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1.1 Motivation

Atrial fibrillation (AF) is the most common sustained arrhythmia in humans.
It is estimated that 1–2% of the population suffer from this condition, and its
prevalence is expected to increase with population ageing [1]–[3], posing a huge
burden to healthcare.

AF is characterized by the rapid irregular beating of the atria, which
ultimately leads to insufficient blood supply to the ventricles. AF is a progressive
heart condition which presents three main disease stages: paroxysmal, persistent
and permanent [4]. Paroxysmal AF starts with the occurrence of a sudden
episode of rapid, arrhythmic activity in the atria, and is usually self-terminating
within 48 h. After that point spontaneous conversion becomes significantly less
likely [1]. If AF continues to progress for over 7 days it becomes persistent,
and may require termination by cardioversion [1]. As AF progresses it becomes
more resistant to both standard pharmacological and electrical anti-arrhythmic
treatment [5]. If AF persists for over an year, which is designated long-standing
persistent AF, the patient is prescribed rhythm control strategies. However,
if treatment is not pursued AF is said to be chronic or permanent. Although
not fatal in itself, AF can lead to other potentially deadly conditions, such as
stroke [3], [6], [7], and congestive heart failure [6], [8], [9]. Additionally, AF
susceptibility is exacerbated by co-morbidities and precedent risk factors, such
as hypertension, cardiac failure, diabetes, and ventricular hypertrophy [2].

Currently available therapies have limited efficacy and often pose the risk
of secondary heart conditions. For instance, the use of anti-arrhythmic drugs
can potentially generate ventricular arrhythmias [10] and severe extra-cardiac
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1. Introduction

toxicities [1]. Despite the considerable progress made in recent decades towards
understanding the pathophysiology of AF, many aspects of the mechanisms of
disease still remain poorly understood. Furthermore, the development of new
therapies has been hampered by gaps in our understanding how AF initiates
and progresses, as well as by the lack of accurate disease models in which new
treatments can be tested.

The development of computational models of cardiac myocytes, tissues,
and whole hearts have considerably advanced our understanding of cardiac
electrophysiology and disease mechanisms. In particular, computational models
have greatly contributed to the study of atrial arrhythmias, such as AF, and
provided new insight into atrial function across healthy and diseased states
[11]–[14]. In particular, computational models spanning the various length
scales of the atria, from the sub-cellular, to cellular, and to organ levels, have
been key in dissecting the role of atrial structures, anatomy and physiology on
different levels of atrial function, which are often difficult and impossible to
assess experimentally.

For instance, models of single myocytes have helped clarify the implication of
altered electrophysiological properties and signalling pathways to arrhythmogen-
esis. Tissue and organ level models in turn have allowed to simulate electrical
propagation in the heart and the structure-function relationship of different
tissue components. Thus, computational modelling provides a more holistic
and detailed approach to assessing the dynamics of cardiac diseases than what
can be achieved by clinical and experimental observations alone. Measurement
modalities, such as the electrocardiogram (ECG) and mapping techniques allow
to record large amounts of electrical activation data in the heart which is essential
for characterization of heart conditions. However, they have limited capacity
to infer on the underlying mechanisms that give rise to the observed activation
patterns. Although computational models extensively depend on experimental
and clinical data, they go one step beyond by allowing to integrate these data at
a higher level and by finding new links between processes at different time and
length scales.

Computational models have also been useful for testing new treatment
hypotheses, such as simulating the outcomes of novel drug targets [14]. Such
developments have the potential for create a high impact on the pharmaceutical
industry by allowing fast and cost-effective drug screening with minimal animal
testing cost. Furthermore, animal models have long been an important source
of experimental and clinical data, which has motivated the development of
dedicated models to different animal species, such as the rat, rabbit, canine, pig,
and goat. Thus, the development of computational models of human and other
animal species has further contributed to the advancement of in silico clinical
trials, as evinced by the CiPA Initiative [15].

It is important to note, however, that although useful and comprehensive,
mathematical models intrinsically are biased by the experimental data they are
built upon, which in often cases is obtained from a particular species, group of
individuals, or specific region in the heart. Therefore, computational models
should be employed within a well-defined scope of application, and results should
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Cardiac anatomy and function

be critically analysis with regards to model assumptions and limitations. Models
are always only representations of a subset of biophysical processes, and thus
do not provide the whole picture of the system they aim to emulate. Therefore,
models are continuously being developed and validated against new data and
experimental findings to improve their accuracy and predictive capabilities.

