic beats, vagal hyperactivity facilitates

the formation of reentries by shortening the WL, defined as the distance traveled by the

depolarization wave during the ERP [169] and estimated as the product of CV and ERP.

During AF, the P-waves of the ECG, representative of atrial activation, are replaced with

a series of waves known as fibrillatory waves (f-waves) [293]. Some f-wave features have

been proposed to characterize atrial electrical activity during AF, including the amplitude,

morphology, regularity, complexity and frequency [294–297]. Among those features, the

f-wave frequency (Ff), often referred to as the atrial fibrillatory rate (AFR), has received

considerable clinical attention [74, 296, 298]. Different methods have been employed to

compute Ff. In some studies, Ff has been derived through spectral (frequency domain)

analysis by identifying the frequency presenting the highest peak in the power spectral

density [299]. In other works, Ff has been extracted from the analysis of the ECG in the

time domain using a model-based approach [300, 301].

In SR, cardiorespiratory interactions regulated by the ANS have been widely studied

63
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[302], with respiratory sinus arrhythmia (RSA) defined as the autonomically-mediated

modulation of the SAN pacemaker frequency in synchrony with inspiration and expira-

tion [302–305]. The contribution of RSA to heart rate variability (HRV) can be measured

from the high-frequency components of HRV and can be used for noninvasive assessment

of parasympathetic activity [303, 305–308]. At typical breathing frequencies (around 0.25

Hz), the shortening of the heart period during inspiration would be associated with the

withdrawal of parasympathetic activity, while its lengthening during expiration would be

associated with enhanced vagal activity [309]. There is currently a need for non-invasive

methods to assess ANS activity during AF other than HRV, which cannot be used to mea-

sure ANS activity during AF since heartbeats do not originate in the SAN. This need arises

because differences in ANS activity among AF patients could contribute to varied responses

to treatment. Consequently, information on such differences could help in developing per-

sonalized treatment.

Observations of cyclic fluctuations exhibiting an in-phase relationship with respiration

have been reported in f-wave frequency in patients with AF [310] and in flutter cycle length

in patients with atrial flutter [311, 312]. Based on the above described observations, the

hypothesis has been formulated that this phenomenon could be connected to respiratory-

related oscillations of parasympathetic activity. Nonetheless, there is limited research on

how respiration affects atrial rate during atrial tachyarrhytmias, particularly AF, primar-

ily due to technical difficulties [310]. These difficulties include distinguishing noise from

f-waves, the presence of modulation that is unrelated to the respiratory signal, the very

small magnitude of the respiratory-induced f-wave frequency modulation that may be con-

cealed by other variations and the unknown and variable respiration rate over time. The

study by Holmqvist et al. [310] was, however, able to show that low-frequency, controlled

respiration can induce cyclic fluctuations in Ff, which might be linked to parasympathetic

regulation of the AF refractory period given that the modulation was reduced in response

to vagal blockade.

In this chapter, we used computational modeling and simulation to evaluate the role

of the spatiotemporal release pattern of ACh, considered to temporally vary in phase with

inspiration and expiration, in the modulation of the f-wave frequency. Both 2D tissues and
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3D whole-atria models representative of psAF were built and distinct spatial distributions

of ACh release sites were defined. Also, different stimulation protocols were simulated

to evaluate the role of the spatiotemporal ACh release pattern combined with the reentry

characteristics on the fibrillatory rate. To provide a more extensive characterization, Ff

was analyzed in terms of mean (Ff) and range of variation (∆Ff), as studies on ECGs

from patients have shown ∆Ff to provide complementary information to Ff [301]. The

computational results from the present work were compared with results obtained from

the analysis of clinical data [301]. The final objective was to assess the impact of vagal

stimulation on the AF fibrillatory frequency to potentially assess differences in autonomic

modulation of atrial activity in psAF patients.

3.2 Methods

3.2.1 Clinical recordings

By modeling and simulation of human atrial electrophysiology, we aimed at reproducing

variations in Ff like those described in previous clinical studies [301, 310]. A group of

eight patients with psAF, atrioventricular block III and a permanent pacemaker was stud-

ied to investigate the modulation of Ff by respiration and its parasympathetic regulation.

ECGs were recorded at rest during baseline (spontaneous respiration) (B), during 0.125

Hz frequency-controlled respiration (CR) and during controlled respiration post atropine

injection (PA) that led to full vagal blockade [310].

3.2.2 Atrial models

To perform the simulations, we used the 2D square tissue model and the 3D biatrial anatom-

ical model presented in section 2.5. To simulate the electrophysiological activity of the

cardiomyocytes, the C human atrial AP model was used [244]. In the 2D models, all the

myocardial nodes were assigned with the same electrophysiological characteristics repre-

sentative of left atrial tissue. In the 3D models, the C model was adapted to represent

different atrial regions by varying the ionic current conductances following the work pre-
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sented in [285], as explained in section 2.5.

In the C model, the effects of cholinergic and adrenergic stimulation and the formula-

tion of the ISK current were introduced as fully described in section 2.2.1. PsAF-induced

electrical remodeling was represented as explained in section 2.2.4. PsAF-induced struc-

tural remodeling was modeled by including 20% diffuse fibrosis on the basis of histologi-

cal studies reporting diffuse fibrosis percentages up to 40%, with a mean of approximately

20%, in psAF patients [78, 313]. Both in the 2D and 3D models, 20% of the nodes were

uniformly randomly selected. These nodes were assigned with fibroblast properties and

their electrical activity was defined by the MacCannell active fibroblast computational AP

model [283].

The myocyte-myocyte, myocyte-fibroblast and fibroblast-fibroblast conductivities were

defined as described in section 2.4.

3.2.3 Simulated ACh release patterns

We defined four different 3D models corresponding to distinct spatial ACh release config-

urations throughout the atria:

• O08: Octopus 8%. The heterogeneous ACh release in the atria was realistically rep-

resented by modeling the GPs location following the anatomical study by Armour et

al. [52], as represented in Figure 3.1. This model included the anatomical locations

of the GPs plus the nerves departing from the GPs. The heterogeneous transmural

distribution of autonomic innervation was accounted for.

Specifically, the five major GPs (SRA-GPs, SLA-GPs, PRA-GPs, PMLA-GPs and

PLLA-GPs) were considered in this model. To additionally take into account the

nerves communicating the GPs with the atrial tissue, we modeled the GPs following

the octopus hypothesis [168]. Considering that the neural cell distribution is mainly

epicardial [56], we concentrated the ACh release mostly in the two more external

layers, as represented in Figure 3.3. In the O08 model, considering both the GPs

bodies and the nerves departing from them, 8% of all the mesh nodes were considered

to be ACh release nodes. The model is represented in panel A) of Figure 3.2.
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Figure 3.1: (A) anatomical description by Armour et al. [52]. (B) computational model used in this
study, with GPs represented in red.

Figure 3.2: 3D biatrial anatomies, with ACh release nodes depicted in red. Representation of (A)
O08 model, (B) D08 model, (C) O30 model and (D) D30 model.

• D08: Diffuse 8%. To assess the impact of the spatial distribution of ACh release, we

built another 3D model in which 8% of the nodes were uniformly randomly selected

all over the atria to be ACh release nodes. This model is represented in Figure 3.2,

panel B), and referred to as D08.

• O30: Octopus 30%. We defined another 3D model containing 30% of ACh release

nodes, which we denoted as O30. In this model, the GPs and nerves of the octopus

configuration were identified as release nodes. Additional nodes all over the atria

were identified as release nodes with a probability that decreased with the distance

to the octopus, completing a total of 30% of ACh release nodes in the atria. The O30

model is represented in Figure 3.2, panel C).
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Figure 3.3: Sections of the left atrium for the O08 model (A) and D08 model (B). In the O08 the
ACh release nodes (red) are concentrated in the 2 most external layers of the mesh, while in the D08

model they are uniform randomly distributed in all the three node layers.

• D30: Diffuse 30%. In this model, 30% of all nodes in the atria were uniformly

randomly selected as ACh release nodes. The D30 model is represented in Figure

3.2, panel D).

In 2D models, we defined two spatial configurations of ACh release.

• D2D,08: 2D Diffuse 8%. In this model, we uniformly randomly selected 8% of the

tissue nodes to be ACh release nodes, similarly to the ACh diffuse 3D models.

• D2D,30: 2D Diffuse 30%. In this model, the uniformly randomly selected nodes for

ACh release represented 30% of the total number of nodes.

For both 2D and 3D models and for each of the identified release nodes, ACh was sim-

ulated to cyclically vary in time following a sinusoidal waveform of frequency equal to

0.125 Hz, which corresponds to the controlled respiratory frequency of the clinical record-

ings. We tested different mean concentrations of ACh (ACh), equal to 0.05 and 0.075 µM,

and different peak-to-peak variations of ACh (∆ACh), equal to 0, 0.05 and 0.1 µM. All

simulated ACh values were within the physiological limits tested in preceding studies (0 -

0.1 µM) [258].
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3.2.4 Numerical methods and simulations

Electrical propagation in the atria was described by the monodomain model and solved by

means of the FEM in combination with the operator splitting numerical scheme using the

software ELVIRA [290].

Single cells were paced at a fixed CL of 800 ms for 16 minutes to reach steady state.

For 2D and 3D simulations, the state variables of the AP models were initialized to the

steady-state values determined from single cell simulations.

Both the 2D and 3D models were pre-paced by delivering 14 stimuli at a CL of 800 ms.

In the 2D tissues, the stimuli were applied onto the bottom edge of the tissue. In the 3D

models, the stimuli were applied onto the region of the sinus node.

In the 2D tissue models, an S1-S2 cross-stimulation protocol was applied to initiate a

rotor: the first stimulus (S1) was applied at the bottom edge of the tissue and the second

stimulus (S2) was applied onto a 3.5 x 3.5 cm square at the bottom right corner.

In the 3D whole-atria models, two protocols were applied to initiate arrhythmias. The

first one was an S1-S2 protocol similar to the one applied onto the 2D tissue, with the S1

stimulus delivered at a line joining the region between the superior and inferior left PVs and

the region between the right PVs, and the S2 stimulus being subsequently applied parallel

to the first one starting from the inferior left PV and covering only half of the S1 line

length. The second protocol aimed to recreate a physiological setting and consisted in the

application of an S1 stimulus followed by a train of premature stimuli delivered at a region

surrounding the PVs, where ectopic beats are usually generated. In total, 10 stimuli were

applied, with the first interval between stimuli being 200 ms and these intervals decreasing

in 10-ms steps. Figure 3.4 displays the delivery locations for S1 and S2 stimuli (panel (A))

and the delivery location of the ectopic beats (panel (B)).

3.2.5 Dominant frequency characterization

From the ECGs of the patients, the f-wave signal was obtained by applying spatiotempo-

ral QRST cancellation [314]. The Ff time series, denoted as F f(t), was estimated using a

model-based approach [300], as previously described [301]. Ff was computed as the aver-
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Figure 3.4: A) Location of the S1 stimulation (yellow region) and of the S2 stimulation (cyan
region). B) Location of ectopic beats stimulation (red region)

age value over time of F f(t) (Figure 3.5, panel (A)). The magnitude of f-wave frequency

modulation, denoted as ∆Ff, was computed by first bandpass filtering the time series Ff(t)

in a narrow frequency band (0.06 Hz) centered around the respiration rate, thus generat-

ing F̃f(t), and subsequently computing its upper envelope F̃ u
f (t) from the magnitude of its

analytic signal computed using the Hilbert transform. The median over time of F̃ u
f (t) was

defined as ∆Ff [301], as illustrated in Figure 3.5 panels (C) and (D).

From the simulations, voltage time series were extracted from 169 evenly sampled

points in the 2D tissue models and 223 points manually selected to be approximately uni-

formly distributed in the 3D whole-atria models (white dots in Figure 3.6, panels (A) and

(B)).

The AP trace for a point j0 in a 2D tissue is illustrated in Figure 3.7 (A). For each point

j in each 2D tissue or 3D anatomy, the time instant tm(j, i) corresponding to the maximum

AP upstroke velocity of the i-th beat was determined (Figure 3.7 (B)). The instantaneous

frequency was computed as Ff,j(tm(j, i)) = 1/(tm(j, i)− tm(j, i− 1)) and linearly interpo-

lated at 20 Hz to obtain Ff,j(t), which is depicted in Figure 3.7 (C) for point j = j0. Next,

averaging (in space) was performed to compute the tissue dominant frequency Ff(t) along

time, as follows. First, each Ff,j(t) was subjected to power spectral analysis to obtain Sj(f).

Spectral “peak-conditioned” selection was performed following the method described in

[315] and the time series whose spectra were not sufficiently peaked were discarded (Fig-
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Figure 3.5: Examples of Ff and ∆Ff computation for clinical (A) and simulated (B) time series
Ff(t). The time series in (B) was obtained by time replication of an 8-second simulated signal. The
corresponding bandpass-filtered time series F̃f(t) and their upper envelopes F̃ u

f (t), from which ∆Ff
was computed, are displayed in panels (C) and (D).

Figure 3.6: 2D tissue (A) and 3D biatrial (B) models, with white dots representing the points used
for the computation of Ff.

ure 3.7 (D) and (E)). Ff(t) was eventually computed as the spatial mean of the remaining

time series (Figure 3.7 (F)). Finally, Ff and ∆Ff were obtained from the estimated Ff(t)

time series as described at the beginning of this section for the clinical signals.

In tables 1, 2 and 3, Ff and ∆Ff will be reported for all the different simulations. To

evaluate the correlation between the variation in ACh concentration over time (ACh(t))
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Figure 3.7: A) AP trace for a point j0 in a 2D tissue (blue line) and ACh temporal variation, ACh(t)
(red line). B) Identification of the time instants for each beat i, denoted as tm(j0, i), corresponding
to the maximum AP upstroke velocity for the point j0. C) Instantaneous frequency Ff,j0(t) (blue
line) and ACh(t) (red line). D) “Peak-conditioned” selection of spectra computed for all spatial
points j in the tissue. The discarded and accepted spectra are shown in grey and blue, respectively.
E) Instantaneous frequencies Ff,j(t) for all spatial points j (blue and grey lines) and ACh(t) (red
line). F) Time series of the dominant frequency for the tissue, Ff(t), obtained by spatial trimmed
averaging (blue line) plotted on top of ACh(t) (red line).

and the corresponding fibrillatory frequency signal Ff(t), we adopted Pearson’s correlation

coefficient (r), whose values are shown in the tables.

It should be noted that the range of ACh is considered from peak to peak, while in the

case of ∆Ff, only half of the signal’s variability amplitude range was considered. This

choice was made to be consistent with the clinical results presented in [301].

3.3 Results

3.3.1 Clinical results

In all patients, the ECGs showed an f-wave frequency modulation in the B, CR and PA

phases. In the CR phase, the magnitude of the frequency modulation was 0.18 ± 0.02 Hz.

The magnitude of these variations was significantly reduced (p < 0.05, computed with



3.3. Results 73

a Kruskal-Wallis test with Dunn-Sidak correction) in 4 out of 8 patients after atropine-

induced parasympathetic inhibition, while in the other four patients no changes were ob-

served in the PA phase [301]. Complete results including B, CR and PA phases for all the

patients, as well as their mean values (Ff, ∆Ff), are reported in Table 3.1. Additionally, the

mean over patients of the mean dominant frequency for the CR phase, denoted as Ff
CR, the

mean of the modulation magnitude for the CR phase, denoted as ∆Ff
CR, and the standard

deviation over patients of those two measures, denoted as σF f
CR and σ∆F f

CR , respectively,

are reported in the right panel of Tables 3.2, 3.3 and 3.4 [301].

Values of Ff
CR, ∆Ff

CR,σF f
CR and σ∆F f

CR are reported in Table 2.2 and repeated for

convenience on the the right panels of Tables 3.2, 3.3 and 3.4 for the CR phase [301].

Complete results including B, CR and PA phases for all the patients are reported in Table

2.2.

Table 3.1: Results from clinical data (B: baseline, CR: Controlled Respiration, PA: Post Atropine).
Table adapted from [301]. The quality of the baseline signal of patient f was too low to evaluate
∆Ff

B and Ff
B.

Patient ∆Ff
B (Hz) ∆Ff

CR (Hz) ∆Ff
PA (Hz) Ff

B (Hz) Ff
CR (Hz) Ff

PA (Hz)
a 0.16 ± 0.06 0.17 ± 0.09 0.16 ± 0.08 6.84 ± 0.43 6.67 ± 0.45 6.71 ± 0.41
b 0.13 ± 0.06 0.16 ± 0.08 0.13 ± 0.07 6.17 ± 0.35 6.31 ± 0.37 6.46 ± 0.36
c 0.16 ± 0.08 0.17 ± 0.08 0.14 ± 0.07 6.57 ± 0.43 6.75 ± 0.39 6.36 ± 0.43
d 0.16 ± 0.08 0.19 ± 0.10 0.19 ± 0.10 7.68 ± 0.51 7.39 ± 0.54 7.57 ± 0.54
e 0.14 ± 0.07 0.21 ± 0.10 0.21 ± 0.12 7.46 ± 0.46 7.29 ± 0.49 7.14 ± 0.48
f - 0.17 ± 0.08 0.16 ± 0.08 - 5.91 ± 0.41 5.96 ± 0.42
g 0.15 ± 0.08 0.17 ± 0.07 0.17 ± 0.07 7.73 ± 0.43 8.11 ± 0.44 7.98 ± 0.43

∆Ff
B (Hz) ∆Ff

CR (Hz) ∆Ff
PA (Hz) Ff

B (Hz) Ff
CR (Hz) Ff

PA (Hz)
Average 0.15 ± 0.01 0.18 ± 0.02 0.17 ± 0.03 7.07 ± 0.64 6.93 ± 0.73 6.88 ± 0.71

3.3.2 2D simulation results

In the 2D tissue models, a stable rotor was initiated after application of the S1-S2 protocol

in both the D2D,08 and D2D,30 spatial configurations of ACh release. Simulation results in

the 2D tissues confirmed that the rotor frequency variations followed the induced ACh

patterns (Figure 3.8), with Pearson correlation coefficient r between ACh(t) and Ff(t)
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Table 3.2: Ff and ∆Ff (Hz) computed from 2D tissue simulations and from patients’ ECGs.

2D SIMULATIONS REAL DATA
ACh release
0.125 Hz

D2D,08 D2D,30 Mean values
in

simulation

Mean values
in patients∆ACh [µM] ∆ACh [µM]

ACh [µM] 0.0 0.05 0.1 0.0 0.05 0.1

0.05
Ff 8.23 8.57 8.38 8.22 9.04 8.56

Ff
σFf

8.62
0.34

Ff
CR

σFf
CR

6.93
0.73∆Ff 0.00 0.05 0.10 0.00 0.13 0.30

r 0.86 0.90 0.91 0.91

0.075
F f 8.49 8.57 N. T.: 9.18 9.05 N. T.:

∆Ff
σ∆F f

0.13
0.09

∆F f
CR

σ∆F f
CR

0.18
0.02∆Ff 0.00 0.04 out of 0.00 0.15 out of

r 0.88 p. range 0.93 p. range

being above 0.86 in all cases, as reported in Table 3.2. Furthermore, r increased with

ACh and ∆ACh. The mean dominant frequency Ff was found to be dependent on the ACh

level, while its magnitude of modulation ∆Ff was dependent on ∆ACh, with increases in

ACh and ∆ACh leading to increases in Ff and ∆Ff, respectively.

Figure 3.8: Results from 2D tissue simulations with D2D,08 (panels a and b) and D2D,30 (pan-
els c and d) spatial configurations of ACh release. Ff(t) (blue) and ACh(t) (red) are plotted in
all panels for ACh of 0.05 µM (a, c) and 0.075 µM (b, d) represented as red horizontal lines.
Solid/dotted/dashed lines represent ∆ACh values of 0.0/0.05/0.1 µM. In panels b and d, ∆ACh=0.1
µM was not included, as ACh(t) contained non-physiological ACh values.
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3.3.3 3D simulation results under S1-S2 stimulation

In the 3D biatrial models, S1-S2 stimulation was able to generate multiple stable rotors.

The induced fibrillatory patterns were different for the distinct spatial configurations of

ACh release, with the generation of 2 to 5 stable rotors, as represented in Figure 3.9.

Figure 3.9: Voltage maps representative of the induced fibrillatory pattern after application of S1-S2
stimulation. Each circular arrow represents the location of a rotor with its direction of rotation. The
ACh values indicate a constant ACh release when only a number is reported, corresponding to ACh,
and to a range of variation when two numbers are given, corresponding to ACh±∆ACh.

We observed a general increase in the number of stable rotors with the highest per-

centage of ACh release nodes (O30 and D30). In all cases, the rotors stabilized in the LA,

with only three exceptions: O30 model with ACh varying from 0.0 to 0.1 µM, D30 model

with ACh varying from 0.025 to 0.075 µM and D30 model with ACh equal to 0.05 µM,

for which 2 to 4 stable rotors in the LA and 1 to 2 stable rotors in the RA were observed.
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Figure 3.10, bottom row, illustrates voltage maps at different time instants for the case of

multiple reentries generated by S1-S2 stimulation in the D30 model, with ACh(t) varying

from 0 to 0.1 µM (∆ACh=0.1 µM).

Figure 3.10: Voltage maps in a simulation where, after ectopic beat stimulation, a single macro-
reentry was initiated (top panel) and in a simulation where, after S1-S2 stimulation, multiple macro-
reentries were initiated (bottom panel).

For the four spatial ACh release models, i.e. O08, D08, O30 and D30, the atrial dominant

frequency followed the induced ACh(t) patterns (Figure 3.11 and Figure 3.12), similarly

to the observations in the 2D tissues. For O08 and D08, the Pearson correlation coefficient

values r were above 0.72 and 0.45 for ∆ACh = 0.1 and ∆ACh = 0.05 µM, respectively,

while for O30 and D30, the r values were above 0.54 and 0.80.

Table 3.3 shows Ff and ∆Ff for each of the simulated cases. ∆Ff was found to be

highly dependent on ∆ACh. Furthermore, for 30% ACh release nodes, ∆Ff was higher

in the diffuse than in the octopus configuration. For 8%, the spatial distribution of ACh

release did not have significant effects on ∆Ff when all other factors were kept constant.

We observed that when the fibrillatory patterns in the 3D models were similar to one an-

other, as occurs for the O08 and D08 models with ∆ACh = 0.05 µM, or for the D08 model

with ∆ACh = 0.0 µM, our results were in accordance with those in 2D tissues, with Ff

increasing with ACh. As expected, we also observed an increase in the dominant f-wave

frequency with the number of stable rotors in the atria regardless the ACh level. The oc-

topus O and diffuse D configurations did not seem to correlate to the induced fibrillatory

pattern and did not cause significant variations in terms of Ff, at least for 8% ACh release
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Table 3.3: Ff and ∆Ff (Hz) computed from 3D biatrial simulations in response to S1-S2 stimulation
and from patients’ ECGs.

3D S1-S2 SIMULATIONS REAL DATA
ACh release
0.125 Hz

O08 D08 Mean values
in

simulation

Mean
values in
patients

∆ACh [µM] ∆ACh [µM]
ACh [µM] 0.0 0.05 0.1 0.0 0.05 0.1

0.05
F f 7.69 7.66 7.66 7.43 7.42 7.63

Ff
σFf

7.59
0.13

Ff
CR

σFf
CR

6.93
0.73

∆Ff 0.00 0.01 0.11 0.00 0.01 0.08
r 0.45 0.80 0.46 0.72

0.075
F f 7.43 7.73 N. T.: 7.51 7.76 N. T.:

∆Ff
σ∆F f

0.04
0.04

∆Ff
CR

σ∆F f
CR

0.18
0.02

∆Ff 0.01 0.02 out of 0.00 0.01 out of
r 0.47 p. range 0.59 p. range

O30 D30

0.05
F f 8.86 8.92 8.04 8.87 8.33 8.30

Ff
σFf

8.47
0.49∆Ff 0.00 0.04 0.19 0.00 0.12 0.35

r 0.95 0.59 0.80 0.54

0.075
F f 8.96 8.89 N. T.: 7.84 7.70 N. T.:

∆Ff
σ∆F f

0.13
0.12∆Ff 0.00 0.03 out of 0.00 0.03 out of

r 0.89 p. range 0.96 p. range

Figure 3.11: Results from 3D biatrial simulations with O08 (panels a and b) and D08 (panels c
and d) spatial configurations of ACh release and application of S1-S2 stimulation. Ff(t) (blue)
and ACh(t) (red) are plotted in all panels for ACh = 0.05 µM (a, c) and ACh = 0.075 µM (b, d).
Solid/dotted/dashed lines represent ∆ACh values of 0.0/0.05/0.1 µM . In panels (b, d), ∆ACh=0.1
µM was not included, as ACh(t) contained non-physiological ACh values.

nodes. For 30% ACh release nodes, significant differences in Ff could be observed in sev-

eral cases (up to -12.5% when comparing O30 with respect to D30 under ACh=0.075 µM

and ∆ACh=0 µM) while little or no differences could be observed in other cases.
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Figure 3.12: Results from 3D biatrial simulations with O30 (panels a and b) and D30 (panels c and d)
spatial configurations of ACh release and application of S1-S2 stimulation. The figure is structured
as Figure 3.11

3.3.4 3D simulation results under stimulation with a train of ectopic

beats

When the 3D biatrial models were stimulated with a train of ectopic beats, a macro-reentry

through the coronary sinus was generated in all cases. Figure 3.10, top row, illustrates

voltage maps at different time instants in the case of a single macro-reentry in the D30

model, with ACh(t) varying from 0 to 0.1 µM (∆ACh=0.1 µM). In this case, the rotor

frequency variations Ff(t) were in opposite phase to the induced ACh(t) patterns (Figure

3.13 and Figure 3.14).

Table 3.4 reports Ff and ∆Ff for each of the simulated cases. ∆Ff was greatly influ-

enced by both ∆ACh and the number of ACh release nodes. Moreover, Ff was observed to

increase along with ∆ACh. However, the relationship between Ff and ACh was not con-

sistent across all cases. In some instances, there was a decrease, in others an increase, and

in yet others, no change was observed. For both 8% and 30% ACh release nodes, ∆Ff was

higher in the diffuse than in the octopus configurations. Again, the different spatial distri-

butions of ACh release, i.e. O and D configurations, did not cause significant variations in
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Table 3.4: Ff and ∆Ff (Hz) computed from 3D biatrial simulations in response to a train of ectopic
beats and from patients’ ECGs.

SIMULATIONS 3D ECTOPIC REAL DATA
ACh release
0.125 Hz

O08 D08 Mean values
in

simulation

Mean
values in
patients

∆ACh [µM] ∆ACh [µM]
ACh [µM] 0.0 0.05 0.1 0.0 0.05 0.1

0.05
F f 5.18 5.19 5.21 5.03 5.11 5.18

Ff
σFf

5.12
0.09

Ff
CR

σFf
CR

6.93
0.73

∆Ff 0.000 0.005 0.011 0.000 0.015 0.050
r -0.58 -0.63 -0.96 -0.94

0.075
F f 5.18 5.18 N. T.: 4.97 4.97 N. T.:

∆Ff
σ∆F f

0.02
0.02

∆Ff
CR

σ∆F f
CR

0.18
0.02

∆Ff 0.000 0.001 out of 0.000 0.022 out of
r -0.39 p.range -0.91 p.range

O30 D30

0.05
F f 4.52 4.76 4.99 4.60 4.74 4.94

Ff
σFf

4.77
0.15∆Ff 0.000 0.055 0.150 0.000 0.066 0.156

r -0.94 -0.94 -0.96 -0.91

0.075
F f 4.62 4.66 N. T.: 4.63 4.65 N. T.:

∆Ff
σ∆F f

0.08
0.04∆Ff 0.000 0.062 out of 0.000 0.047 out of

r -0.87 p.range -0.96 p.range

Figure 3.13: Results from 3D biatrial simulations with O08 (panels a and b) and D08 (panels c and
d) spatial configurations of ACh release and application of a train of ectopic beats. The figure is
structured as Figure 3.11

Ff. The absolute values of the Pearson correlation coefficient r were above 0.87 for O30

and D30 and above 0.91 for D08. For O08, the r values were above 0.58 for ACh=0.05 µM

and equal to 0.39 for ACh=0.075 µM.
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Figure 3.14: Results from 3D biatrial simulations with O30 (panels a and b) and D30 (panels c and
d) spatial configurations of ACh release and application of a train of ectopic beats. The figure is
structured as Figure 3.11

It can be noted that, when comparing simulated and clinical results, mean Ff was ap-

proximately 1 to 2 Hz higher in both the simulations of 2D tissue models and of 3D biatrial

models stimulated with the S1-S2 protocol than in the patients, while, in the 3D biatrial

models stimulated with a train of ectopic beats, it was approximately 1 to 2 Hz lower. In

the 3D models, the mean of ∆Ff values were lower than in the patients for models with 8%

of ACh release nodes and close to the patients’ values for models with 30% of ACh release

nodes.

3.4 Discussion

3.4.1 Characterization of f-wave frequency variations in response to

cholinergic stimulation

We used computational modeling and simulation to assess the role of the ANS in the modu-

lation of f-wave frequency. We built 2D tissue and 3D biatrial models in which we included

different spatial distributions of ACh release. By additional modeling of the temporal evo-
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lution of cholinergic stimulation, we computed its impact on the atrial fibrillatory rate. We

compared our simulation results with those from the analysis of patients’ ECGs, which

showed that, in as much as 50% of the patients, the f-wave frequency modulation was

strongly reduced after injection of the anticholinergic agent atropine. After confirmation of

the agreement between simulation and clinical outcomes, we used our in silico approach

to dissect the influence of spatiotemporal ACh release characteristics on f-wave frequency

modulation independently of other factors.

For a comprehensive characterization of cholinergic effects on f-wave frequency modu-

lation, we conducted simulations with different spatial configurations of ACh release, using

a sinusoidal waveform with varying mean concentrations and peak-to-peak variation ranges

of ACh. We also used two stimulation protocols: the S1-S2 protocol and a train of ectopic

beats near the pulmonary veins in the 3D models.

We discovered that the f-wave frequency responded to changes in ACh levels in both

2D tissue and 3D biatrial models. The average f-wave frequency was mainly influenced

by the fibrillatory pattern, which was determined by the number and location of stable

reentrant circuits. Additionally, the percentage of ACh release nodes and the mean ACh

concentration also contributed to the mean f-wave frequency. The peak-to-peak variation

in the f-wave frequency was primarily affected by the percentage of ACh release nodes and

the temporal changes in ACh concentration. The distribution of ACh release sites, whether

dispersed or in an octopus-like arrangement, had a minor impact.

More in detail, application of an S1-S2 protocol generated a single stable rotor in all 2D

simulations while, in the 3D simulations, multiple stable reentries (2 to 5) were generated.

In almost all the simulated cases, the generated rotors stabilized in the LA. Only in three

cases, we observed stable rotors also in the RA. Rotor stabilization in the LA was expected,

considering that we delivered the S1 and S2 stimuli in the region between the 4 pulmonary

veins in the LA. The delivery of the stimuli in other atrial regions would be expected to

lead to different fibrillatory patterns, with rotors stabilizing in other regions. Since we were

interested in analyzing the ACh effects on the modulation of the atrial dominant frequency,

our goal was to induce similar atrial activations in the different simulated cases to establish

a comparison while reducing the influence of other factors. Nevertheless, we would not
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expect qualitatively different results when stimulating other atrial regions. When a train

of ectopic beats was used to stimulate the atria, we observed a single macro-reentry in

all cases. During both S1-S2 and ectopic stimulation, we did not include stimuli coming

from the sinus node to avoid more complex electrical activation patterns due to wavefront

collision. The more stable patterns of atrial activation in our study allowed improved char-

acterization of ACh effects over a period of eight seconds.

The f-wave frequency trend Ff(t) was computed and characterized with two variables:

its temporal mean Ff; and the range of its modulation ∆Ff. We found a clear correlation

between the induced ACh(t) pattern and the computed Ff(t) trend, with variations in Ff(t)

following the variations of ACh(t) throughout the atria, both for 8% and 30% of ACh re-

lease nodes. In the 2D tissues, where the fibrillatory activity consisted of a single stable

rotor, we found that Ff(t) varied in phase with ACh(t). In 3D biatrial anatomies, we found

that Ff(t) was in phase with ACh(t) when multiple reentries (AF pattern) were generated

and was out of phase when a single macro-reentry (more similar to atrial flutter) was gen-

erated. A possible explanation could lie on the different relative contribution of CV and

APD to the fibrillatory phenomena. For cases with a single macro-reentry, the main factor

determining Ff(t) modulation induced by ACh was CV. When ACh increased,, the mean

CV throughout the atria decreased and this led to a decrease in the rotation frequency of

the macro-reentry. For cases with multiple stable rotors, Ff(t) modulation was mainly de-

termined by the shortening of the APD and ERP. For the highest ACh value, the APD and

ERP were at its minimum and the rotor spun at an increased frequency due to the tissue

being available earlier to be depolarized.

3.4.2 Contributors to mean f-wave frequency

Ff was found to strongly depend on the fibrillatory pattern, generally increasing for a larger

number of rotors. This finding was expected, considering that the larger the number of

rotors, the smaller their size and the faster their spin. There were two exceptions to our

findings, corresponding to the O30 configuration with ∆ACh of 0.0 and 0.05 µM. Those

cases showed a higher number of rotors under 0.075 µM ACh, but Ff was equal or higher
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under lower ACh. A possible explanation could be based on the fact that, for the lower

ACh, the rotors were closer in space, which led to smaller and faster spinning rotors. Con-

versely, in the other cases, while the number of rotors was higher, they were further apart

from one another, resulting in larger and slower rotors.

The percentage of ACh release nodes in the atria emphasized the dependence of Ff on

the fibrillatory pattern. A larger proportion of ACh release nodes led to higher Ff in the

case of multiple reentries and lower Ff in the case of one single macro-reentry.

A third factor influencing Ff was ACh, which increased or decreased Ff in the same

way as the percentage of ACh release.

The spatial distribution of ACh release nodes (diffuse or octopus) did not seem to be

directly correlated to Ff. In most cases, no significant differences were observed between

diffuse and octopus configurations, with only noticeable differences (up to 12%) found in

specific cases, which could, however, be attributed to the fibrillatory pattern. Actually, for

single macro-reentries, the differences in Ff between octopus and diffuse distributions were

negligible. The higher differences were observed for the most chaotic AF patterns gener-

ated after S1-S2 stimulation in models with 30% ACh release nodes, where the fibrillatory

pattern could have a larger impact.

Comparing simulation and clinical results in terms of Ff, we found higher Ff values

for the models stimulated with an S1-S2 protocols and lower values for the models stimu-

lated with a train of ectopic beats with respect to the clinical Ff values. In the simulations,

the main factor determining Ff is the excitation pattern. For similar fibrillatory patterns,

the differences in Ff could be attributed to ACh. The differences between simulation and

clinical outcomes could be explained by the contribution of CV and the amount of fibrosis,

on top of the values of ACh. Furthermore, the overestimation of Ff under S1-S2 stimula-

tion may also depend on the APD of the cellular electrophysiological model. Indeed, the

Courtemanche model used in this study has a steady-state APD that is at the lower end of

the experimentally reported APD range.
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3.4.3 Contributors to magnitude of f-wave frequency modulation

∆Ff was found to be directly dependent on the percentage of ACh release nodes and on

∆ACh. The spatial configuration of ACh release sites showed mild impact only for the

highest (30%) percentage of ACh release nodes.

Comparing simulated and clinical values of ∆Ff, better agreement was overall observed

when considering 30% of ACh release nodes, either in a diffuse or octopus configuration.

Higher values of ∆ACh and larger percentages of ACh release sites along the atria could

lead to simulated ∆Ff being closer to the values measured from clinical data.

3.4.4 Comparison between simulations and clinical data

The inclusion of real data in our study was useful in determining a comprehensive range for

the mean f-wave frequency and the magnitude of respiratory modulation. While not all our

findings lie within this established range, there is some degree of overlap. The observed

discrepancies could be attributed to various factors and can arise from limitations of either

clinical data or simulations.

First, it is important to highlight the limited number of patients in the clinical database.

Furthermore, while in simulations the modulation of the fibrillatory rate is determined only

by ACh, in clinical signals variations in the respiratory frequency band can be influenced by

other factors other than respiration. Mechanical stretch, mechano-electrical feedback or the

endocrine system have been reported as possible modulators for the fibrillatory frequency

[316]. These other mechanisms may interfere in a possibly nonlinear manner with the

effects of ACh. Additionally, in the simulation setting, the use of a single anatomical model

and a single model describing cellular electrophysiology may not have fully captured the

inter-patient variability observed in the clinical scenario.

3.5 Study limitations and future work

Some limitations of this study should be acknowledged to provide direction for further

work.
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The clinical results are based on the method proposed in [301], where all variations

in the respiratory frequency interval are considered in the estimation of the respiratory

modulation. Hence, variations in such frequency band that are unrelated to respiration

may influence the result. In a more recent study, a subspace projection approach that only

considers variations linearly related to respiration was proposed to quantify respiratory f-

wave frequency modulation [317]. However, the subspace projection approach could not be

applied to the present dataset, since it requires a respiratory signal. In [317], a respiratory

signal was derived from the ECG, but the presence of pacemaker spikes in the present

dataset makes that approach unfeasible.

Another aspect that needs to be addressed is the inter-patient variability observed in the

clinical cases reported in Abdollahpur et al. [301], in which atropine reduced atrial fre-

quency variability in just half of the patients. This phenomenon can possibly be attributed

to factors beyond the effects mediated by the ANS. One such factor could be the influence

of mechanical stretch and mechano-electrical feedback on respiratory-related atrial rate

variability. Different studies have shown that atrial tissue stretch affects atrial conduction

and refractoriness in humans [311, 318]. The changes in electrical behavior resulting from

stretch can be explained by the concept of mechanoelectrical feedback, which involves

the activation of stretch-activated ion channels [319, 320]. Additionally, stretch can also

modulate the concentration of calcium inside the cells, either by increasing the sensitivity

of myofilaments to calcium or by triggering the entry of calcium ions [321]. Indeed, the

mechanical regulation of heart rate has been proposed as a factor influencing RSA in heart

transplant recipients [322, 323]. It also plays a significant role in conditions associated

with reduced vagal tone, such as mild HF [324], and in healthy individuals during exer-

cise [323, 325]. However, in normal physiological conditions, mechanical mechanisms are

secondary to the effects of the ANS in modulating SAN pacemaker activity and, conse-

quently, determining RSA [309]. Extensive analysis has been conducted to understand the

mechanical modulation, including cardiorespiratory modulation, of atrial activity, specifi-

cally in the case of atrial flutter [309, 311, 312, 326]. Waxman et al. [326] observed that

certain interventions, such as passive upright tilting, the strain phase of the Valsalva ma-

neuver and expiration, all of which reduce cardiac size, independently increased the rate
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of atrial flutter regardless of autonomic tone. Similarly, Ravelli et al. [311] found that

acute atrial stretch caused by ventricular contractions and respiratory movements led to a

shortening of the atrial flutter cycle length in humans. They attributed this phenomenon

to the stretch-induced shortening of atrial ERP. Importantly, they also discovered that both

ventricular and respiratory oscillations in atrial flutter cycle length persisted even after au-

tonomic blockade, suggesting that these oscillations are independent of autonomic tone.