The work presented in this doctoral dissertation has therefore been motivated
by the need to improve our understanding of AF via computational modeling,
and in particular to assess the basic cellular level mechanisms that affect
calcium handling, and to evaluate its role in electrophysiological properties
of atrial myocytes. The next sections of this chapter will provide a general
description of the structure, function and electrophysiology of the atria, as well
as an introductory overview of single cell cardiac electrophysiological models,
including modeling of ionic currents and the calcium handling system. A more
comprehensive overview of the state-of-the-art in atrial and AF modeling will
be given in Chapter 2. This chapter will also cover instabilities in the calcium
handling system, cardiac alternans, and restitutions curves which together
provide a framing for Chapters II, III, and IV. Finally, I will give an overview
of some basic methods for sensitivity analysis of single cell models of cardiac
electrophysiology, an emerging field within cardiac modeling that has been shown
to be useful in both uncovering mechanisms underlying model behaviors, and in
guiding the model development procedure itself. This overview will provide a
framing for the methodologies used in Chapters II and III.

1.2 Cardiac anatomy and function

The heart is one of the most important organs in the body, whose main function
is to pump blood into the vascular system. The heart is essentially a muscle
that contracts and relaxes at every heartbeat. It contains four chambers: the
left and right ventricles and the left and right atria (Figure 1.1). The atria are
the two uppermost chambers and are responsible for regulating blood flow into
the ventricles. The right atrium receives blood from the superior vena cava,
the inferior vena cava, the anterior cardiac veins and smallest cardiac veins and
the coronary sinus, and sends it into the right ventricle. The right ventricle in
turn pumps the blood into the pulmonary vein and into the lungs. The blood
returns to the left atrium from the left and right pulmonary veins, and is pumped
into the left ventricle which then sends out the blood to the system circulation
through the aorta.

At rest conditions, the contribution of the atria to the filling of the ventricles
if relatively low, about 10%, but during increased hemodynamic load atrial
contraction increases to accommodate for the higher blood pressure, accounting
for about 20-30% of the ventricle filling [16].

The cardiac muscle, also known as the myocardium, is composed of multiple
myofibers, each containing a large number of heart cells, or cardiomyocytes
(1.2(a-b)). Cardiac cells are excitable, i.e. they are capable of generating
electrical activity when stimulated. For the myocardium to contract effectively,
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1. Introduction

Figure 1.1: Heart anatomy, electrical propagation, and typical electrocardiograph
wave shape in normal rhythm (A), and Atrial Fibrillation (B). [17].

all cardiomyocytes must contract in a synchronous manner. That requires
the coordinated activation of the cardiac cells, and this coordination is made
possible by connections among the cardiomyocytes, called gap junctions (Figure
1.2(c)). These connections allow electrical signals to rapidly propagate from
myocyte to myocyte and throughout the heart triggering contraction, which
allows the myocardium to effectively operate as a uniform syncytium. Thus, in
the myocardium, much like in other muscular tissue, electrical and contractile
activity are inherently associated, in what is termed ‘excitation-contraction
coupling’.

Contraction initiates at the cardiomyocyte level, and carried out by specialized
intracellular structures called myofibrils. These are composed of bundles of
myofilaments, composed of long protein chains that are laid in parallel with
the cell axis (Figure 1.2(c)), and slide over each other to produce mechanical
contraction and relaxation. These macromolecular structures constitute the
backbone of the contractile machinery in cardiomyocytes, shortening and
expanding at every beat, and possibly constitute about 60% of the cell volume
[18].

Atrial and ventricular myocytes share several structural and electrophysi-
ological characteristics. However, there are also important differences which
translate into their somewhat different functional roles. Atrial myocytes are in
general smaller than ventricular myocytes, and have specific electrophysiology.

Electrical stimulation in the heart is generated at the SA node, a small region
located in the posterior wall of the right atrium. The SA node is composed
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Figure 1.2: (a) Schematic representation of the ultrastructure of cardiac muscle
tissue, showing myofibrils contained individual cardiomyocytes. (b) A micrograph
of cardiac muscle tissue; (c) A close in on the sub-cellular structure of a
cardiomyocyte, representing the myofilaments, mitochondria, and the intercalated
disk containing gap junctions, and desmossomes. Obtained from [17].

of myocyte with self-excitability properties (Figure 1.1A). These myocytes are
appropriately called ‘pace-maker’ cells, since they are responsible for establishing
the autonomic pacing of the heart. The pace-maker cells generate electrical
signals which then propagate downstream throughout the atria and into the
ventricles, as illustrated in Figure 1.1A. Under normal conditions, the SA node
is triggered at a steady pace – the heart rate – ensuring a regular and continuous
beating of the myocardium.