Focusing on AF, the modeling studies of Kuijpers and coworkers [327, 328] provided a

detailed understanding of mechanoelectrical currents at the ionic level and their impact on

AF. In their investigations, Kuijpers focused on the role of the stretch-activated current Isac

in conduction slowing and block, particularly in acutely dilated atria. They discovered that

the magnitude of Isac was associated with the local stretch ratio. Local heterogeneity in

the activation of Isac, leading to dispersion of refractoriness and variation in conduction

properties, increased susceptibility to AF.

Due to a lack of comprehensive understanding of the spatial distribution of parasympa-

thetic innervation in the atria, we followed two approaches to represent ACh release nodes.

One of such approaches is based on the octopus configuration reported in previous anatom-

ical studies [52], which includes the spatial location of GPs and nerves departing from

them. In the GPs, despite the predominance of parasympathetic fibers, sympathetic fibers

can be found too [56]. Here, we only considered cholinergic stimulation but future work

could include additional modeling of the adrenergic stimulation.

We used the Courtemanche model to describe human atrial electrophysiology. Further

investigations using other computational AP models with longer steady-state APD values

could be conducted to assess the impact on f-wave frequency characterizations. Also, addi-

tional values of the longitudinal conductivity and the transverse-to-longitudinal conductiv-

ity ratio in the atrial tissue could be tested to identify the values leading to closer agreement

between simulated and clinical f-wave frequency variables.

The computational models presented here were representative of psAF patients. As

reported in section 1.3.3, structural changes in the atria due to AF may present as various

alterations such as an enlarged atrial chamber, hypertrophy of cardiomyocytes, increased

mismatch between epicardial and endocardial myofibers’ orientations, changes in atrial
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wall thickness and, notably, an increased amount of fibrotic or connective tissue. [81–83].

As illustrated in 2.4, we represented psAF-related structural remodeling by a combination

of GJs remodeling, modeled through tissue conductance reduction in fibrotic regions, and

fibroblast proliferation. The latter was modeled by assigning some of the mesh nodes with

fibroblast rather than myocyte properties and by using a fibroblast ionic model [283].

3.6 Conclusions

We assessed the impact of the spatiotemporal release pattern of ACh on f-wave frequency

modulation. In agreement with clinical data, we found that the f-wave frequency varied in

response to the temporal variation of ACh in both 2D tissue and 3D biatrial models. The

mean f-wave frequency was found to be primarily dependent on the fibrillatory pattern,

being largely determined by the number and spatial location of stable reentrant circuits.

Other factors contributing to the mean f-wave frequency were the percentage of ACh re-

lease nodes throughout the atria and the mean ACh concentration. The magnitude of the

f-wave frequency modulation was found to be dependent on the percentage of ACh release

nodes and the variation over time in the ACh concentration. The spatial distribution of

ACh release sites, either diffuse or following an octopus configuration, showed only mild

impact.
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Chapter 4

Analysis of variations in atrial

fibrillatory rate induced by autonomic

maneuvers

4.1 Motivation

Assessing autonomic activity in AF patients could be highly relevant, as inter-patient vari-

ability in ANS activity might contribute to explain the large differences in the effective-

ness of anti-AF therapies between patients. RSA, as introduced in Chapter 3, accounts for

parasympathetic modulation of the SAN activity in synchrony with the respiratory cycle

and can be quantified from the high-frequency components of HRV [329]. This approach

is suitable to assess autonomic regulation in SR but not in AF, since the cardiac rhythm is

not dictated by the SAN.

During AF, the mean frequency of the f-waves in the ECG, often referred to as AFR

and characterized by Ff, has been employed as a surrogate marker for local refractoriness.

Observations from different studies have suggested that changes in autonomic balance can

result in Ff oscillations (Ff(t)). In particular, it has been reported that the dominant AF

frequency follows a circadian pattern, with an increase during the daytime and a decrease at

night [330]. Controlled respiration has also been shown to cause short-term modulation of

89
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Ff, leading to cyclic fluctuations that can be later suppressed by vagal blockade [301]. Other

studies [301, 317, 331], already described in Chapter 3, have indicated that, in addition to

Ff, the magnitude of the respiratory f-wave frequency modulation, ∆F f, could provide

additional insights into the parasympathetic modulation of the f-wave frequency, similarly

to the observations made for RSA in SR.

In this chapter, we investigated the relationship between autonomic influences and

changes in Ff and in ∆F f during head-up tilt test (HUT) and head-down tilt test (HDT).

We used computational modeling and simulation to evaluate Ff(t) under different combi-

nations of β-adrenergic stimulation, as a means to represent enhanced sympathetic stimu-

lation (SS) in the patients, and cholinergic stimulation, as a means to represent enhanced

parasympathetic stimulation (PSS) in the patients. Cholinergic stimulation in the compu-

tational models was described as a function of the spatiotemporal release pattern of the

parasympathetic neutrotransmitter ACh. Simulation results were compared to the findings

from clinical ECG analysis obtained from the psAF patients who underwent a tilt test pro-

tocol.

4.2 Methods

4.2.1 Clinical recordings

The research population comprised 29 psAF patients, with a mean age of 64 ± 12 years,

who underwent a tilt table test. During the tilt table examination, 12-lead ECGs were

recorded in three distinct phases: five minutes in the baseline (BL) supine position, five

minutes in the HDT position (−30◦) and five minutes in the HUT position (+60◦). Addi-

tional details are provided in[298].

From the ECGs, the trend of the f-wave frequency time series, denoted as Ff(t), was

estimated using a model-based approach [300], as previously described [301]. Unlike in the

database used in Chapter 3, the respiratory signal was not available for the recordings here

analyzed. An orthogonal subspace projection technique was used to extract respiration-

related fluctuations in the f-wave frequency trend. [317]. Ff and ∆Ff were computed
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using a method similar to the one presented in section 3.2.5. In brief, Ff was computed

as the average value over time of Ff(t). To compute ∆Ff, the time series Ff(t) was first

subjected to a bandpass filtering in a narrow frequency band (0.06 Hz) centered around the

respiration rate and subsequently computing its upper envelope (F̃u
f (t)) from the magnitude

of its analytic signal computed using the Hilbert transform. The median over time of F̃u
f (t)

was defined as ∆Ff [301].

4.2.2 Human atrial tissue models

We used the 2D square tissue model presented in section 2.5. The electrophysiological

activity of human atrial cardiomyocytes was described by the C AP model [244]. All the

myocardial nodes in the tissue mesh were assigned with the same electrophysiological

characteristics representative of LA tissue. A longitudinal conductivity of 0.003 S/cm and

a transverse-to-longitudinal conductivity ratio of 0.5 were considered. This corresponds to

a longitudinal conduction velocity of 40.0 cm/s for a planar wave, in agreement with values

reported for AF patients in previous studies [258].

The effects of cholinergic and β-adrenergic stimulation and the description of the ISK

current were introduced as defined in section 2.2.1. The electrical remodeling associated

with psAF was represented as described in section 2.2.4.

To incorporate psAF-induced structural remodeling in the 2D tissue model, we intro-

duced 20% diffuse fibrosis based on the ranges reported experimentally [78]. Specifically,

we randomly selected 20% of the nodes based on a uniform distribution and we assigned

them the MacCannell fibroblast computational model [283] described in section 2.4. The

myocyte-myocyte, myocyte-fibroblast and fibroblast-fibroblast conductivities were defined

as described in section 2.4.

4.2.3 Simulated ACh and Iso release patterns

To model the respiratory modulation of ACh concentration, the temporal pattern of ACh

release was simulated as cyclically varying following a sinusoidal waveform of frequency

equal to 0.125 Hz, as done in Chapter 3. Different mean levels (0.0125, 0.05 µM) and
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peak-to-peak variation ranges (0.1, 0.025 µM) of ACh (∆ACh) were tested, all of them

within the ACh ranges tested in previous studies (0.0 - 0.1 µM) [258].

The effects of β-adrenergic stimulation were simulated by administration of Iso at spa-

tially and temporally fixed concentrations of 0.0, 0.01 and 1 µM.

4.2.4 Numerical methods and simulations

Electrical propagation in the atria was described by the monodomain model and solved

by FEM in combination with the operator splitting numerical scheme using the software

ELVIRA [290].

To establish steady-state conditions, single cells were paced at a fixed CL of 800 ms

for a duration of 16 minutes. The steady-state values of the state variables in the cellular

models were used to initialize the multi-cellular models.

Four stimuli at a CL of 800 ms were applied at the bottom edge of the 2D tissue to

pre-excite the model. Subsequently, an S1-S2 cross-stimulation protocol was employed to

induce a rotor. The first stimulus (S1) was applied at the bottom edge of the tissue, while

the second stimulus (S2) was applied onto a 3.5 by 3.5 cm square at the bottom right corner.

Following the delivery of the S1 stimulus, the simulations were run for a duration of 12.5

seconds.

4.2.5 F-wave frequency characterization

The frequency of f-waves was computed as described in section 3.2.5 and summarized be-

low. From the simulations, voltage time series were extracted from 169 points uniformly

distributed across the tissue. For each of the extracted points, the time instant tm,i corre-

spondent to the maximum upstroke velocity of i-th beat was determined and the instanta-

neous frequency was computed as 1/(tm,i+1 − tm,i), for all beat indices i in the recording.

The time series of instantaneous frequencies calculated for each tissue point were sub-

jected to power spectral analysis. Spectral “peak-conditioned” selection was performed

as in [315] so that the series whose spectrum was not sufficiently peaked were discarded.

Ff(t) was eventually computed as the mean of the remaining time series. Finally, Ff was
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computed as the average value of Ff(t), while ∆Ff was computed as the median of the

upper envelope of the bandpass-filtered Ff(t) signal [301].

4.3 Results

4.3.1 F-wave frequency analysis from ECGs of psAF patients

Respiration signals for estimating respiratory f-wave variation could be obtained from 22

patients. In the BL phase, the mean over patients of Ff was 6.66 Hz and the range over

patients was 5.74 - 8,73 Hz. HDT resulted in a decrease in Ff, with the mean over patients

of Ff being 6.48 Hz and the range being 5.50 - 8,52 Hz. Contrarily, HUT led to an increase

in Ff, with the mean over patients being 6.74 Hz and the range being 5.50 - 8.83 Hz.

Examining the relative changes in Ff with respect to the relative changes in ∆Ff be-

tween the three phases (BL, HDT and HUT), significant positive correlation was found

between ∆FfHDT−BL
and FfHDT−BL

(Pearson correlation coefficient r = 0.51, p < 0.05) and

between ∆FfHUT−HDT
and FfHUT−HDT

(r = 0.50, p < 0.05). This is depicted in Figure 4.1,

panels a) and c).

Figure 4.1: Relative changes in Ff vs ∆F f(t) for the three tilt test phases (HDT with respect to BL,
HUT with respect to BL, HUT with respect to HDT) measured from patients’ ECGs.

4.3.2 F-wave frequency analysis from simulations of psAF tissues

From the simulations, it could be observed that an increase in the mean or minimum ACh

levels resulted in higher Ff values. Specifically, when the mean ACh value remained the
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same but the minimum value was increased (indicating reduced modulation magnitude as

measured by ∆ACh), the resulting Ff was higher.

β-adrenergic stimulation by Iso to simulate enhanced SS clearly increased the mean

frequency in the case of ∆ACh=0.1 µM. The tested Iso concentrations of 0.01 and 1 µM

rendered approximately the same results, with an increase in Ff of approximately 0.2 Hz

with respect to the case without Iso (Figure 4.2, panel a)). In the case of the smallest

tested ACh variation range (∆ACh=0.025 µM), the addition of Iso did not have significant

effects on frequency variations (Figure 4.2, panels b) and c)). For the case of 0 - 0.025 µM

ACh and 1 µM Iso no stable rotational activity could be initiated and chaotic activity was

observed.

Regarding the variations in ∆Ff with ACh and Iso, we found that ∆Ff was dependent on

the range of ACh concentration, with its magnitude augmenting as the range increased. For

the minimum tested ACh variation range of 0.025 µM, the maximum frequency variation

was 0.05 Hz while for the maximimum tested ACh variation range of 0.1 µM, the maximum

frequency variation was 0.65 Hz.

Figure 4.2: Ff(t) (blue) and ACh(t) (red) from simulations. Solid/dotted/dashed lines represent
0.0/0.01/1 µM Iso.

4.4 Discussion

A large number of studies have postulated an increase in SS during HUT in subjects in

SR [332–334]. In our study, this observation is further reinforced in the context of AF.

Specifically, the increase in Ff that we observed in response to the HUT maneuver in AF
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patients is consistent with the increase in in Ff that we measured for increased Iso in our

simulations, particularly under high ACh. The concurrent variation in ∆Ff also aligns with

these findings, as it shows a larger increase in Ff coupled with larger increases in ∆Ff in

the patients (Figure 4.1, panel c)), which is also reproduced when simulating increasingly

higher Iso concentrations even if to a lower extent in the simulations and only when Iso is

varied from 0 to 0.01 or 1 µM.

Although there is scarce research on the autonomic effects during HDT, in SR there is

a tendency to associate the slowing of HR during HDT with both an increase in PSS and a

decrease in SS [334, 335]. Only one study reported a decrease in both PSS and SS [336].

In the case of AF or atrial flutter, some studies have linked the observed outcomes to an

increase in PSS [298, 309]. Based on the findings of this work, similar results may not

hold true since PSS, causing a shortening of the effective refractory period, actually leads

to an increase in Ff, as reported in the literature and confirmed by our simulations [337].

Considering the results of our study, the reduction in Ff observed in the psAF patients in

response to HDT could be better explained by a reduction in SS, possibly mediated by

the cardiopulmonary baroreflex, as indicated by lower Ff in simulated psAF tissues when

the Iso concentration was diminished. Regarding the modulation magnitude, measured by

∆Ff, previous studies have related it to respiratory modulation and parasympathetic activity

[301]. In the transitions from BL to HDT and from HDT to HUT, we observed an increase

and a decrease in ∆Ff in mean over the psAF population, suggesting an increase and a

decrease in PSS, respectively. Taking into account these two transitions and the relation-

ship between relative changes in ∆Ff and Ff, it appears that greater respiratory modulation

(higher increase in ∆Ff) corresponds to a lesser decline in SS (lower decrease in Ff) when

going from BL to HDT, and a greater elevation in SS (higher decrease in Ff) when going

from HDT to HUT). These findings could suggest a potential dependence of SS effects

on the underlying level of PSS, as supported by our simulations. Our observations on the

changes in f-wave frequency characteristics in response to HDT and HUT should possibly

be attributed to additional factors beyond the ANS modulation. Among such factors, me-

chanical stretch and mechano-electrical feedback should be considered, as they have been

reported to exert significant contribution to atrial electrical activity in patients with atrial
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flutter [311, 312, 326]. As reported in Chapter 3, a study conducted by Waxman et al.

[326] examined various interventions, including passive upright tilting, the strain phase of

the Valsalva maneuver and expiration, and all of them were found to reduce cardiac size.

Interestingly, regardless of autonomic activity, these interventions were found to indepen-

dently increase the rate of atrial flutter. Similarly, Ravelli et al. [311] discovered that acute

atrial stretch caused by ventricular contractions and respiratory movements resulted in a

shortening of the atrial flutter CL in humans. Importantly, even after blocking autonomic

influences, oscillations in the atrial flutter CL were still present, further supporting the idea

that factors beyond autonomic activity contribute to these oscillations.

4.4.1 Conclusions

The findings of this study suggest that the increase in Ff following HUT and the decrease in

Ff following HDT could be attributed to heightened and diminished sympathetic activity,

respectively, on top of other factors not accounted for in our study like mechanical effects.

Parasympathetic activity, assessed by the magnitude of ∆Ff, appears to exert a modulating

role on the effects of sympathetic activity rather than being an independent force driving

the observed changes in f-wave frequency.



Chapter 5

Identification of parasympathetic

innervation in the atria to guide ablation

of ganglionated plexi

5.1 Motivation

As already introduced in section 1.3.4, RF catheter ablation is one of the most common

procedures for AF treatment when ADT is not effective. Targets for successful AF ablation

are continuously being sought [338]. GP ablation has been associated with a decreased risk

of AF recurrence [23, 25, 220–225], either in addition to PVI [23, 24, 26, 227–230] or as a

stand-alone procedure [26, 231]. The percentage of success in eliminating AF seems to be

similar for PVI and GP ablation individually, but it is significantly higher when the two are

combined [26, 47, 227].

One potentially contributing factor to the effectiveness of GP ablation is accurate GP

location. During ablation procedures, GPs are normally located by the induction of vagal

reflexes through rapid, short stimulation at their expected anatomical sites until a positive

response is found (AV block, hypotension or more than 50% increase in R-R interval dur-

ing AF) [26, 55, 339, 340]. As an alternative to this functional approach, the anatomical

approach consists in the ablation of the four main GPs based on their presumed anatomical

97
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locations [227]. An important limitation of these methods is that once the GPs have been

located, there is still no information on the actual area occupied by each of them [341].

The aim of this study was to develop a method to locate regions of atrial parasympa-

thetic innervation sites within atrial GPs based on measurements from a multielectrode grid

of EGMs. This approach is expected to provide information not only on the approximate

location but also on the dimensions of those sites. Our hypothesis is that the EGM atrial

repolarization wave amplitude could be representative of the presence of ACh release sites

[342], as IKACh activation is expected to accelerate phase 3 of the AP, leading to higher

EGM repolarization amplitudes. Even if the effectiveness of GP ablation has shown to be

higher in pxAF [25, 343], here both pxAF and psAF were simulated, with psAF models

including electrical and structural AF-related remodeling.

5.2 Methods

5.2.1 Human atrial tissue models

2D human atrial tissue models of 5×5 cm2, with and without fibrosis, were built as de-

scribed in section 2.5. A square grid of 251 by 251 nodes was used, where each node in

the grid took the properties of a cardiomyocyte or a fibroblast. The C model [244] was

used to describe atrial myocyte electrophysiology while fibroblasts were described with

the MacCannell model [283]. Parasympathetic effects were incorporated into the C model

as defined in section 2.2.1 [196, 258].

An additional simulation considering cell-to-cell variability was performed. In this

study, we only considered variability in the conductances of the currents having the largest

effects on the last stage of repolarization (i.e. APD90), which corresponds to the repolariza-

tion wave we are interested in analyzing. According to the work by Sánchez et al. [344],

IK1 and ICaL were the two currents having the largest influence on APD90 in the C model,

while other currents like INaK, Ito, IKur and INaCa had notably lower effects on APD90. For

the conductances of IK1 and ICaL, a variation range between -30% and +30% in 15% steps

was considered, thus leading to 25 ionic combinations used to simulate cells with distinct
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characteristics.

Non-AF, pxAF and psAF tissue models were developed. AF is usually a progressive

disease, starting from short and infrequent episodes to longer and more frequent ones. In

general, the progression from pxAF to psAF forms is accompanied by alteration of the

myocardial substrate. In our models, psAF was characterized by both structural and elec-

trical remodeling, whereas pxAF included only modest structural remodeling. One aspect

of structural remodeling included in pxAF and psAF tissue models was an increase in the

amount of fibrosis with respect to the non-AF case, which was characterized by the absence

of fibrosis [78, 84]. Fibrosis distribution in pxAF and psAF tissues was modeled as either

uniform diffuse (Fu) or non-uniform diffuse (Fnu) [345]. To generate a uniform fibrosis

distribution Fu, each node in the tissue was assigned a probability 0.2 (for 20% fibrosis)

or 0.4 (for 40% fibrosis) of being a fibroblast, otherwise being an atrial cardiomyocyte. A

non-uniform diffuse fibrosis distribution Fnu was defined by setting circular patches in the

tissue and generating diffuse fibrosis within them in degrees of 20% or 40%. Two differ-

ent geometries of the fibrotic patches were considered, denoted as F1
nu and F2

nu, which are

illustrated in Figure 5.1 (E)-(F).

Another aspect of structural remodeling in the psAF tissue models was a reduction in

the longitudinal diffusion coefficient (D) between myocytes to simulate the effects of gap

junction remodeling [87, 88]. D was varied to obtain longitudinal conduction velocities in

line with values reported in the literature [258]. Values for D of 0.003 cm2/ms and 0.002

cm2/ms were considered for non-AF/pxAF and psAF tissues, respectively. In all types of

tissues, a transverse-to-longitudinal conductivity ratio of 0.5 was adopted. Fiber orientation

was considered parallel to the y-axis. Furthermore, a four-fold reduction in the diffusion

coefficient was considered for myocyte-fibroblast and fibroblast-fibroblast coupling, both

in pxAF and psAF tissues [346], as illustrated in 2.4. Electrical remodeling was associated

with psAF only and was accounted for by reducing the maximal conductances of Ito, ICaL

and IKur by 50%, 70% and 50%, respectively, as in [269]. In this study, we did not consider

the 100% increase in IK1 illustrated in 2.2.4, as we solely relied on the original paper by

Courtemanche et al. [269]. See Table 5.1 for a summary of simulation parameters.

Parasympathetic effects were modeled by randomly increasing the concentration of
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Figure 5.1: 2D tissue models with different distributions of ACh release sites in A), B), C), D)
and with different fibrosis distributions in E) and F). In G), an example of a tissue model with
ACh release sites and non-uniform diffuse fibrosis. In H), the mesh of electrodes is represented.
Electrode size is adapted for clarity.

the ACh neurotransmitter in circles distributed across the tissue, which activated the IKACh

current in those areas. We simulated an ACh concentration of 0.1 µM, following a previous

work in which ACh concentrations varying from 0 to 0.1 µM were used [258]. Cases of

parasympathetically innervated circles all of the same radius, this being 0.32, 0.5 or 0.76
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Table 5.1: Characteristics of electrical and structural remodeling in non-AF, PxAF and PsAF tissues,
and simulated ACh concentrations.

Structural remodeling

non-AF PxAF PsAF
Fibrosis (Fu or Fnu) 0% 20% 40%
D (cm2/ms) at myocyte-myocyte 0.003 0.003 0.002
D reduction factor at myocyte-
fibroblast

∝ 0.25 ∝ 0.25

Transverse-to-longitudinal conductivity ra-
tio

0.5 0.5 0.5

Electrical remodeling
Ito ∝ 1 ∝ 1 ∝ 0.5
ICaL ∝ 1 ∝ 1 ∝ 0.3
IKur ∝ 1 ∝ 1 ∝ 0.5

Parasympathetic effects
non-ACh
sites

ACh sites

ACh (µM) 0 0.1

cm, as well as a case with parasympathetically innervated circles of different radii (0.24 and

0.5 cm) were considered. All these ACh geometries are illustrated in Figure 5.1 (A)-(D).

The interaction between vagal stimulation and fibrosis was investigated by considering

models with all different combinations of ACh patches, 20% - 40% Fu or Fnu. One of

these possible combinations is represented in Figure 5.1 (G). In the GPs, despite the pre-

dominance of parasympathetic fibers, sympathetic ones can be found too [56]. To account

for it, an additional simulation considering small islands of β-adrenergic stimulation inside

the ACh patches was performed (radius of Iso patches = 0.1 cm). β-adrenergic stimulation

was simulated as in the study by González de la Fuente et al. [259], where the effects of Iso

were modeled by modulation of the maximum conductances of the ICaL, Ito and IKs currents

following the reported concentration-dependent. A 1µM Iso concentration was considered.

5.2.2 Simulation protocols

Tissue simulations were performed using the FEM implementation of the software ELEC-

TRA [347, 348] for the solution of the cardiac monodomain model. Simulations were

performed using DAETI with an adaptive time step ranging from 0.005 to 0.01 ms.

The single cells were simulated in MATLAB while being paced at a fixed CL of 1000

ms for one minute. The values of the state variables of the models at steady-state were used

for initialization in the tissue simulations. Tissue stimuli were applied at its bottom edge,
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with a CL of 1000 ms. Results for the last simulated beat were analyzed. It should be noted

that, in contrast to the description in Chapter 2, the prepacing duration for the C model in

this study was limited to one minute. This was based on the results presented in the original

paper where the C model was proposed in 1998, in which the authors conducted simulations

with a one-minute pacing duration. Even if further analysis revealed that steady-state was

actually reached after longer pacing time, it is possible to identify a first rapid adaptation

followed by a second slower adaptation, with larger AP changes occurring within the first

minute [349].

5.2.3 EGM feature extraction

Unipolar EGMs were computed in a 16×16 electrode mesh at the center of the tissue,

with an inter-electrode spacing of 2 mm in both the ‘x’ and ‘y’ directions, as represented in

Figure 5.1 (H). Electrode positioning at different distances from the tissue in the orthogonal

direction, namely 0.5, 1 and 2 mm, was tested. To compute the EGMs ϕe(r
′, t) for an

electrode located at r′, the following formula was used [350–352]:

ϕe(r
′, t) =

∫ ∫ [
−∇rVm(r, t) · ∇r

(
1

d(r, r′)

)]
dx dy (5.1)

where the distance function d is defined as:

d(r, r′) = ||r− r′||
2

(5.2)

and r =
[
x y z

]
and r′ =

[
x′ y′ z′

]
are the coordinate vectors for a 2D tissue point

and for the electrode, respectively.

The discretized form of this formula is reported below:

ϕe(r
′, t)=

N−1∑
i=1

N−1∑
j=1

[
−
(
∆xVm(ri,j, t)

∆x
,
∆yVm(ri,j, t)

∆y

)
·

(
∆x

1
d(ri,j,r′)

∆x
,
∆y

1
d(ri,j,r′)

∆y

)]
∆x∆y

(5.3)

where ri,j =
[
xi yj z

]
, ri+1,j =

[
xi+1 yj z

]
and ri,j+1 =

[
xi yj+1 z

]
are the coordi-

nate vectors, in the Cartesian system, of points in the 2D tissue. N is the number of nodes
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in the x and y directions, both equal to N = 251, and ∆x = ∆y = 0.02 cm. Finally,

∆xVm(ri,j, t) = (Vm(ri+1,j, t) − Vm(ri,j, t)), ∆yVm(ri,j, t) = (Vm(ri,j+1, t) − Vm(ri,j, t)),

∆x
1

d(ri,j ,r′)
= ( 1

d(ri+1,j ,r′)
− 1

d(ri,j ,r′)
) and ∆y

1
d(ri,j ,r′)

= ( 1
d(ri,j+1,r′)

− 1
d(ri,j ,r′)

).

ϕe(r
′, t) represents the unipolar electrogram for a “punctual” electrode (pEGM) located

at r′. Additionally, to more realistically model the electrode size, electrodes of 0.8×0.8

mm [353–355] were considered. For “dimensional” electrodes, the EGM correspondent to

that electrode was obtained by performing the average of the pEGMs computed in all the

points covered by the electrode’s surface, namely 25 nodes [354]. The EGMs were then

normalized by a factor dependent on the electrode-tissue distance (350 for z=0.5 mm, 250

for z=1 mm and 150 for z=2 mm) to obtain an amplitude of the depolarization wave in

line with the amplitude of clinical EGMs (6/7 mV). Subsequently, the EGMs were filtered

with a 2 Hz high-pass filter, mimicking the implementation in most commercial systems,

to remove the DC level due to the differences in the resting membrane potentials between

distinct cells in the tissue.

To assess the performance of our proposed algorithms (see section 5.2.3) under noisy

conditions, noisy EGM signals were obtained as follows. Noise segments were extracted

from 180 EGM recordings from patients. The power of each noise segment was normal-

ized. Subsequently, the different noise segments were individually added to the EGMs with

different multiplying factors to test signal-to-noise ratios (SNR) from 0 to 20 dB. For repo-

larization analysis, a 2 to 30 Hz band-pass filter was applied to the noisy EGMs to remove

the DC level and the high frequency noise without altering the features of the repolarization

waves. For depolarization analysis, a 2 to 250 Hz band-pass filter was applied.

The atrial repolarization wave of the ϕe(r
′, t) signal, at electrode (i, j), i, j ∈ {1, · · · , 16},

was denoted as Ri,j(t). Since the time window (TW) in which the Ri,j(t) waves were lo-

cated did not show a fixed distance from the depolarization wave, an automatic delineation

method was developed. For each simulated case, the time location, tR, of the absolute max-

imum repolarization peak (either positive or negative), Rim,jm(tR), identified at electrode

(im, jm) among all the (i, j) EGMs of a single case, was searched for in a window start-

ing 100 ms after the depolarization-based reference time corresponding to the maximum

slope of the depolarization wave, taken here as t = 0. The onset and ending points of the
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TW were set to 30 ms before and 150 ms after the tR, respectively. For each EGM, the

local minima (Rmin
i,j ) and maxima (Rmax

i,j ) within the TW were identified. The amplitude RA
i,j

was selected as either Rmin
i,j or Rmax

i,j , choosing the one with the largest absolute value (but

maintaining its sign):

RA
i,j = argmax

x
{|x|}, x ∈ {Rmin

i,j ,R
max
i,j } (5.4)

One example of two EGMs recorded inside and outside a GPs, respectively, is repre-

sented in Figure 5.2.

Repolarization

Figure 5.2: EGMs recorded in non-ACh (blue) and ACh (red) release sites. Dashed vertical lines
indicate the repolarization window for analysis.

The relationship between the repolarization waves Ri,j(t) and the corresponding APs

are illustrated in Figure 5.3 for a simulated case with no fibrosis and with ACh distributed

in patches of radius r=0.5 cm.

As it can be observed from the figure, ACh not only shortens the AP, but also accelerates

phase 3 of AP repolarization, which leads to Ri,j(t) waves of higher amplitude RA
i,j. A

sensitivity (Se) - specificity (Sp) analysis was performed by calculating a ROC curve to

identify the optimal repolarization amplitude threshold Rth that allowed identification of

EGM signals of ACh-release and non-ACh-release areas. Specifically, ACh and non-ACh

areas were associated with EGMs presenting amplitudes RA
i,j above and below the threshold
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Figure 5.3: A) 2D model of a non-AF tissue with ACh release sites shown in black and EGM
electrodes in red and blue. B) APs and EGMs recorded in the (i, j) points represented in the left
panel. The thicker lines correspond to the points represented with big squares in the tissue.

Rth, respectively.

When simulating cases with non-uniform diffuse fibrosis Fnu, we observed that the

amplitude RA
i,j of EGMs in ACh and non-ACh areas presented different behavior depending

on the presence or absence of fibrosis. This is illustrated in Figure 5.4 together with the

different APs that underlie this difference.

On this basis, an additional step in the EGM processing was applied to distinguish

fibrotic from non-fibrotic areas before using the RA
i,j amplitude to identify ACh areas. Iden-

tification of fibrotic areas was performed based on the amplitude of the EGM depolarization

wave, Di,j(t), taken from EGM onset to TW window onset, which is a common method in

clinical practice [356–358]. The amplitude DA
i,j was computed as the difference between

the maximum positive, Dmax
i,j , and minimum negative, Dmin

i,j , peaks of the depolarization wave

Di,j(t):

DA
i,j = Dmax

i,j −Dmin
i,j (5.5)

Fibrotic areas were associated with lower DA
i,j amplitudes. Considering the dependence of

the depolarization amplitude on the amount of fibrosis, a ROC curve was again used to

determine the optimal threshold Dth to distinguish fibrosis vs non-fibrotic areas.
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Figure 5.4: A) and C) 2D model of a psAF tissue with ACh release sites shown in black, fibrosis in
light grey and EGM electrodes in red and blue in the non-fibrotic regions and in orange and cyan in
the fibrotic regions. B) and D) APs and EGMs recorded in the points represented in the left panels.
The thicker lines correspond to the points represented with the big squares in the tissue. In D) the
peaks of the Ri,j(t) waves are highlighted with a dot.
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5.3 Results

5.3.1 EGM repolarization analysis for GP identification

EGM repolarization analysis in non-AF, pxAF and psAF tissues. In this section, the

values of RA
i,j for ACh-release and non-ACh-release areas are presented. To illustrate the

results, figures are presented for some of the simulated cases with ACh patches of radius

r=0.5 and ACh patches of radii r=0.5 and 0.24 cm.

Figure 5.5: EGM analysis for a non-AF tissue. Top row: EGMs aligned with respect to the time
correspondent to the maximum slope of the depolarization wave (marked as 0 in the x-axis). The
vertical dashed lines delimit the time window TW for the Ri,j(t) repolarization signals. Bottom
row: atrial repolarization waves, Ri,j(t), with dots indicating the maximum absolute value RA

i,j of
the waves within TW. The horizontal dotted lines represent the optimal threshold Rth found by Se/Sp
analysis.

In non-AF tissues, and for all the tested ACh geometries, the optimal value of the

threshold Rth to distinguish between ACh and non-ACh regions, and computed as later

described, was found to lie in a range between 23% and 41% of RA,max, the maximum RA
i,j

value in the grid,

RA,max = max
i,j

{RA
i,j} = Rim,jm(tR). (5.6)

In pxAF tissues with 20% Fu fibrosis, similar behavior as in non-AF tissues was found.

Results are illustrated in Figure 5.12.

In pxAF tissues with 20% Fnu fibrosis, the areas with fibrosis were analyzed separately
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Figure 5.6: EGM analysis for the uniform diffusive fibrosis pxAF tissue (Fu 20%). The figure is
structured as Figure 5.5.

Figure 5.7: EGM analysis for the uniform diffusive fibrosis psAF cases (Fu 40%). The figure is
structured as Figure 5.5.
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Figure 5.8: EGM analysis for a pxAF tissue with 20% patchy type 1 fibrosis (type 1 patchy fibrosis
is represented in Figure 1E)) (F1

nu 20%). Top row: EGMs aligned with respect to the time corre-
spondent to the maximum slope of the depolarization wave (marked as 0 in the x-axis). The vertical
dashed lines delimit the time window TW for the Ri,j(t) repolarization signals. Bottom row: atrial
repolarization waves, Ri,j(t), with dots indicating the maximum absolute value RA

i,j of the waves
within TW. The horizontal dotted lines represent the optimal threshold Rth found by Se/Sp analysis.
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Figure 5.9: EGM analysis for a pxAF tissue with 20% patchy type 2 fibrosis (fibrosis geometry
reported in Figure 5.1 F)) (F2

nu, 20%). The figure is structured as Figure 5.8.

Figure 5.10: EGM analysis for a psAF tissue with 40% patchy type 1 fibrosis (fibrosis geometry
reported in Figure 5.1 E)) (F1

nu, 40%). The figure is structured as Figure 5.8.



5.3. Results 111

Figure 5.11: EGM analysis for a psAF tissue with 40% patchy type 2 fibrosis (fibrosis geometry
reported in Figure 5.1 F)) (F2

nu, 40%). The figure is structured as Figure 5.8.

Figure 5.12: EGM analysis for a non-AF tissue in A), B) and a pxAF tissue with 20% uniform
diffuse fibrosis in C) and D). Top row: EGMs aligned with respect to the time correspondent to the
maximum slope of the depolarization wave (marked as t = 0 in the x-axis). The vertical dashed lines
delimit the time window TW for the Ri,j(t) repolarization signals. Bottom row: atrial repolarization
waves, Ri,j(t), with dots indicating the maximum absolute value, RA

i,j , of the waves within TW. The
horizontal dotted lines represent the optimal threshold Rth found by Se/Sp analysis.
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from the areas without fibrosis. In the non-fibrotic regions, the threshold was found to

lie in the range between 30% and 46% of RA,max value. In the fibrotic regions, the peaks

were generally organized in two clusters above and below zero, with the positive peaks

corresponding to ACh regions. The results of the analysis for 20% Fnu fibrosis with the

simulated fibrotic geometry F1
nu are illustrated in Figure 5.13 for ACh patches of radius

r=0.5 cm and for ACh patches of radii r=0.5 and 0.24 cm.

Figure 5.13: EGM analysis for a pxAF tissue with 20% non-uniform diffuse type 1 fibrosis in A),
B) and a psAF tissue with 40% type 1 non-uniform diffuse fibrosis in C), D) (type 1 non-uniform
diffuse fibrosis is represented in Figure 5.1(E)) cases. Top row: EGMs aligned with respect to the
time correspondent to the maximum slope of the depolarization wave (marked as t = 0 in the x-
axis). The vertical dashed lines delimit the time window TW for the Ri,j(t) repolarization signals.
Bottom rows: atrial repolarization waves, Ri,j(t), with dots indicating the maximum absolute value
RA

i,j of the waves within TW. The horizontal dotted lines represent the optimal threshold Rth found
by Se/Sp analysis.

In psAF tissues with 40% Fu fibrosis, similarly to previous cases, the threshold was

found to lie in the range between 14% and 32% of RA,max. For psAF tissues with 40% Fnu

fibrosis, the behavior was the same as for 20% Fnu fibrosis reported above, with the only

difference being the onset of the TW. Figure 5.13 shows the results for 40% Fnu fibrosis

with the simulated fibrotic geometry F1
nu.



5.3. Results 113

EGM depolarization analysis in pxAF and psAF tissues. Given the different morphol-

ogy of the Ri,j(t) waves in fibrotic vs non-fibrotic areas when non-uniform diffuse fibrosis

is simulated, prior identification of fibrotic areas was required to set up thresholds on repo-

larization amplitude that allow identification of ACh areas. The distribution of the depolar-

ization amplitude DA
i,j in fibrotic areas, non-fibrotic areas and the whole tissue are shown in

Figure 5.14, top line.

Figure 5.14: Depolarization wave, Di,j(t) analysis. Top row: statistical distribution of depolar-
ization wave amplitude DA

i,j in fibrotic areas, non-fibrotic areas and the whole tissue for simulated
cases with non-uniform diffuse type 1 and type 2 fibrosis at 20% and 40%. Black lines represent
the mean of the distribution. Bottom line: ROC curves for the same simulated cases as in the top
row. Optimal thresholds minimizing the Euclidean distance to the top-left corner of the graph are
shown with asterisks. Red circles correspond to the mean of the depolarization wave amplitudes. In
all cases, the optimal threshold Dth is lower than the global mean.

The results presented in Figure 5.14 for the ACh patches of radius 0.5 cm are represen-

tative of all other simulated cases, as ACh distribution does not have an observable effect

on the amplitude of the depolarization waves. As it can be observed from the figure, al-

though there is some overlap of the violin plots, particularly for 20% Fnu fibrosis, it is still
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possible to some extent to distinguish fibrotic vs non-fibrotic areas based on the DA
i,j only.

5.3.2 Optimal thresholds for identification of fibrotic and ACh-release

areas

The optimal value for the threshold Dth on the depolarization amplitude to identify fibrotic

areas was found by calculating a ROC curve. Starting from the global mean value of DA
i,j,

40 different threshold values were analyzed by decreasing and increasing it in voltage steps

of 0.1 mV. The optimal value for Dth was determined as the point of the curve that was

closer, in terms of the Euclidean distance, to the top left corner corresponding to 100%

sensitivity and 100% specificity. ROC curves for different fibrosis distributions are illus-

trated in Figure 5.14, bottom line. Overall, the optimal threshold value was lower than the

global mean of DA
i,j. From the ROC curves, it is also evident that the separability is higher

for 40% Fnu than for 20% Fnu fibrosis distributions. The values of the threshold Dth on the

depolarization amplitude are presented in Table 5.2, as % of the maximum DA
i,j value in the

grid,

DA,max = max
i,j

{DA
i,j}. (5.7)

The optimal value for the threshold Rth on the repolarization amplitude to identify ACh-

release areas was analogously found by a statistical ROC curve analysis. 160 different

thresholds expressed in terms of percentage of RA,max, in voltage steps of 1% of RA,max,

were studied. For simulated cases with non-uniform diffuse fibrosis Fnu distributions, the

analysis was separately performed for fibrotic and non-fibrotic areas previously identified

according to the optimal threshold Dth described above. The ROC curves for ACh identifi-

cation are illustrated in Figure 5.15.