Although all cardiomyocytes are excitable, the atria and the ventricles
rely on specialized structures organized as conducting bundles for rapid
electrical propagation. This ensures a rapid and synchronous contraction of the
myocardium. In healthy hearts, the electrical signals propagate from the SA node
first across the right atrium, and into left atrium, reaching the atrio-ventricular
node, a small region connecting the conducting bundles of the atria with those
of the ventricles. The electrical signals then continue to propagate into the
ventricles through the His bundles and finally into the Purkinje fibers, triggering
them to contract and pump out blood (Figure 1.1A).

In each beat the myocardium contracts (systole), pumping out the blood,
and subsequently relaxes (diastole) to be ready to be filled again. The heart rate
adapts to hemodynamic conditions in the body, for example due to increased
physical activity, stress, or disease. The cardiac output of the heart is increased
by regulating force of contraction – inotropic response –, the rate of contraction
– chronotropic response –, or the velocity of electrical conduction – dromotropic
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1. Introduction

response. Positive chronotropic response results from increasing the trigger rate
of the SA node.

1.3 Cardiac electrophysiology

Electrical activity in cardiac myocytes is mediated by the opening and closing
of ion channels and transporters located at the cell membrane, also called the
sarcolemma. These are transmembrane macromolecules which allow selective
movements of ions in and out of the cell, thus effectively maintaining ionic
concentration gradients, necessary for a stable transmembrane potential. The
flow of ions across the membrane cause fluctuations of the transmembrane
potential, that is the action potential (AP), which trigger a cascade of signalling
pathways inside the myocyte. The most relevant of such events is the release
of large amounts of calcium ions into the cytosol, ultimately leading to cell
contraction. The transient variations in transmembrane potential are ‘sensed’
by adjacent myocytes and triggers new APs (Figure 1.3).

Figure 1.3: Action potentials propagates along adjacent myocytes through
movement of ions which create activating currents. When a cell is stimulated,
fast sodium channels open allowing a rapid inflow of Na+ into the cytosol.
This inward flow of positive ions causes the membrane to become depolarize,
eventually reaching the threshold voltage for activation of the voltage-sensitive
Ca2+ channels, which open to let Ca2+ ions to flow in. Simultaneously, K+

channels open allowing in outward current to flow and bring the membrane back
to the repolarized state.

A number of ion channels and transporters are expressed in the cardiac tissue,
and their main function is to mediate the transport of Na+ Ca2+ K+, as well as
Cl− across the sarcolemma. Concentrations of Na+ and Ca2+ are much greater
in the intra- than in the extracellular medium, whereas K+ is more predominant
inside the cell. Differences in the expression levels of ion channels and structural
differences in their subunits dictate the observable diversity in AP morphologies
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across species, individuals, and heart regions. In humans, as well as in many
other animal species, myocytes express the fast sodium channel (INa), L-type
Ca2+ channels (ICaL), sodium-calcium exchanger (INCX), sodium-potassium
pump (INaK), a transient outward current (Ito), a n inward rectifier current (IK1),
and rapidly (IKr) and slowly (IKs) activating delayed rectifier potassium channels
(see Figure 1.4A).

When the channels open, ions flow across the membrane down their
electrochemical gradients. It is the synchronous opening and closing of ion
channels that produces the AP, thus they are essential to maintain rhythmicity
and contractility in cardiac myocytes. Therefore, their function is tightly
regulated by a multitude of cellular processes. Ion channels are both time- and
voltage-sensitive, which means that they are activated when the transmembrane
potential reaches a certain threshold value, and inactivate after a certain time
period (normally a few tens to a few hundred ms). Some ion channels are
additionally modulated by local ionic concentrations. For instances, L-type
calcium channels (LTCC) are inactivated by the rise of intracellular Ca2+

concentration.
Upon stimulation, Na+ channels rapidly open allowing a large current to flow

inwards, which cause a sudden rise in membrane potential – depolarization. The
INa current is active in phase 0 of the AP (Figure 1.4B). Almost simultaneously,
K+ channels open allowing ions to flow outwards and balance out the depolarizing
Na+ current. This cause transmembrane potential to drop back to more negative
levels – repolarization–, giving rise to phases 1 through 4 of the AP. The peak
of the AP is followed by a slower opening of the LTCC, and the inflow of Ca2+

ions contributes to a prolongation of membrane depolarization and is visible as
a plateau on the AP (phase 2).