In the Fnu cases, ROC curves for both fibrotic and non-fibrotic areas are represented.

As can be observed from the figure, the detection of ACh areas was more challenging in the

fibrotic regions, especially when simulating 40% Fnu fibrosis. Furthermore, for both 20%

and 40% Fnu fibrosis, the mixed case containing ACh patches of radii 0.5 and 0.24 cm has

the worst measure of separability. The optimal values for the threshold Rth are displayed as
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Table 5.2: Values of the threshold Dth expressed as percentage of DA,max.

r (cm) F1
nu 20% F2

nu 20% F1
nu 40% F2

nu 40% mean
0.32 88 86 75 75 81
0.5 86 88 77 78 82
0.76 88 84 77 81 83
0.5; 0.24 87 87 80 78 83
mean 87 86 77 78 82

Figure 5.15: Repolarization wave analysis. ROC curves for non-AF tissues and pxAF and psAF
tissues with 20% uniform diffuse or type 1 fibrosis and 40% type 1 fibrosis. Results for different
sizes of ACh sites are presented. Optimal thresholds Rth thresholds are shown in red and blue.
For non-uniform diffuse fibrosis (Fnu) cases, the curves for both the fibrotic (dashed lines) and
non-fibrotic (continuous lines) regions are represented in the same plot.

dotted lines in Figure 5.12 and Figure 5.13. The values of Rth for all simulated cases are

represented in Table 5.3.

Table 5.3: Value of the threshold Rth expressed as percentage of RA,max.

Non-fibrotic (fibrotic) regions
r (cm) non-

AF
Fu

20%
Fu

40%
F1
nu

20%
F2
nu

20%
F1
nu

40%
F2
nu

40%
mean

0.32 23 20 14 33 (-24) 33 (-67) 27 (-24) 30 (-28) 26 (-45)
0.5 41 34 32 36 (-16) 46 (-54) 43 (-23) 44 (+27) 39 (-35)
0.76 32 28 25 39 (-13) 33 (-50) 25 (-12) 44 (-11) 32 (-16)
0.5; 0.24 32 19 17 37 (+17) 30 (-59) 42 (-2) 42 (-16) 31 (-21)
mean 32 25 22 36 (-9) 35 (-57) 34 (-19) 40 (-7) 32 (-33)

5.3.3 Joint analysis for identification of fibrotic and ACh-release areas

Identification of ACh-release areas from EGM signals. Results on the identification of

ACh-release areas are presented from Figure 5.16 to Figure 5.19 for the simulated cases

shown in Figure 5.12 and Figure 5.13.
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Figure 5.16: Results of the algorithm for detection of ACh release sites. Each electrode is assigned
with non-ACh, ACh, non-ACh + fibro or ACh + fibro on the basis of EGM analysis. The color code
is the same as in Figure 5.12 and Figure 5.13.

Figure 5.17: Results of the algorithm for detection of ACh release sites. Each electrode is assigned
with non-ACh, ACh, non-ACh + fibro or ACh + fibro on the basis of EGM analysis. The color code
is the same as in Figure 5.1.
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Figure 5.18: Results of the algorithm for detection of all the pxAF cases. Each electrode is assigned
with non-ACh, ACh, non-ACh + fibro or ACh + fibro on the basis of EGM analysis. The color code
is the same as in Figure 5.3 to Figure 5.16.
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Figure 5.19: Results of the algorithm for detection of all the psAF cases. Each electrode is assigned
with non-ACh, ACh, non-ACh + fibro or ACh + fibro on the basis of EGM analysis. The color code
is the same as in Figure 5.3 to Figure 5.16.
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The values of accuracy (Ac), sensitivity (Se) and false positive rate (FPR), equivalent

to (1-Specificity), are reported above the maps presented in Figure 5.16. All results were

obtained with the optimal values for the thresholds Dth and Rth described in section 5.3.2,

except for the results presented in section 5.3.3 where the impact of the selected threshold

is evaluated.

Non-AF tissues. In non-fibrotic tissues, our algorithm was able to identify all the ACh-

release patches, with similar performance measures for the different simulated cases. The

mean Ac and Se were both equal to 0.97 while mean FPR was equal to 0.03. The minimum

Ac (0.93) and Se (0.92) and the maximum FPR (0.06) were obtained for ACh patches of

different radii (r=0.5 and r=0.24).

pxAF tissues. In pxAF tissues with 20% uniform diffuse fibrosis Fu, our algorithm was

able to identify all the ACh patches, but, in the mixed case with ACh patches of different

sizes, the isolated smaller areas were not completely identified. In pxAF tissues with non-

uniform diffuse fibrosis F1
nu and F2

nu, the algorithm showed very good performance (Mean

Ac=0.83 , Mean FPR=0.19), although some of the ACh patches in the fibrotic areas were

not detected correctly in its whole extent. Furthermore, some of the sites wrongly detected

as fibrotic were subsequently erroneously classified as ACh points.

Nevertheless, in all cases, Ac and Se were above 0.80 and 0.83, respectively, and the

maximum FPR rate was 0.22. non-uniform diffuse fibrosis Fnu cases presented worse per-

formance than uniform diffuse fibrosis Fu cases, as can be observed in the representative

cases presented in Figure 5.16.

psAF tissues. In psAF tissues with 40% uniform diffuse fibrosis Fu, our algorithm was

able to identify all the ACh patches. In psAF tissues with non-uniform diffuse fibrosis

F1
nu and F2

nu, most of the ACh patches were successfully detected, but those that were of

small size and fell completely inside a fibrotic area could not be detected. As in pxAF
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tissues, the mixed case with ACh patches of different sizes were the one presenting the

worst performance.

In all cases, Ac and Se were above 0.84 and 0.82, respectively, The maximum FPR

rate was 0.18. ACh identification in psAF tissues with non-uniform diffuse fibrosis Fnu

achieved superior performance than in pxAF tissues, mainly because the fibrotic regions

were detected better. This can be appreciated from Figure 5.16, which shows the results for

a psAF tissue with F1
nu fibrosis.

Threshold selection. To evaluate the impact of using the optimal thresholds Dth and Rth

for each configuration, Ac, Se and FPR were computed again using the mean optimal

thresholds value for all situations, reported in Table 5.2 and Table 5.3. Results varied only

minimally. The global mean Ac decreased from 0.91 to 0.88, the global mean Se from 0.92

to 0.91 and the global mean FPR from 0.09 to 0.01.

Effects of noise and tissue-electrode distance. The performance of the algorithm for

identification of ACh-release areas was tested on noisy signals with different SNR values

of 0, 5, 10, 15 and 20 dB, corresponding to σ values of 279.2, 149.6, 89.7, 47.8, 26.9 µV,

respectively. The results are displayed in Figure 5.20.

For non-AF tissues and for pxAF and psAF tissues with uniform diffuse fibrosis Fu,

Ac and FPR highly decreased and increased, respectively, with the level of noise, even if

still showing Ac values above 0.76 and FPR values below 0.29 when the SNR was 0 dB.

On the other hand, Se was less dependent on noise and had values above 0.7 even for an

SNR value of 0 dB. For pxAF and psAF tissues with non-uniform diffuse fibrosis Fp, the

algorithm’s performance was remarkably less dependent on the noise level. In the worst

scenarios of SNR being 0 dB, the minimum Ac and Se values over all simulated cases with

non-uniform diffuse fibrosis were 0.7 and of 0.63, respectively, while the maximum FPR
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Figure 5.20: Accuracy (Ac), Sensitivity (Se) and false positive rate (FPR) for different noise levels.
The color code from dark to light gray is representative of no noise and noise with SNR values of
20 dB, 15 dB, 10 dB, 5 dB and 0 dB.

value was 0.55.

To test the effect of electrode-tissue distance, 3 different distances in the orthogonal

direction z, namely 0.5, 1 and 2 mm, were used for EGM calculation in all the simulated

cases. The performance of the algorithm as a function of the electrode-tissue distance is

reported in Figure 5.21. Ac and Se modestly increased when the electrode became closer to

the tissue, while FPR rate slightly increased or decreased with the electrode-tissue distance

depending on the characteristics of the tissue.

Assessment of model dependence, cell-to-cell variability and concomitant β-adrenergic

stimulation. When using the G model, although the time windows for repolarization anal-

ysis were different with respect to the ones obtained with the C model, delineation could

be successfully applied to the EGM waveforms. As in the C cases, positive Ri,j(t) waves

were found in the ACh patches. A figure showing the corresponding results for the G and

C model is presented in Figure 5.22.

Including cell-to-cell variability in the C model, as explained in the Methods section,
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Figure 5.21: Accuracy (Ac), Sensitivity (Se) and false positive rate (FPR) for different electrode-
to-tissue distances. The color code from dark to light grey is representative of 2, 1 and 0.5 mm
distances.

led to similar results from a qualitative point of view, even if some quantitative differences

could be observed. A comparison of the same case considering and not considering cell-

to-cell variability can be found in Figure 5.23.

Incorporating β-adrenergic stimulation into some atrial sites led to Iso regions being

detected as non-ACh regions on the basis of the amplitude of the Ri,j(t) waves. Based on

these results, our method seems to be specifically meant to locate parasympathetic stimu-

lated areas. A figure showing these results can be found in the Figure 5.24.

5.4 Discussion

We developed a novel method to identify ACh release sites in the atrial myocardium based

on the characteristics of EGM signals on a grid of electrodes. The method is based on eval-
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Figure 5.22: A) 2D model of a non-AF tissue with ACh release sites shown in black and EGM
electrodes in red and blue. Cell electrophysiology is simulated using the G model. B)/D) APs/EGMs
recorded in the (i, j) points represented in panel A). The thicker lines correspond to the points
represented with big squares in the tissue. Panel C) represents the EGMs aligned with respect to
the time correspondent to the maximum slope of the depolarization wave (marked as t = 0 in the
x-axis). The vertical dashed lines delimit the time window TW for the Ri,j(t) repolarization signals.
The dots indicate the maximum absolute value, RA

i,j, of the waves within TW.

uating the amplitude of the EGM repolarization wave and compare it with a threshold that

is dependent on the presence or absence of fibrosis in the tissue portion beneath the EGM

electrode position. An accompanying method for fibrosis detection is considered based on

the amplitude of the EGM depolarization wave. The performance of our proposed method

for identification of ACh release sites in atrial myocardium was tested in simulated tissues

representative of control (non-AF), pxAF and psAF. The simulated patterns of propagation

resulted from pacing an entire edge of the tissue model at a fixed cycle length for all the

cases, with no other AF patterns being simulated. We found that, in all cases, the algorithm

was successful in identifying most of the simulated ACh release sites, both when there was

no fibrosis in the tissue and when fibrosis was present in uniform diffuse or non-uniform

diffuse forms at various degrees. In mean, accuracy and sensitivity values above 90% were

achieved.
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Figure 5.23: EGM analysis for a non-AF tissue. A) represents the uniform cells case while B)
represents the case which considers cell to cell variabilty . Top row: EGMs aligned with respect
to the time correspondent to the maximum slope of the depolarization wave (marked as 0 in the
x-axis). The vertical dashed lines delimit the time window TW for the Ri,j(t) repolarization signals.
Bottom row: atrial repolarization waves, Ri,j(t), with dots indicating the maximum absolute value,
RA

i,j , of the waves within TW. The horizontal dotted lines represent the optimal threshold Rth found
by Se/Sp analysis.

The role of the ECANS and ICANS in modulating cardiac electrical behavior is well

evidenced in the literature. Alterations in autonomic activity are documented to contribute

to both initiation and maintenance of AF [163, 359–364]. Decreasing ANS innervation

is shown to reduce the incidence of atrial arrhythmias [21, 23, 220, 365]. Specifically

regarding the ICANS, stimulation of GPs is reported to make them hyperactive and se-

crete excessive amounts of neurotranmsitters, which facilitates not only the initiation of

AF but also its perpetuation. A study evaluating the intensity of vagal responses induced

by endocardial HFS of left atrial GPs highlights an increase in such responses in AF pa-

tients compared to non-AF patients, suggesting an abnormally increased GPs activity in

AF substrates [161]. Some studies have suggested that the extrinsic autonomic input to

the heart exerts inhibitory control over GPs and, consequently, attenuation of this control

allows GPs to become hyperactive [341]. On top of elevated neurotransmitter release, other

possible explanations for GPs hyperactivity have been reported [161]. One explanation is

through its link to oxidative stress, which is strongly related to AF and can cause nerve

injury [366]. This injury, in fact, can trigger the expression of nerve growth factors and
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Figure 5.24: A) 2D model of a non-AF tissue with ACh release sites shown in black, β-
adrenergically stimulated sites in white and EGM electrodes in red, blue and green. B) EGMs
aligned with respect to the time correspondent to the maximum slope of the depolarization wave
(marked as 0 in the x-axis). The vertical dashed lines delimit the time window TW for the Ri,j(t)
repolarization signals. C) Atrial repolarization waves, Ri,j(t), with dots indicating the maximum
absolute value, RA

i,j, of the waves within TW.

neurotrophic factors in non-neuronal cells near the site of the lesion [367], which can lead

to nerve sprouting. Another possible explanation is the increase in the density of the neu-

ral network, with an increased number of sympathetic and parasympathetic neurons, in

association with GPs-induced AF [368].

All the above effects related to GPs stimulation involve both the sympathetic and parasym-

pathetic divisions of the ANS. Cholinergic stimulation shortens the APD and leads to mem-

brane hyperpolarization, while β-adrenergic stimulation can induce early afterdepolariza-

tions, leading to rapid, triggered firing [161, 170, 369, 370]. Of the two, a predominant

role of the parasympathetic division has been reported [371, 372]. Here, we modeled the

electrophysiology of 2D atrial tissues for non-AF, pxAF and psAF conditions, in which

we incorporated circles of ACh release with different locations and/or sizes. Our simula-

tions confirmed that cholinergic stimulation of atrial myocardium varies as a function of

the atrial substrate, particularly depending on the fibrosis amount and distribution.

GP ablation as an adjunct to PV isolation has been shown to improve the outcomes of

ablation procedures in pxAF and psAF patients [26, 227]. In a canine study where GPs are
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surgically removed, this technique is reported to acutely reduce the effects of vagosympa-

thetic trunk stimulation on the atrial myocardium in an extensive way [373]. In situations

in which GP activity facilitates the initiation and maintenance of AF, GP ablation could

result in more beneficial than detrimental effects [371]. However, there are still a number

of aspects related to GP ablation that deserve further investigation, including whether rein-

nervation occurs in the long-term after GP ablation and whether this could contribute to AF

recurrence. In any case, if clinical trials with large number of patients and long follow-up

establish the efficacy of GP ablation, accurate location of GPs should be key and our pro-

posed approach could find a place in the identification of GPs location and extension. The

methods currently available to locate GPs are the so called functional approach, based on

HFS [22, 26], and the so called anatomical approach, which uses anatomical mapping to

identify the presumed GPs locations [25]. Both methods, however, show limitations. On

the one hand, the anatomical targeting of GPs sites leaves the question open regarding the

extent of GPs area to be ablated, which could vary from one to another patient. On the other

hand, GPs sites identified by functional HFS may require several cardioversions following

AF induction before testing for additional sites. Also, the equipment to perform HFS is not

commonly available in all hospital facilities where ablation is performed and, importantly,

studies have shown that GP ablation based on the functional approach may lead to higher

AF recurrence than that based on the anatomical approach in pxAF patients [25, 371, 374].

Considering that atrial EGM mapping is normally performed during ablation proce-

dures, the aim of this work was to find EGM features that serve to locate ACh release sites

in atrial myocardium. From our simulated atrial tissues, we computed EGMs on a high

density mesh of 16×16 electrodes. We started by characterizing changes in the amplitude

of the EGM atrial repolarization wave under the presence of cholinergic stimulation, show-

ing an increased amplitude in myocardial sites stimulated by ACh. This can be explained

by a faster phase 3 of action potentials in cholinergically stimulated cells. When setting a

threshold on the repolarization amplitude to identify ACh release sites, that threshold was

found to be different according to the amount of fibrosis in the myocardium beneath the

EGM electrode. Considering that there are regions in the atria, like the posterior wall of

the LA, that are preferential locations for GPs and fibrosis [375, 376], we used a method
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to distinguish fibrotic vs non-fibrotic areas before applying our algorithm for identification

of ACh sites. There are only a few previous studies in the literature characterizing ACh

effects on atrial EGMs. In [377], EGM patterns from pxAF patients are compared with in

silico simulated EGMs. ACh release sites are associated with fractionated EGMs, being the

number of deflections the first predictor of cholinergic response. In [342, 378], high density

electrical recordings were acquired from dogs under vagal stimulation and computational

simulations are performed. An increased amplitude of the atrial repolarization wave was

found in and around ACh islands. In that study, however, the interaction between ACh

release sites and different amounts and distributions of fibrosis was not investigated. Our

work confirms the findings from that study regarding ACh effects in non-AF tissues and

further extends the results to pxAF and psAF substrates in the presence of electrical and/or

structural remodeling, highlighting the need to first identify fibrotic areas. To identify those

areas, we used the amplitude of the EGM depolarization wave, as commonly performed in

clinical practice [356–358]. When the amount of fibrosis was high (40%), the detection of

fibrotic areas was successful. This performance was, however, reduced under lower levels

of fibrosis (20%) if this was distributed in patches, making the error subsequently propa-

gate to identification of ACh sites. Other strategies for fibrosis detection based on bipolar

EGM amplitude or using shape-based methods [379] could improve the performance in

those specific cases.

To identify ACh areas based on the amplitude of the repolarization waves, we prepro-

cessed the EGM signals by application of a 2 Hz highpass filter, which is a possibility with

NavX system (Endocardial Solutions, St. Jude Medical, Inc., St. Paul, MN, USA), but not

with others like Carto® system (Biosense Webster, Baldwin Park, CA, USA), in which the

lowest cutoff frequency is around 5 Hz and highpass filtering the signal using that cutoff

frequency could lead to Ri,j(t) wave cancellation. Our method should, thus, be adjusted

depending on the characteristics of the system. Regarding performance, we can conclude

that our algorithm successfully identifies the ACh release sites, particularly in tissues with

no fibrosis or with diffusive fibrosis and uniform dimensions of the ACh patches. In the

case of tissues with non-uniform diffuse fibrosis, the smaller ACh release sites can only be

partially identified, or in some cases not identified, if they lie in fibrotic regions. Since in
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the clinical setting it is likely that only the major GPs are of interest for ablation procedures,

our strategy is expected to work fine. Indeed, our method generally produces very good re-

sults for the largest ACh release sites, providing information not only on their location but

also on their extension. It should be noted that the method was tested on both pxAF and

psAF substrates. Some studies show that the improvement in the outcome of ablation pro-

cedures is mainly observed in pxAF [25, 343]. When ablation includes GPs, this could be

explained according to the hypothesis that autonomic hyperactivity plays a more predom-

inant role in the early stages of AF development and that its relevance decreases with the

progression of the disease and the consequent structural remodeling [341]. Independently

of the amount of GPs hyperactivity, the method here proposed is able to locate ACh release

sites with high performance, with mean Ac and Se over all simulated cases being above

0.91.

5.5 Limitations

Some limitations of this study should be acknowledged to provide direction for further

work. We investigated 2D atrial tissue sheets with different fibrosis distributions and ACh-

release areas. Although we did not include regional electrophysiological heterogeneities in

the tissues, we confirmed that introducing cell-to-cell variability in electrical properties led

to the same qualitative conclusions. Further studies could implement 3D atrial geometries

with more realistic GPs distributions, accounting for its structural complexity and incor-

porating many of the regional electrical heterogeneities present in the intact organ. Also,

different stimulation sites and protocols could be tested to assess the impact of other acti-

vation patterns on the performance of our proposed methods.