As mentioned, AP morphologies in cardiac myocytes vary considerably, as
each myocyte has a unique ‘signature’ of ion channel structures and distribution
throughout the membrane. However, most AP shapes share the same four
phases depicted in Figure 1.4B. Thus, AP morphologies have been consistently
characterized by a few metrics. Four of the most common ones are: (1) AP
duration (APD), the time from the peak of the AP to a certain repolarization
threshold; (2) upstroke velocity, which is the rate of voltage increase from the
onset of the AP to the peak; (3) AP amplitude (APA), defined as the peak
voltage (most depolarized state) minus the voltage at the onset of the AP; and
(4) the resting membrane potential (RMP), which is the voltage level at ‘rest’.
These metrics are schematically represented in Figure 1.4C.
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1. Introduction

Figure 1.4: ((A) Most predominant ionic currents in human cardiac myocytes
and their activity span during the AP. (B) The four phases of the action potential.
(C) Representation of four common metrics to describe action potential shape:
action potential duration (APD), upstroke velocity, action potential amplitude
(APA), and the resting membrane potential (RMP).

1.4 The role of calcium cycling

Calcium is the single most important ionic species in cardiac myocytes since it
mediates a large number of cellular processes, from membrane depolarization,
to several signalling pathways, to cell apoptosis, and most importantly, to
mechanical contraction. Thus, it is crucial for the cell to maintain a tight control
over the intracellular concentrations of Ca2+ in order to maintain vital functions.

There are different mechanisms by which cardiac myocytes maintain Ca2+

homoeostasis and ensure adequate Ca2+ availability. The normal Ca2+

concentration inside the cytosol is ∼0.1 µM, in contrast with the ∼1 mM found
in the extracellular medium. This steep concentration gradient across the
cell membrane gives the cell the ability to rapidly increase its intracellular
Ca2+ concentration via passive inflow of ions through calcium channels. The
influx of Ca2+ through the LTCC is, however, not sufficient to trigger full cell
contraction. Instead, the majority of intracellular Ca2+ in myocytes is located
inside specialized Ca2+ storages, mainly the sarcoplasmic reticulum (SR), where
Ca2+ is kept at around 100 µM [19], [20], and the mitochondria. When an AP is
elicited, ICaL triggers the release of a large amount of Ca2+ from the SR, which
causes a rapid increase of the cytosolic Ca2+ levels, that is the calcium transient
(CaT).

Ca2+ is released from the SR via specialized transporters called the ryanodine
receptors (RyR), which are distributed over the entire SR membrane. They
are organized into clusters, termed ‘calcium release units’ (CRUs) of varying
numbers of RyRs, from a few tens to a few hundreds [21]. Clusters have been
shown to be laid out in a tight regular 2D lattice at the dyad junction, juxtaposed
by an heterogeneous array of LTCC across the dyadic space of about 15 nm [21],
[22]. This complex of RyRs and LTCCs is commonly referred to as the ‘couplon’.
RyRs in close proximity with the sarcolemmal directly interact with the LTCCs,
and this physical coupling sensitizes the RyRs to Ca2+ and facilitates activation
by ICaL [23]. These are are termed ‘junctional’ RyRs.
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The role of calcium cycling

The couplon is a region of elevated calcium concentration from which Ca2+

diffuses out towards adjacent CRUs not in direct contact with LTCCs. These are
termed ‘non-junctional’ RyRs or CRUs. The diffusion of Ca2+ triggers the release
of more Ca2+ from the SR, and this self-amplifying process is often referred
to as ‘calcium-induced calcium release’ (CICR). Computational modeling has
suggested that RyRs are sensitive only to elevations of calcium in the nano-
domain surrounding the CRU. This ‘local control’ hypothesis [24] proposes
that the control of SR Ca2+ release is facilitated by a graded recruitment of
independent and stochastic Ca2+ release events from a single RyRs, designated
‘calcium sparks’ [25]–[27]. Sparks are stochastic events of RyR opening, with
the combination of multiple sparks forming the CaT [25]. The rate of Ca2+

sparks also increases with increasing SR Ca2+ content. Thus end-diastolic Ca2+

overload can significantly increase the probability of spontaneous Ca2+ release
events [28].

The same amount of Ca2+ that is released into the cytosol must be removed to
restore intracellular Ca2+ levels before the onset of the next beat. If intracellular
Ca2+ levels remained constant, the myocyte would be in continuous contraction.