The differentiation between pxAF and psAF is challenging. Current clinical AF classi-

fication (paroxysmal, persistent, long-term persistent, permanent) is based on the duration

of AF episodes and form of termination [76]. AF is considered to be a progressive dis-

ease, starting from short and infrequent episodes to longer and more frequent ones. This

progression is overall shown to be accompanied by alterations in myocardial substrate. As

introduced in section 1.3.3, increased fibrosis with the progression of the pathology is com-
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mon in AF [78]. However, studies have shown that there are cases of pxAF patients having

extensive fibrosis and psAF patients having only minor fibrosis [78, 84–86]. Our models

reflect a simplified categorization of AF, with fibrotic load increasing with AF progression.

As such, they should mainly serve as a proof of concept of the feasibility of our proposed

method for different AF substrates.

To model atrial structural remodeling associated with the psAF substrate, we considered

a combination of GJ remodeling, modeled through tissue conductance reduction in fibrotic

regions, as well as fibroblast proliferation. We did not consider the increase in collagen

content, which is usually modeled as non-conductive obstacles in the tissue. Nevertheless,

considering that increased collagen content in the interstitial spaces between fibers has

been found not to generally affect longitudinal conduction [88, 284, 380], and since we

simulated a planar wavefront, this would not be expected to alter our results.

When simulating electrical remodeling in psAF, we also considered the possibility to

add IK1 current remodeling, as several studies have reported an increase in this current in

psAF by a factor of two or more [35, 107]. Simulation of such an IK1 increase in the C model

required reducing the ACh concentration to 0.01 µM for an AP to be elicited. Therefore, we

considered a 50% IK1 increase as in Shim et al. [381], which allowed considering an ACh

concentration of 0.05 µM. The APs obtained from single cell simulations are reported in

Figure 5.25. The results in terms of Ri,j(t) after including IK1 remodeling are qualitatively

similar to the ones presented without including IK1 remodeling in psAF. It should be noted

that, since ACh concentration was reduced, this led to a reduction in the repolarization

waves’ amplitude, which occurs with and without IK1 remodeling, the latter both for psAF

and pxAF cases. Simulation results showing these effects are reported in the Figure 5.26.

To find the optimal values of depolarization and repolarization amplitude thresholds for

identification of fibrotic and ACh regions, we used a statistical ROC curve analysis. For

this method to be applicable in clinical practice, another set of data would be required to

build the ROC curves, as in the set of data under analysis the Se and Sp values would not

be available a priori. To evaluate the impact of the thresholds on the method performance,

we alternatively computed Ac, Se and FPR using the mean values of depolarization and

repolarization amplitudes in the tissue being analyzed. We found only minimal differences,
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Figure 5.25: Action potentials obtained from single cell simulations pacing the cell at 1 Hz for 60
seconds. The continuous lines represent AP when ACh is not added, while the dashed lines represent
the same cases with the addition of 0.05 µM ACh. The black lines represent the formulation of psAF
adopted in the manuscript, while the red lines represent the results after including 50% increase in
IK1.

Figure 5.26: EGM analysis for the case with 0.5 cm ACh patches and 20% or 40% F1
nu. Panel

A) represents psAF tissues without IK1 remodeling and ACh=0.1 µM. Panel B) represents psAF
tissues with IK1 remodeling and ACh=0.05 µM. Panel C) shows the pxAF case with ACh=0.1 µM.
Panel D) corresponds to the pxAF case with ACh=0.05 µM. Top row: EGMs aligned with respect
to the time correspondent to the maximum slope of the depolarization wave (marked as t = 0 in the
x-axis). The vertical dashed lines delimit the time window TW for the Ri,j(t) repolarization signals.
Bottom row: atrial repolarization waves, Ri,j(t), with dots indicating the maximum absolute value,
RA

i,j, of the waves within TW. The horizontal dotted lines represent the optimal threshold Rth found
by Se/Sp analysis.

thus confirming that the performance was not degraded. This proves the robustness of our

method using mean thresholds even if only in the simulation framework. In the clinical
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setting, one possibility to retrieve data to build ROC curves for the analysis of EGMs from

patients would be to collect those EGMs while performing HFS location of GPs. This data

could be analyzed offline to identify the optimal thresholds and compare the performance

of the method using mean amplitude thresholds against the one using optimal thresholds.

Upon confirmation of the suitability of using mean thresholds, these could be later used in

real time.

Finally, detection of the atrial repolarization wave in EGMs could be difficult due to

contamination related to ventricular depolarization activity. However, some works have

already investigated the feasibility of unipolar EGMs’ atrial repolarization waves identifi-

cation and analysis. Jousset et al. investigated principal component analysis of intracardiac

unipolar EGMs to subtract ventricular activity [382]. Other studies by the same group

[383, 384] characterized atrial repolarization in sheep. Jousset et al. considered two sets

of animals: one with AV block to prevent far-field ventricular depolarization impinging

on the preceding atrial repolarization, and the other one without AV block. A method for

ventricular activity cancellation was used in the non AV block group. In any case, atrial

repolarization alternans were detected from unipolar EGMs in all sheep. The apex of the

atrial repolarization wave was evaluated, which could serve as a basis to support the fea-

sibility of measuring atrial repolarization amplitude, as proposed in our study. In another

work, atrial repolarization waves were characterized using high resolution atrial bipolar

EGMs and the effects of vagal nerve stimulation on repolarization duration were assessed

[385].

5.5.1 Conclusions

Our study develops a method to locate atrial ACh release sites based on the analysis of the

repolarization phase amplitude of EGM signals from a grid of electrodes. The method is

tested in simulated non-AF, pxAF and psAF tissues with different sizes and locations of

ACh and fibrosis areas, in which propagation patterns were simulated by pacing an entire

edge of the tissue model at a constant cycle length. In all simulated cases, the method is

able to identify ACh sites with an accuracy above 0.8, being the mean larger than 0.91.



132 chapter 5. location of ganglionated plexi

The method is robust against noise and works well with various EGM electrode distances.

Despite simplification in the in silico modeling of non-AF, pxAF and psAF tissues, our

results could serve as a proof of concept for the feasibility of unveiling ACh sites from

atrial electroanatomical mapping during ablation interventions.



Chapter 6

Characterization of the effects of

pharmacological AF therapies targeting

ion channels and sympathetic

modulation

6.1 Motivation

Despite recent advancements in AF management, current pharmacological therapies still

present limitations in terms of efficacy and side effects. Class III antiarrhythmic drugs

target potassium channels driving AP repolarization, leading to an increase in APD and

WL. To minimize potentially harmful side effects on the ventricles, potassium channels

primarily expressed in the atria are being considered as targets for AF therapy.

SK channels have emerged as potential atrial-selective targets [121, 153, 386]. In vivo

and ex vivo studies have postulated SK channel inhibition as a potential therapeutic strategy

for AF treatment. By prolonging APD and ERP, SK channel inhibition may counteract the

effects of parasympathetic stimulation in the atria [121, 387].

In another line of research and based on the crucial role of the ANS in modulating

atrial electrical activity, therapies targeting the ANS have been investigated and shown,

133
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applied individually or in combination with other treatments, to reduce the incidence of

atrial arrhythmias [153]. In particular, some studies have explored the interaction between

adrenergic and cholinergic stimulation effects in the atria. In [388], low concentrations of

Iso were found to significantly counteract cholinergic effects by limiting the shortening of

APD caused by ACh. This modulation of atrial repolarization is due to the effects of Iso on

the sarcoplasmic reticulum, IKs and IKur and ICaL, among others [259, 389–391].

This study aims to evaluate the effectiveness of combining β-adrenergic stimulation

and SK channel blockers (SKb) in countering cholinergic-induced abnormalities in atrial

electrical activity. Our hypothesis is that the simultaneous application of Iso and SKb

can prolong the APD shortened by ACh and restore it to its baseline state. To test this

hypothesis, numerical simulations are conducted using human atrial cell and 2D tissue

models that consider adrenergic, cholinergic and SKb effects. The steady-state effects

of Iso and/or SKb on AP shape and APD90 are evaluated. The efficacy of Iso and SKb,

both individually and in combination, in terminating rotational activity in a cholinergically

stimulated 2D tissue model of AF is also investigated. A range of SKb and Iso application

kinetics, representative of different drug binding rates, are considered to assess the role of

pharmacokinetics in rotor termination under varying levels of cholinergic activation.

6.2 Methods

6.2.1 Human atrial cell models

As reported in section 2.2, to test the model independence of our findings, we selected a

model of each of the three main types of available atrial cellular models in the literature:

Courtemanche, Nygren-Maleckar-Koivumäki-Skibsbye and Grandi [246]. Specifically, we

used C [244], S [121], and G [38] human atrial AP models. For each of the three models,

the effects of cholinergic and adrenergic stimulation and the formulation of the ISK current

were incorporated, as described in section 2.2 and summarized in Table 2.1.

The cardiomyocyte models described in section 2.2 were considered to represent atrial

cells in either SR or with early-onset AF. Models of psAF were generated by incorporating
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AF-induced electrical remodeling as described in section 2.2.4 and summarized in Table

2.1.

6.2.2 Human atrial tissue models

The effects of cholinergic and β-adrenergic stimulation and SKb were investigated by mod-

eling 2D human atrial tissues of 5x5 cm2. The models considered a longitudinal diffusion

coefficient of 0.003 cm2/ms and a transverse-to-longitudinal diffusion coefficient ratio of

0.5. The longitudinal conduction velocity was found to be 94.12 cm/s, which is in line

with experimental data reported in the literature [258]. The analysis of steady-state electro-

physiological properties considered both a homogeneous spatial distribution of ACh and a

heterogeneous distribution with circular patches of 0.5-cm radius. For the analysis of tran-

sient electrophysiological properties, only a uniformly distributed ACh was considered.

After verifying that the combination of SKb and Iso produced comparable results in all

three analyzed AP models, tissue analysis was performed using only the C model.

6.2.3 Numerical simulations

Single cells were subjected to pacing with a fixed CL until they reached steady state in each

of the three employed models, as described in section 2.2.

The C model was used for tissue simulations with its state variables initialized to the

steady-state values obtained from single cell simulations. The temporal resolution for the

S and C models was 0.005 ms, while the G model was run with a temporal resolution

of 0.001 ms, ensuring numerical convergence of the results. In the tissue simulations, a

spatial resolution of 0.02 cm was considered. The electrical propagation in the tissue was

described using the monodomain reaction-diffusion equation.

The cellular simulations were performed using MATLAB, while tissue simulations

were performed using ELECTRA [287–289].
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6.2.4 Analysis of steady-state and transient electrophysiological be-

havior

Steady-state behavior. At the cellular level, the impact of cholinergic stimulation on APs

was studied at ACh concentrations of 0.001, 0.01, 0.1 and 1 µM. These ACh concentra-

tions were within the ranges tested in previous studies [258]. In the tissue, the effects of

ACh concentrations of 0.01 and 0.1 µM were investigated. The individual and combined

effects of SKb and β-adrenergic stimulation were studied in conjunction with the various

ACh levels. The impact of β-adrenergic stimulation was simulated by adding a saturating

concentration of Iso of 1 µM, while the effect of complete SKb was simulated by reduc-

ing the conductance, gSK, of the ISK current to zero. SKb and Iso were applied uniformly

throughout the tissue, regardless of whether ACh was distributed homogeneously or het-

erogeneously. To study the frequency-dependent effects, the models were paced at fixed

CLs of 300, 500 and 1000 ms and AP properties were evaluated at steady state for each of

those CL values.

Transient behavior. The tissue was subjected to a cross-stimulation protocol to induce

reentrant activity, consisting of two stimuli, S1 and S2. S1 was delivered to the bottom

edge of the tissue, while S2 was applied to a 2.5 x 2.5 cm2 square at the bottom right

corner. The timing of S2 was determined based on the concentration of ACh, as it altered

the APD and conduction velocity. For ACh concentrations of 0.01 and 0.1 µM, the timing

of S2 was equal to 155 and 105 ms, respectively. A rotor was considered stable if it did not

end spontaneously during the 12-second simulation time. Once stability was confirmed,

the simulation was restarted with the same initial conditions. After the first two seconds

of simulation, 1 µM Iso and total SKb were progressively introduced following the load

curves illustrated in Figure 6.1 [392] to assess their ability to halt the initiated rotor. The

load curves were defined to depict different drug association rates to evaluate whether rotor

termination was affected by the application kinetics. The time intervals ∆ta to go from

0 to maximum (either Iso concentration or SKb) were equal to 0.1, 1, 5, and 8 seconds.

The simulation was run for a total of 12 seconds. After a rotor was stopped, different
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S1-S2 intervals were applied again to the tissue to test for rotor re-inducibility, with the

application time of the S1-S2 stimuli varying from 100 to 1000 ms after the rotor stopped.

Figure 6.1: Load curves for Iso and SKb expressed as percentage of SKb and Iso concentration with
respect to 1 µM Iso and complete SKb, respectively.

6.3 Results

6.3.1 Human atrial cell

Individual cholinergic, β-adrenergic and SKb effects. Cholinergic stimulation with

ACh had a concentration-dependent effect on RMP hyperpolarization and APD90 short-

ening in all three analyzed AP models, which aligns with previous experimental findings

[256, 388]. The shape of the AP was not significantly altered. The top row of Figure 6.2

and Figure 6.7 show the steady-state AP and APD90 at different ACh concentrations, with

a CL of 1000 ms. Results for CLs of 500 and 300 ms can be found in Figure 6.3 and Figure

6.4, respectively.

ACh had a stronger effect on the G model compared to the C and S models. At the

highest tested concentration of 0.1 µM, ACh reduced APD90 by 84.12% in the G model,

51.85% in the C model and 41.3% in the S model. Additionally, ACh decreased RMP by

6.32 mV in the G model, 5.50 mV in the C model and 2.37 mV in the S model. These

results are presented in the first row of Figure 6.2.

Iso stimulation with 1 µM had different effects on APD90 depending on the baseline AP

morphology, as seen in the middle row of Figure 6.2. In the C model, Iso shortened APD90



138 chapter 6. pharmacological therapy for af

Figure 6.2: APs of human atrial cardiomyocytes models paced at a CL of 1000 ms. First row:
simulated effects of ACh (at concentrations of 0.001, 0.01 and 0.1 µM). Second row: Iso (at 1 µM
concentration) and SKb. Third row: Iso (at 1 µM concentration) and SKb on top of 0.1 µM ACh.

by 19.11%, whereas in the G and S models, Iso slightly prolonged APD90. In the C model,

Iso caused a strong plateau elevation and changed the AP from a triangular to a rectangular

shape. This variation in AP response to Iso is consistent with previous research, with some

studies observing APD90 shortening [388, 393] and others observing APD90 prolongation

[196, 259, 394].

The application of SKb led to a longer phase 3 of the AP due to a reduction in the

outward potassium current. As a result, the APD90 was increased. The AP morphology

was particularly affected in the C model, with a notable prolongation of the plateau phase,

as shown in the middle row of Figure 6.2.

When a concentration of 1 µM Iso and SKb were applied together, they acted synergis-

tically to prolong the APD90 to values higher than those induced by SKb alone. The more

pronounced effects of the combination of Iso and SKb were observed in the C model, with

strong plateau elevation and prolongation, as seen in the middle row of Figure 6.2.

The individual effects of ACh, Iso and SKb were compared with experimental results

published in the literature, both qualitatively (Figure 6.6) and quantitatively (Figure 6.2).

Figure 6.6 presents a qualitative comparison between the computed APs and experimental

APs from various studies. It is worth noting that these experimental results were obtained
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Figure 6.3: APs of human atrial cardiomyocytes models paced at a CL of 500 ms. The figure is
strucured as figure 6.2.

from different animal species due to the scarcity of experimental data from humans.

Combined cholinergic, β-adrenergic and SKb effects. APs under cholinergic stimula-

tion by 0.1 µM ACh, applied individually and in combination with β-adrenergic stimulation

and/or ISK block, are depicted in the bottom row of Figure 6.2 for a constant CL of 1000

ms. A summary of the results in terms of APD90 is shown in Figure 6.7. Results for CLs

of 500 and 300 ms can be found in Figure 6.7.

SKb effectively neutralized the effects of cholinergic stimulation for ACh concentra-

tions up to 0.001 µM in the C and G models and up to 0.01 µM in the S model. For the

highest concentration of ACh (0.1 µM), SKb prolonged APD90 by 7.9% and 24.3% of the

APD decrease caused by ACh in the C and G models, respectively, while its effects were

negligible in the S model.

The effects of β-adrenergic stimulation applied on top of ACh were highly dependent

on the baseline AP shape. A concentration of 1 µM Iso reduced the cholinergic-induced

changes in the G and S models, but further shortened APD90 in the C model. In the G model,

β-adrenergic effects weakened with increasing ACh concentrations, while in the S model,

Iso effects grew proportionally with the increase in ACh concentration, recovering 71.6%
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Figure 6.4: APs of human atrial cardiomyocytes models paced at a CL of 300 ms. The figure is
strucured as figure 6.2. When pacing the S model at a CL of 300 ms, the AP was not able to fully
repolarize under ACh combined with Iso and/or SKb.

of the APD90 change for the highest tested ACh concentration.

The combination of SK block and 1 µM Iso counteracted ACh effects in all cases, with

the exception of the G model with the highest concentration of ACh (0.1 µM), in which

the combination did not enhance the effect caused by Iso alone. For the C and S models,

the combined action led to the recovery of baseline APD90, with the prolongation being

45.23% and 83.5% of the APD90 shortening caused by 0.1 µM ACh, respectively. The

above-described effects on APD90 were accompanied by changes in AP morphology for

the C and S models, as evident from the bottom row of Figure 6.2, where β-adrenergic

stimulation and/or SKb applied on top of 1 µM ACh caused a significant elevation of the

AP plateau.

Frequency-dependent effects. The dependence of APD90 shortening on pacing frequency,

as a result of ACh, β-adrenergic and SKb effects, was analyzed by comparing the relative

changes in the AP waveform and APD90 values at pacing CLs of 300, 500 and 1000 ms.

The results for CL=1000 ms are shown in Figure 6.8, expressed as a percentage of the

APD90 change relative to the control case. The results for CLs of 500 and 300 ms can be
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Figure 6.5: Percentages of change in APD90 with respect to the APD90 value in control when pacing
at different CLs. Simulation results were compared with data published in the literature. Top-left
panel) ACh-induced effects. The APD90 obtained after adding different ACh concentrations in the
C, G and S models at different pacing CLs were compared with experimental results from Verkerk et
al. [394]. Top-right panel) Iso-induced effects. Simulation results were compared with experimental
results by Verkerk et al. [394]. Bottom-left panel) ACh + Iso-induced effects. Simulation results
were compared with experimental results by Verkerk et al. Bottom-right panel) SKb-induced effects.
Simulation results were compared with experimental results by Hsueh et al. [255] and by Skibsbye
et al. [121]

found in Figures 6.9 and 6.10.

The relative ACh-induced APD90 shortening was largely independent of the CL in all

models, with differences up to 3%, except when ACh was applied at 0.001 µM in the S

model, where differences between the CLs of 1000 and 500 ms were of 13.45%.

The frequency dependence of APD90 changes induced by the application of 1 µM Iso

on top of ACh was more pronounced, but it was reduced with increasing ACh concentration

in the C and G models. In the C model, when Iso was applied on top of 0.001 µM ACh, it
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caused further shortening that increased, in relative terms, with reducing the CL. In the G

model, Iso generally prolonged APD90 that was shortened by ACh, except when CL=300

ms and ACh concentration = 0.001 µM ACh, where Iso further shortened it. In the S model,

Iso strongly prolonged APD90 in all cases, except when pacing at 1000 ms and using 0.001

and 0.1 µM ACh, where APD90 was only slightly prolonged.

In the S and C models, SKb showed little frequency dependence, while in the G model,

SKb showed mild frequency dependence that decreased with increasing ACh concentration

and was stronger for lower pacing frequencies.

The combination of Iso and SKb applied on top of ACh showed weak frequency depen-

dence in the C model, while in the G model, it presented stronger effects for lower pacing

frequencies, particularly for ACh concentrations of 0.001 and 0.01 µM. In the S model,

the combination of Iso and SKb showed strong frequency-dependent effects that decreased

with increasing ACh concentration.

Finally, the effects of Iso and SKb on RMP were analyzed and presented in Figure 6.11.

In the G model, Iso led to a more hyperpolarized RMP, with greater effects observed at

shorter cycle lengths, reaching a maximum extra hyperpolarization of 5 mV in control when

pacing at a CL of 300 ms. The combination of Iso and SKb produced similar results to those

seen with Iso alone, while SKb caused a less negative RMP only for ACh concentrations

less than 0.001 µM. The same was true for the S model, but with weaker effects compared

to the G model. In the C model, the effects of Iso and SKb on RMP were comparable to

those in the S model, while the combination of Iso and SKb led to a less negative RMP,

with the maximum effect observed for a CL of 300 ms.

Effects in electrically remodeled cells. The electrical remodeling caused by psAF re-

sulted in shorter APs compared to non-remodeled myocytes, with APD90 being 42.04%,

25.06% and 26.70% shorter in the C, G and S models, respectively. The application of

ACh further shortened APD90 in psAF myocytes by a similar magnitude to that seen in

non-remodeled myocytes, as shown in Figure 6.12.

SKb had no significant effect on APD90 in cholinergically-stimulated myocytes under

all tested ACh concentrations and across the three psAF models. This can be attributed to
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the lower conductance of ISK in psAF cells.

β-adrenergic stimulation by Iso, applied in addition to ACh, prolonged APD90 in the C

and S models of psAF cells to a greater extent than in non-remodeled myocytes. However,

in the G model of psAF cells, Iso had no significant effect under all tested ACh concentra-

tions, similar to the results observed in non-remodeled cells.

The combination of Iso and SKb increased the individual effects and resulted in a

greater prolongation of APD90 in cholinergically-stimulated psAF cells, similar to what

was observed in non-remodeled cells. This prolongation brought APD90 values near or

above baseline for the C and S models of psAF cells. However, in the G model, the APD90

prolongation only partially recovered the shortening induced by ACh concentrations of

0.01 and 0.1 µM.

Variations in the RMP in remodeled myocytes were similar to those in non-remodeled

myocytes (not displayed).

6.3.2 Human atrial tissues

Counteraction of ACh-induced changes in activation and repolarization. In non-

remodeled tissue, electrical propagation was modestly slowed by 0.1 µM of ACh, resulting

in a total activation time increase of 4.5 ms for homogeneous ACh distribution and 2 ms for

heterogeneous ACh distribution. The longitudinal CV dropped from 94.56 cm/s at baseline

to 86.5 cm/s under homogeneous ACh, which aligns with previous experimental findings

[258]. The application of Iso, SKb or a combination of both restored the total activation

time to baseline values in both homogeneous and heterogeneous ACh distribution scenar-

ios.

The results of the study indicate that all interventions had a significant impact on APD90

in atrial tissues. The homogeneous addition of ACh resulted in a decrease of mean APD90

to 87.87 ms and 136.34 ms for 0.1 µM and 0.01 µM ACh respectively, compared to 206.42

ms at baseline. The addition of SKb on top of ACh lengthened mean APD90 by 6.13 ms

for 0.1 µM ACh and 16.09 ms for 0.01 µM ACh. Conversely, 1 µM Iso had a shortening

effect on mean APD90 by 23.28 ms and 32.87 ms, respectively. The combination of Iso and
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SKb counterbalanced the effects of ACh, leading to mean APD90 values of 128.96 ms and

206.66 ms for 0.1 µM and 0.01 µM ACh, respectively.

For heterogeneous ACh distribution, Figure 6.13 shows that the heterogeneous addition

of ACh resulted in a decrease in mean APD90 by 50.19 ms for 0.1 µM ACh and by 22.59

ms for 0.01 µM ACh. The addition of SKb caused an increase in mean APD90 by 22.3 ms

and 29.96 ms, respectively. Conversely, 1 µM Iso reduced mean APD90 by 31.54 ms and

32.59 ms. The combination of SKb and Iso restored mean APD90 to values even greater

than at baseline, with values of 224.52 ms and 263.35 ms for 0.1 µM and 0.01 µM ACh,

respectively.

Termination of ACh-initiated rotors and prevention of re-induction. β-adrenergic

stimulation with 1 µM Iso was able to terminate rotors in cholinergically-stimulated tissues,

whether applied alone or in combination with SKb. This was true for all tested application

kinetics (∆ta=0.1, 1, 5 and 8 s, as shown in Figure 6.1) and ACh concentrations (0.01 and

0.1 µM). There was only one exception, which occurred when Iso was applied individually

with the highest ACh concentration and slowest application kinetics. SKb alone only ter-

minated the rotor under the lowest ACh concentration and with a ∆ta of 8 s. These results

are summarized in Figure 6.14.

When the application kinetics of Iso and/or SKb was set to ∆ta = 0.1 s, Iso alone and

in combination with SKb terminated the rotors in 0.2 s for both ACh concentrations. SKb

alone did not terminate the rotor for either ACh concentration. The voltage maps over time

for ACh = 0.01 µM are shown in Figure 6.15.

The same results were obtained for ∆ta equal to 1, 5 and 8 s, with longer times required

to stop the rotors as ∆ta increased.

Two mechanisms were identified to explain rotor termination. After application of Iso

or Iso combined with SKb, the rotor extinguished due to collision of the rotor tip with

the rotor tail, which was likely facilitated by the increased amount of depolarized tissue

resulting from prolongation of APD90. In cases where SKb was applied individually, the

rotor tip became less stable and started to span larger areas of tissue. In the one case where

SKb led to rotor termination, the rotor drifted through the tissue border until it eventually
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extinguished at the tissue boundaries. To further study these mechanisms, a phase singu-

larity (PS) analysis was performed for ∆ta=8 s and ∆ta=5 s using the method described

in [397]. Figure 6.16 shows two cases: (a) ACh = 0.1 µM and ∆ta=8 s, where only Iso

combined with SKb was able to stop the rotor, and (b) ACh = 0.01 µM and ∆ta=8 s, where

the rotor was also stopped by Iso. In all cases, the rotor tip followed a five-pointed star-like

trajectory with three long sides and two short sides. The time evolution of this trajectory

over 350 ms intervals is shown in Figure 6.17. In the first milliseconds after administration

of Iso and/or SKb, the rotor tip followed the same trajectory in all studied cases. However,

in the Iso and Iso + SKb cases, it soon began to wander and deviate from control. In the

SKb cases, deviation from control became apparent later, usually after 8 and 5.5 s from

application under 0.1 and 0.01 µM ACh, respectively.

The results of the PS analysis are presented in Figures 6.18 to 6.25.

This analysis evaluates the movement of rotor tips in terms of the surface covered (A),

distance covered (L), and mean velocity (V), which is defined as the average of the veloc-

ities between subsequent PS points. The analysis was conducted over a 10-second period,

starting from 2 seconds after drug application and ending at 12 seconds. Under control

conditions, a lower concentration of 0.01 µM ACh resulted in a larger surface area covered

(3.56 cm2) compared to a higher concentration of 0.1 µM ACh (1.70 cm2). Adding SKb

resulted in an increase in the surface area covered, which was negligible under 0.1 µM

ACh, but significant under 0.01 µM ACh. In the latter case, when ∆ta=5 s, the surface area

increased from 3.56 cm2 to 4.83 cm2. When ∆ta=8 s, the surface area increased to 4.95

cm2. The analysis for the Iso and Iso + SKb cases was more challenging due to early rotor

instability. To compare the different therapies, rotor characteristics were analyzed at the

same time instant, which was the one preceding instability in the case where it occurred

earlier. All cases showed a noticeable increase in the surface area spanned by the rotor tip,

with increased rotor meandering potentially due to a larger effective refractory period. The

biggest increase in percentage terms was observed for ACh=0.1 µM and ∆ta=5 s, where,

after 0.85 s from Iso + SKb application, the surface area increased by 109%.

SKb increased the mean velocity under 0.01 µM ACh by 0.79 cm/s and 0.73 cm/s when

∆ta=5 and 8 s, respectively. Under 0.1 µM ACh, SKb increased the mean velocity by 0.79



146 chapter 6. pharmacological therapy for af

cm/s and 0.94 cm/s. Iso and Iso in combination with SKb showed a stronger increase in

mean velocity, especially under 0.1 µM ACh. Iso alone increased the mean velocity by

4.39 cm/s and 1.12 cm/s when ∆ta=5 and 8 s, respectively. When combined with SKb, the

mean velocity increased by 3.15 cm/s and 3.52 cm/s.

The re-inducibility of rotors was also tested and the results are summarized in Table

6.1 for rotors initiated under ACh=0.01 µM and ACh=0.1 µM, with Iso or SKb application

kinetics defined by ∆ta=5 s. For Iso and Iso combined with SKb, a narrow range of S1-S2

intervals led to rotor re-initiation, with rotors lasting from 260 ms to 840 ms.

Table 6.1: Summary of rotor re-inducibility tests, with ∆ta=5 s. I-E: rotor re-initiated but extin-
guishing.

ACh=0.01 µM ACh=0.1 µM
S1 (ms) S1-S2 (ms) Inducibility S1 (ms) S1-S2 (ms) Inducibility

Iso Iso
100 190 I-E 100 150 I-E
500 190 I-E 500 160 I-E
1000 180 I-E 1000 150 I-E

SKb SKb
Rotor never stopped. No reinduction Rotor never stopped. No reinduction

Iso+SKb Iso+SKb
100 200 I-E 100 160 I-E
500 215 I-E 500 200 I-E
1000 215 I-E 1000 210 I-E

6.4 Discussion

The impact of inhibiting SK channels and of β-adrenergic stimulation on human atrial

myocytes and tissues that have been stimulated by ACh was investigated. To do this, we

used existing computational models of atrial cells and added the ISK current and informa-

tion about the cholinergic and adrenergic modulation of atrial electrical activity, if it was

missing.

We found that SKb, especially in combination with Iso, was able to prolong the APD

after ACh had shortened it at both cellular and tissue levels. Iso was also able to reverse
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arrhythmogenic behaviors induced by ACh, both alone and when combined with SKb. The

results presented in this study were calculated using a transverse-to-longitudinal ratio value

of 0.5. Different conclusions could be drawn for different anisotropy ratios, as the charac-

teristics of the rotor tip trajectory (area covered, distance traveled, and mean velocity) vary

with the ratio. This is demonstrated in Figure 6.26.

We first evaluated the effectiveness of SKb and/or Iso in countering the effects of cholin-

ergic stimulation in single cells. SKb partially countered these effects, with the best results

observed for low to moderate cholinergic stimulation corresponding to physiological ACh

concentrations up to 0.01 µM. The effects of individual Iso application on the AP were

highly dependent on the baseline AP shape, which aligns with previous research findings

[398]. The literature contains conflicting results about the effects of Iso on APD. Some

studies have reported that Iso leads to shortening of APD [388, 393], while others have

reported that Iso leads to prolongation of APD [259, 394, 395]. The literature also contains

conflicting results regarding the combination of Iso and ACh, with some studies showing

that β-adrenergic stimulation can facilitate AF induction [362] while others have described

β-adrenergic stimulation as a brake to reduce the extent of cholinergic-induced APD short-

ening [388]. These conflicting results could potentially be explained by patient character-

istics, with age being identified as a differential factor in animal studies [388].

In our study, Iso-induced APD shortening, which was observed for the C model, could

be attributed to an increase in intracellular calcium concentration due to enhanced release of

calcium from the sarcoplasmic reticulum. This increased intracellular calcium concentra-

tion would activate calcium-activated potassium channels, contributing to APD shortening.

Thus, blocking SK channels in addition to Iso was expected to reduce this effect and coun-

teract APD shortening. Indeed, we found that the combination of SK block and Iso was

able to reverse ACh effects, prolonging APD to near baseline levels. These results were

generally consistent across the three tested models, although the magnitude of Iso and SKb

effects was less pronounced for the G model compared to the C and S models.

Next, we tested for frequency-dependent behavior in Iso and SKb, and compared our

observations between psAF-remodeled and non-remodeled myocytes. The relative changes

in the AP induced by Iso and SKb applied on top of ACh showed minimal frequency de-
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pendence, especially for ACh concentrations of 0.01 and 0.1 µM. When comparing the

results between psAF-remodeled and non-remodeled cells, we found that the observations

were qualitatively similar, with only minor differences in the magnitude of relative changes

induced by ACh, Iso and SKb. These changes were of lower amplitude in psAF-remodeled

cells than in non-remodeled cells. It is worth mentioning that the effects of SKb were prac-

tically negligible in psAF-remodeled cells, which could be due to the lower conductance of

SK channels in psAF electrical remodeling.

We then studied the actions of SKb and Iso in tissues with homogeneous and heteroge-

neous ACh distributions. Our results, in agreement with results at cellular level using the C

model, showed that individual Iso application further shortened the APD, but the combina-

tion of Iso and SKb was able to bring APD back to its baseline value for both homogeneous

and heterogeneous ACh distributions and all tested ACh concentrations. For the modeled

heterogeneous ACh distribution, spatial APD dispersion was high, but administering Iso

combined with SKb remarkably reduced it. We tested the efficacy of various therapies to

stop stable rotors in cholinergically-stimulated tissues. The results showed that both Iso

and the combination of Iso and SKb were effective in stopping rotors for all tested ACh

concentrations and application kinetics, with only one exception for individual Iso. How-

ever, individual SKb was only able to stop the rotor in one case, causing it to drift towards

the tissue border. The mechanism of rotor termination involved collision between the rotor

tail and tip in the cases of individual Iso and combined Iso with SKb. Figure 6.27 displays

APs recorded in the simulated tissue at a specific point between seconds 2 and 3 for four

tested Iso and/or SKb application kinetics. Iso, whether applied individually or in combi-

nation with SKb, quickly led to strong prolongation of APD and elevation of AP plateau

within the first three seconds of simulation for all tested application kinetics. On the other

hand, SK block had slower effects. The transient Iso-induced APD prolongation observed

during the first moments after its application is in contrast to the steady-state APD shorten-

ing. This transient APD prolongation upon Iso administration is consistent with previous

experimental findings [399, 400] and has been attributed to differences in the phosphory-

lation kinetics of IKs and ICaL, which are two cellular substrates that are altered by sudden,

abrupt β-adrenergic stimulation. Both experimental and computational studies have shown
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that ICaL responds to Iso very quickly, which explains the immediate APD prolongation

after Iso administration, while IKs has a slower response that eventually counteracts the

changes in ICaL and leads to APD shortening [399–401]. This kinetic mismatch between

ICaL and IKs has also been observed in response to a gradual increase in Iso concentration

[401, 402]. Our simulations showed similar observations regarding Iso effects, with even

more prominent AP plateau elevation and APD prolongation at the time corresponding to

maximum concentration for faster application kinetics (Figure 6.27).

The efficacy of Iso and Iso combined with SKb in stopping stable rotors under cholin-

ergic stimulation was further evaluated by examining their ability to prevent re-induction

of rotors. Our findings revealed that after the rotor was terminated by Iso alone or in com-

bination with SKb, it could not be re-initiated within the next minute. When re-induced

later, the rotor persisted for a maximum of 840 ms.

Based on these results, we can conclude that the combination of Iso and SKb may serve

as an effective therapy to mitigate the harmful effects of ACh in the human atria. This

conclusion is supported by the ability of combined Iso and SKb to prolong APD at steady

state and to aid in cardioversion and maintenance of the restored sinus rhythm.

6.5 Study limitations

Our investigation aimed to evaluate the effectiveness of Iso and SKb in counteracting the

cholinergic effects on human atrial cells and tissues. The simulations were performed at the

cellular level and on 2D tissue sheets, but did not include the regional electrophysiological

heterogeneities and cell-to-cell variability that exist in real human atria. This study high-

lights the importance of biological variability in drug evaluation and future research could

include populations of cell models to account for this variability [403]. Another avenue for

future investigation would be to use 3D whole-atrial models to better understand complex

rotor behavior and rotor termination mechanisms.

The results of this study emphasize the non-steady-state kinetics of Iso as a factor in

its impact on rotor termination. Further research using biophysically-detailed β-adrenergic

signaling models could examine the effects of different Iso concentrations and help to un-
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derstand its potential as an anti-arrhythmic therapy, particularly when combined with SK

channel inhibition delivered with possibly different administration kinetics as those for Iso.

It is important to note that cellular models have limitations due to the scarce experi-

mental human data and the large variability displayed by human atrial cells and tissues.

Additionally, the Courtemanche model has a limitation in its simplified modeling of sar-

coplasmic reticulum Ca2+ handling due to limited data on Ca2+ storage and release kinetics

from the sarcoplasmic reticulum at the time the model was developed.

6.6 Conclusions

First, the impact of Iso and SKb on human atrial cardiomyocytes was evaluated. The ability

of individual SKb to restore the APD shortening induced by ACh was observed, with the

change ranging from 5% to 170% depending on the ACh concentration. The effects of SKb

were, however, reduced in electrically remodeled cells. Additionally, when SKb was used

to stop sustained rotors initiated under cholinergic stimulation, its effects were insufficient.

On the other hand, Iso was successful in terminating rotors, but its impact on APD varied

depending on the baseline AP morphology. The combination of Iso and SKb resulted in

stronger APD prolongation at steady state, which effectively countered the shortening in-

duced by ACh, restoring from 67% to 250% of the APD shortening. The combination of Iso

and SKb was also successful in stopping stable rotors and preventing their reinducibility.

Previous studies have explored the interactions between parasympathetic and sympathetic

actions, as well as between parasympathetic activity and SKb, but this study is the first

to consider the complex interactions between ACh, Iso and SKb. The results support the

possibility of using a combination of SK channel block and β-adrenergic stimulation as

a therapy to counteract the potential arrhythmogenic effects of cholinergic stimulation in

human atria.
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Figure 6.6: Comparison of AP traces simulated in this study with experimental AP traces published
in the literature. Panel A) ACh-induced effects. The APs obtained after adding different ACh
concentrations to the C, G and S models were compared with experimental results from Koumi et
al. [264], Kneller et al. [196] and Verkerk et al. [394]. Panel B) Iso-induced effects. The APs
obtained adding 1 µM Iso to the C, G and S models were compared with experimental results from
González et al. [259], Hua et al. [395] and Verkerk et al. [394], reporting APD90 prolongation, and
from Sosunov et al. [388] and Lin et al. [393], reporting APD90 shortening. Panel C) SK block
induced effects. The APs obtained after complete SK block in the C, G and S models are compared
with experimental results from Skibsbye et al. [121] and Xu et al. [396]



152 chapter 6. pharmacological therapy for af

(a)

(b)

(c)

Figure 6.7: APD90 vs ACh concentration for human atrial myocytes models paced a CL of 1000 ms
(a), 500 ms (b) and 300 ms (c) at four different tested scenarios comprising cholinergic stimulation
individually and in combination with β-adrenergic stimulation and/or SKb.
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Figure 6.8: Percentage of APD90 prolongation calculated with respect to the control case (100%)
for the different simulated scenarios when pacing at 1000 ms.

Figure 6.9: Percentage of APD90 prolongation calculated with respect to the control case (100%)
for the different simulated scenarios when pacing at 500 ms.
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Figure 6.10: Percentage of APD90 prolongation calculated with respect to the control case (100%)
for the different simulated scenarios when pacing at 300 ms. The AP was not able to fully repolarize
under ACh combined with Iso and/or SKb and the corresponding bars are not represented in the
figure.
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(a)

(b)

(c)

Figure 6.11: RMP vs ACh concentration for human atrial cardiomyocytes models paced at a CL of
1000 ms (a), 500 ms (b) and 300 ms (c), at four different tested scenarios comprising cholinergic
stimulation individually and in combination with β-adrenergic stimulation and/or SKb.
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(a)

(b)

Figure 6.12: APs of psAF electrically remodeled human atrial cardiomyocytes paced at a CL of
1000 ms. First row: simulated effects of ACh (concentrations of 0.001, 0.01 and 0.1 µM). Second
row: Iso (1 µM concentration) and SKb. Third row: Iso (1 µM concentration) and SKb on top of 0.1
µM ACh (a); APD90 vs ACh concentration for psAF electrically remodeled human atrial myocytes
paced at a CL of 1000 ms at four different tested scenarios comprising cholinergic stimulation
individually and in combination with β-adrenergic stimulation and/or SKb (b).
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Figure 6.13: APD90 maps (a) and violin plots (b) at baseline and under 0.1 µM ACh, individually
and in combination with 1 µM Iso and/or SKb, for APs defined by the C model. The APD maps
were built from the APD90 values computed for the fourth beat at a CL of 1000 ms with the stimulus
applied to the bottom edge of the tissue. The violin plots represent the APD90 distribution all over
the tissue for the different simulated cases. In the violin plots, black lines represent the mean APD90
and red lines represent the median APD90.
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Figure 6.14: Time for rotor termination in the different simulated cases. The vertical black line
represents the start time of Iso and SKb application. When Iso and SKb act concurrently, the timing
is the same for both. Bars arriving to the end of the time scale denote no rotor termination.

Figure 6.15: Voltage maps along time showing rotors in 2D human atrial tissues under 0.01 µM
ACh. First row: control, second row: + SKb, third row: + 1 µM Iso, fourth row: + SKb + 1 µM Iso.
Iso and/or SKb were applied progressively with ∆ta=0.1 s starting at time = 2 s.
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(a)

(b)

Figure 6.16: Phase singularity analysis for 0.1 µM ACh and ∆ta=8 s (a) and 0.01 µM ACh and
∆ta=8 s (b). First row: phase singularities in the different tested cases, traced starting from t=2000
ms. Second and third rows: voltage maps of the rotor at 50 ms before rotor termination or at the
end of the simulation if the rotor was not stopped (t=10000 ms). The color code is the same as in
previous figures, with black, green, blue and red representing the effects of ACh, ACh + SKb, ACh
+ Iso and ACh + Iso + SKb, respectively.
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Figure 6.17: PS trajectories over time intervals covering 350 ms each, under 0.1 and 0.01 µM ACh
applied with kinetics defined by ∆ta of 5 and 8 s. The color code is the same as in the previous
figures, with black, green, light blue and red representing individual ACh effect, ACh + SKb, ACh
+ Iso and ACh + Iso + SKb, respectively.
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Figure 6.18: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A),
distance covered (L) and mean velocity (V) when ACh=0.01 µM and ∆ta=8 s. In red the final
segment of PSs, corresponding to the last 100 ms, is highlighted to point out the rotor tail. The top
left panel represents the comparison between the area covered by the rotors in the different cases.
The trajectory is analyzed for the entire lifespan of the rotor.
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Figure 6.19: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A), dis-
tance covered (L) and mean velocity (V) when ACh=0.01 µM and ∆ta=8 s. The figure is structured
as Figure 6.18. The trajectory is analyzed in the time span before the onset of instability in the case
when it manifested itself earlier.
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Figure 6.20: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A),
distance covered (L) and velocity (V) when ACh=0.1 µM and ∆ta=8s. The figure is structured as
Figure 6.18. The trajectory is analyzed for the entire lifespan of the rotor.
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Figure 6.21: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A),
distance covered (L) and mean velocity (V) when ACh=0.1 µM and ∆ta=8 s. The figure is structured
as Figure 6.18. The trajectory is analyzed in the time span before the onset of instability in the case
when it manifested itself earlier.
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Figure 6.22: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A), dis-
tance covered (L) and mean velocity (V) when ACh=0.01 µM and ∆ta=5 s. The figure is structured
as Figure 6.18. The trajectory is analyzed for the entire lifespan of the rotor.
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Figure 6.23: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A), dis-
tance covered (L) and mean velocity (V) when ACh=0.01 µM and ∆ta=5 s. The figure is structured
as Figure 6.18. The trajectory is analyzed in the time span before the onset of instability in the case
when it manifested itself earlier.
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Figure 6.24: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A),
distance covered (L) and mean velocity (V) when ACh=0.1 µM and ∆ta=5 s. The figure is structured
as Figure 6.18. The trajectory is analyzed for the entire lifespan of the rotor.
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Figure 6.25: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A),
distance covered (L) and mean velocity (V) when ACh=0.1 µM and ∆ta=5 s. The figure is structured
as Figure 6.18. The trajectory is analyzed in the time span before the onset of instability in the case
when it manifested itself earlier.
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Figure 6.26: Effect of different transverse-to-longitudinal ratios (0.25, 0.5, 1) on the following rotor
tip trajectory characteristics (ACh = 0.1 µM): surface (A) and distance (L) covered by the rotor tip
and mean velocity (V).
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Figure 6.27: APs recorded at one point in the tissue (represented with the black square in the top
left panel) when applying Iso and/or SKb with kinetics defined by ∆ta of 0.1, 1, 5 and 8 s.



Chapter 7

Conclusions and future extensions

7.1 Summary and main conclusions

7.1.1 Relevance of research contributions

The objective of this thesis was to develop novel computational modeling and simulation

methods to provide a more detailed understanding of the interplay between the ANS and

AF and to assess the potential of targeted interventions for managing this condition.

Numerous studies have established a relation between the ANS and the onset and per-

petuation of AF [152–154]. Research has demonstrated that fluctuations in both the sym-

pathetic and parasympathetic branches of the ANS play a role in atrial tachyarrhythmias

[155–159]. Nevertheless, the mechanisms underlying the interplay between ANS and AF

are not fully known yet.

In silico modeling and simulation is a potent tool that offers reproducible control over

experimental conditions, enables virtual interventions that are not feasible in clinical or

laboratory settings and facilitates in-depth mechanistic research. Therefore, considering the

complex and incompletely understood role of the ANS in AF, computational simulations

can prove highly valuable in addressing a range of issues, encompassing characterization

as well as the development of novel treatments.

The variability in ANS activity among patients can play a significant role in explaining

the variations in the effectiveness of anti-AF therapies. Therefore, the evaluation of the

171
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autonomic activity in AF patients could become crucial. In this thesis, investigations have

been carried out to shed light on the role of autonomic-mediated modulation of fibrillatory

frequency through the analysis of data involving controlled respiration and the performance

of autonomic maneuvers.

The main AF treatments are ADT and catheter ablation. However, the clinical efficacy

of these treatments, both in the short and long term, remains controversial.

PVI has become a common treatment approach for AF patients [203]. However, the

reported long-term efficacy of catheter ablation in single-procedure AF cases does not ex-

ceed 70% [240]. Combining GP ablation with PVI has shown some improvement in AF

recurrence outcomes [26]. Given the complex anatomy of the ANS, various attempts have

been made in the literature to simplify the localization of cardiac GPs. Nonetheless, the

reliability of existing methods for selectively locating GP clusters is sub-optimal. In this

thesis, we introduced a novel method for accurately determining the location of the GPs by

using information obtained from the repolarization waves of an EGM grid.

Class III antiarrhythmic drugs, blocking potassium channels, can prolong the APD and

the refractory period in both the atria and ventricles. While they can be beneficial in treating

AF by preventing reentry and restoring normal SR, they can also have detrimental effects

on the ventricles. Of particular concern is their potential to cause torsades de pointes, a

polymorphic ventricular tachycardia that can degenerate into ventricular fibrillation and

lead to sudden cardiac death. Therefore, there is a need for the development of new and

safe antiarrhythmic drugs acting on ion channels mainly expressed in the atria. In this

work, we proposed the combination of SK channels blockers and β-adrenergic agonists as

a possible therapy to counteract detrimental cholinergic-induced effects in the atria.

7.1.2 Assessment of autonomic modulation of the atrial fibrillatory

rate

By integrating clinical data with computational simulations, our objective was to assess the

feasibility of a non-invasive evaluation of ANS activity in psAF patients. This information

has the potential to guide the development of personalized treatment strategies, specifically
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designed to address individual ANS dysregulation patterns. This could result in enhanced

outcomes and more effective management of AF.

There are different evidences that support the fact that changes in autonomic balance

can result in AFR oscillations (Ff(t)). For instance, it has been observed that AF follows

a circadian pattern, with an increase during the daytime and a decrease at night [330].

Controlled respiration has also been shown to cause short-term modulation of AFR, leading

to cyclic fluctuations that were later suppressed by vagal blockade [301]. Additionally,

AFR increases in response to HUT but decreases during HDT [298].

Observations of cyclic fluctuations exhibiting an in-phase relationship with respiration

have been reported in AFR during AF [310] and in flutter CL in atrial flutter [311, 312].

Drawing an analogy to the phenomenon of RSA, where heart rate oscillations synchronous

with respiration are modulated by the parasympathetic nervous system, we aimed to ex-

plore the hypothesis that this phenomenon during atrial arrhythmias may also be linked to

parasympathetic modulation.

Through computational simulation, we investigated the influence of the spatiotemporal

release pattern of ACh on the modulation of f-wave frequency. Our simulations encom-

passed various geometries and innervation patterns. Additionally, we examined different

mean levels and ranges of variation of ACh to explore their effects on the modulation pro-

cess.

Consistent with clinical observations, our findings showed that the f-wave frequency

responded to temporal variations in ACh levels both in 2D tissue models and in 3D bia-

trial models. The mean f-wave frequency primarily relied on the fibrillatory pattern, which

was predominantly determined by the number and spatial arrangement of stable reentrant

circuits. Additionally, the average ACh concentration and the proportion of ACh release

nodes throughout the atria contributed to the mean f-wave frequency. The extent of modu-

lation in the f-wave frequency was influenced by the percentage of ACh release nodes and

the temporal variation in ACh concentration. The spatial distribution of ACh release sites

exhibited only a minor impact on the modulation effect.

Furthermore, we investigated the modulation of the fibrillatory frequency during HUT

and HDT. Computational modeling and simulation was used to evaluate the fibrillatory
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rate variations in terms of mean fibrillatory rate and magnitude of respiratory modulation.

We explored different combinations of sympathetic stimulation (SS) and parasympathetic

stimulation (PSS), with PSS being influenced by the spatiotemporal release pattern of the

parasympathetic neurotransmitter ACh. To validate our simulations, we compared the re-

sults with clinical ECG analyses obtained from psAF patients who underwent a tilt test

protocol.

Our study findings collectively indicated that the increase in AFR observed during the

HUT maneuver and the decrease in AFR during the HDT maneuver could primarily be

attributed to heightened and diminished sympathetic activity, respectively. Furthermore, it

appears that PSS plays a modulatory role of SS effects rather than being the primary driving

force behind the observed trends in the AFR.

7.1.3 An algorithm to aid cardioneuroablation procedures for AF pa-

tients

RF catheter ablation is a common procedure for AF treatment when ADT is ineffective.

GP ablation has been associated with a decreased risk of AF recurrence, either in addition

to PVI or as a stand-alone procedure.

The effectiveness of GP ablation may be influenced by accurate GP location. Current

methods for locating GPs during ablation procedures rely on functional or anatomical ap-

proaches but provide limited information about the actual area occupied by each GP. This

study aimed to develop a method to locate atrial parasympathetic innervation sites within

GPs using a multielectrode grid of EGM measurements.

Our study hypothesized that the amplitude of the EGM atrial repolarization wave could

indicate the presence of ACh release sites. The proposed method was tested in simulated

non-AF, pxAF and psAF tissues with different sizes and locations of ACh relase sites and

fibrosis areas. The method relies on assessing the amplitude of the repolarization wave

in the EGM and comparing it to a threshold. This threshold is determined based on the

presence or absence of fibrosis in the underlying tissue beneath the EGM electrode position.

For this purpose, we considered a complementary method for detecting fibrosis, which
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relies on evaluating the amplitude of the depolarization wave in the EGM. The simulated

tissue models were paced uniformly along an entire edge of the 2D tissue, maintaining a

fixed CL. Other AF patterns were not simulated. As a result, this method can be readily

applied to patients with pxAF who are not currently in AF.

Our results showed that the proposed algorithm successfully identified most of the sim-

ulated ACh release sites, irrespective of the presence or absence of fibrosis. The accuracy

in the identification of ACh sites was above 0.8, with a mean accuracy larger than 0.91.

The method demonstrated robustness against noise and worked well with various EGM

electrode distances.

7.1.4 Antiarrhythmic drug therapies targeting ion channels and neu-

ral components

Fluctuations in the activities of the sympathetic and parasympathetic branches of the ANS

play a role in atrial tachyarrhythmias [155]. Specifically, increased activity of the parasym-

pathetic branch is associated with pxAF [161]. ACh shortens the APD and hyperpolarizes

the RMP in a concentration-dependent manner. These effects reduce the WL, facilitat-

ing reentrant activity. The uneven distribution of parasympathetic nerve endings and the

rapid breakdown of ACh by acetylcholinesterase result in heterogeneous effects on atrial

refractoriness, further increasing the susceptibility to AF.

Despite significant progress in AF management, the effectiveness of current pharmaco-

logical therapies remains limited, with many of them associated with potentially severe side

effects. Specifically, class III antiarrhythmic drugs may carry risks of adverse effects on

the ventricles. By directing attention towards atrial-specific potassium channels as potential

targets for treating AF, the aim is to minimize the potential for adverse side effects.

SK channels have emerged as potential atrial-selective targets [121, 153, 386]. Inhibi-

tion of those channels has been proposed as a therapeutic strategy for AF treatment. SKb,

by prolonging APD and ERP, could counteract the effects of parasympathetic stimulation

[121, 387].

Therapies targeting the ANS have also been investigated [153]. The interaction be-
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tween adrenergic and cholinergic stimulation effects in the atria has been explored, with

low concentrations of Iso found to counteract cholinergic effects by limiting APD shorten-

ing caused by ACh [388].

This study aimed to evaluate the effectiveness of combining SKb and β-adrenergic stim-

ulation by Iso in countering cholinergic-induced abnormalities in atrial electrical activity.

Numerical simulations using human atrial cell and tissue models were conducted to

assess the steady-state effects of Iso and/or SKb on AP shape and APD90, and their efficacy

in terminating rotational activity in a cholinergically-stimulated 2D tissue model of AF.

The study found that individual SKb could restore ACh-induced APD shortening in

atrial cardiomyocytes, while Iso was successful in terminating rotors but had varying ef-

fects on APD. The combination of Iso and SKb resulted in stronger APD prolongation and

effectively countered ACh-induced shortening. The combined therapy was also effective in

stopping stable rotors and preventing their reinducibility.

7.1.5 General limitations

Computational modeling and simulation offers a powerful approach to investigate complex

phenomena. While these models have been thoroughly validated and proven effective in

replicating physiological behaviors, their reliance on experimental data, particularly human

data, can pose challenges due to limited availability. Specifically, the Courtemanche model

has a limitation in its simplified modeling of sarcoplasmic reticulum Ca2+ handling due to

limited data on Ca2+ storage and release kinetics from the sarcoplasmic reticulum at the

time the model was developed. Furthermore, the significant variability exhibited by human

atrial cells and tissues has to be taken into account. Models are typically constructed based

on averaged data obtained from specific preparations, thereby disregarding this inherent

variability. Approaches based on the construction of populations of models have been

proposed to overcome this limitation and to account for inter-cellular and inter-individual

variability. Nevertheless, experimental data is required for calibration of these populations

of models and for subsequent validation of computationally-generated data.

Our simulations have been performed at the cellular level, in 2D tissue sheets and at
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the whole atria level. In the 3D models, we included regional electrophysiological het-

erogeneities as reported in previous works [285]. Nonetheless, in our studies we did not

include the cell-to-cell variability that exists in human atria. This would be of particular

importance in drug evaluation studies considering the relevance of biological variability in

drug evaluation.

In our different studies, we dealt with pxAF and psAF models. It should be stressed

that the differentiation between pxAF and psAF is challenging. Current clinical AF classi-

fication (paroxysmal, persistent, long-term persistent, permanent) is based on the duration

of AF episodes and the form of termination [3, 76]. AF is considered to be a progres-

sive disease, starting from short and infrequent episodes that later evolve to longer and

more frequent ones. This progression is overall shown to be accompanied by alterations in

myocardial substrate. As introduced in section 1.3.3, an increase in fibrosis with the pro-

gression of AF is common [78]. However, studies have shown that there are cases of pxAF

patients having extensive fibrosis and psAF patients having only minor fibrosis[78, 84–86].

Our models reflect a simplified categorization of AF, with fibrotic load increasing with AF

progression. As such, their primary purpose is to serve as a proof of concept, validating the

applicability of our findings across various AF substrates.

AF is associated with various structural changes in the heart, including atrial cham-

ber enlargement, cardiomyocyte hypertrophy, altered orientation of heart muscle fibers be-

tween different layers of the heart, changes in atrial wall thickness and a significant increase

in fibrotic or connective tissue deposition [81–83]. Among these changes, our main focus

was on simulating fibrotic remodeling, which was represented by fibroblast proliferation

using the MacCannell fibroblast ionic model [283] and by GJ remodeling through a re-

duction in the fibroblast-myocyte and fibroblast-fibroblast conductivity. Previous computa-

tional models of fibrotic atria have attempted to incorporate various aspects of remodeling,

such as remodeling of the GJ between cells, fibroblast proliferation and excess collagen

deposition, either individually or in combination [87–91]. Nevertheless, further experi-

mental characterization using human tissue is necessary to better understand and model

atrial fibrosis in humans [282].

Finally, our models did not take into account the effects of electro-mechanical cou-
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pling. This could be of particular relevance when studying atrial rate variability. Studies

have shown that the stretch of atrial tissue affects atrial conduction and refractoriness, pos-

sibly through mechanoelectrical coupling involving stretch-activated ion channels. Stretch

can also modulate intracellular calcium concentration, affecting myofilament sensitivity

and calcium entry. Extensive analyses have been conducted to understand the mechanical

modulation, including cardiorespiratory modulation, of atrial activity, specifically in the

case of atrial flutter [309, 311, 312, 326]. Passive upright tilting, the strain phase of the

Valsalva maneuver and expiration, which reduce cardiac size, have been found to indepen-

dently increase the rate of atrial flutter regardless of autonomic tone [326]. Furthermore,

acute atrial stretch caused by ventricular contractions and respiratory movements shortens

the atrial flutter CL through stretch-induced shortening of the ERP [311]. Again, these

oscillations persist even after autonomic blockade, suggesting their independence from au-

tonomic activity.

7.2 Future Extensions

The following are potential areas of future research that can be derived from this work:

In Chapters 3 and 4, we investigated how the ANS modulates the AFR in response

to respiration and postural changes. To enhance the accuracy of our results, it would be

beneficial to incorporate other factors such as stretch-activated ion channels that contribute

to mechanoelectrical coupling. Additionally, the use of different atrial cellular models and

the incorporation of cell-to-cell variability into the computational models could help to

better represent inter-patient variability, thereby improving the overall understanding of the

observed results.

In Chapter 5, we developed a method to identify ACh release sites in the atria us-

ing unipolar EGMs derived from in silico simulations. Future studies can build upon this

method and test it on EGM signals collected from AF patients. Moreover, investigating

atrial repolarization measured not only from unipolar EGMs but also from bipolar EGMs

to identify ACh release sites could be a promising extension of this research. While our

simulations focused on the effects of a 0.1 µM ACh concentration applied uniformly to all
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ACh release sites, future studies could consider different ACh concentrations, potentially

in relation to the number of available cholinergic receptors.

In Chapter 6, we explored the potential of using SKb in combination with Iso as a treat-

ment for parasympathetically-induced pxAF. Further investigation could involve employ-

ing 3D whole-atrial models to gain a deeper understanding of complex rotor behavior and

the mechanisms for terminating such rotors. Additionally, future research could explore

the effects of electro-mechanical coupling, which were not accounted for in our models.
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