Physiological levels of end-diastolic cytosolic Ca2+ are maintained by
removing cytosolic Ca2+ via two main pathways: Ca2+ extrusion from the
cell via the Na+-Ca2+ exchanger NCX and via the plasma membrane Ca2+

ATP-ase (PMCA), and Ca2+ reuptake into the SR via the sarco/endoplasmic
reticulum Ca2+ATP-ase (SERCA) pump. The NCX exchanges 1 Ca2+ ion
for 3 Na+ ions, and hence it uses the energy of the dissipation of the Na+

electrochemical gradient, which favors Na+ entry, to extrude Ca2+ from the
cell. PMCA, in turn, uses energy from ATP hydrolysis to pump Ca2+ into
the extracellular medium. The i pumps are active transporters located at the
non-junctional portions of SR membrane. The additional Na+ entry in the
myocyte promoted by NCX is extruded back through the Na+-K+ pump (NaK).
This is the main efflux pathway of Na+and thus is the primary mechanism of
intracellular Na+ regulation. Because NaK regulates intracellular Na+ levels,
it also affects NCX function, and studies have shown that NKA subunits are
collocated with NCX [29].

The set of processes in the cell that regulate transient intracellular calcium
elevation is referred to as the calcium cycling. Figure 1.5 depicts a summarized
description of the Ca2+ cycle in cardiac cells. References [16], [30], [31] provide
a more comprehensive read on calcium handling in atrial myocytes.

Ventricular and some atrial myocytes possess T-tubules (TTs), which consists
of invaginations of the sarcolemma inside the cell forming a 3D network. These
structures provide a ‘highway’ for Ca2+ to reach the inner locations of the cell.
TTs in atrial myocytes are less dense and well-organized than in ventricular
myocytes, as illustrated in Figure 1.6, and can also be altogether absent in atrial
cells of small animal species. The presence or lack of TTs results in substantial
differences in the kinetics of the CaT. In atrial myocytes without a substantial
TT network, EC-coupling initiates at the sarcolemma with calcium entering
the cell via the LTCC and triggering junctional RyRs. Since the only a small
fraction of the CRUs are located in close proximity to the membrane, direct
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1. Introduction

Figure 1.5: Schematic representation of the calcium handling system in a cardiac
myocyte.

inflow of Ca2+ cannot trigger RyRs in non-junctional portions of the SR. Instead,
calcium diffuses from the membrane vicinity towards neighbouring CRUs, where
it activates RyRs, and the process is repeated until Ca2+ reaches the central
regions of the cell and engages the contractile machinery.

It has been shown that this process of regenerative calcium release has
a high level of spatio-temporal organization, and can give rise to calcium
waves that propagates from the periphery towards the center (Figure 1.7).
Intracellular calcium waves are driven by Ca2+ diffusion in the cytosol between
neighbouring regions with differences in Ca2+ concentrations. This process has
been appropriately termed ‘fire-diffuse-fire‘ response. As a consequence of Ca2+

propagating from periphery to the center, a damping of the calcium signal can
be observed in some myocytes, as shown by the recorded traces in Figure 1.7.
This damping of the calcium signal is mainly a consequence of calcium being
buffered by cytosolic proteins and the myofilaments [16], [32].

However, this advancing wave front of elevated Ca2+ concentration is not a
continuous process, but rather it is saltatory, with calcium release passing from
discrete CRU to CRU. Even in atrial myocytes with TTs, the central CaT is
still mainly dependent on this mechanism. Figure 1.8 illustrates the commonly
accepted model of calcium wave propagation. Furthermore, since calcium waves
propagate with a finite velocity, CaTs elicited at the innermost regions of the cell
are lagged in time compared to the CaTs originate at the membrane. This results
in ‘u-shaped’ wave front when visualized in line scans (1.9Bii)), in contrast to
ventricular cells where CaTs are elicited simultaneously at the membrane and
center (Figure 1.9Bi).

Another important aspect of cardiac calcium handling is buffering. Buffers
are macromolecules that have high affinity for a certain ligand. Calcium buffering
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Figure 1.6: Structural differences between a ventricular (B) and an atrial (B)
myocyte. While ventricular myocytes possess and extensive and well-developed
T-tubule network, in atrial myocytes this is less extensive and less organized
[16].

plays an important role on intracellular Ca2+ regulation by modulating Ca2+

diffusion and stabilizing spatio-temporal fluctuations of Ca2+ concentration. It
has been estimated that only about 1% of Ca2+ ions entering the cell remain
as free Ca2+, and about 99% of the calcium entering via ion channels is bound
to buffers [34]. Thus, buffers act as Ca2+ reservoirs which effectively regulates
local Ca2+ availability and maximum systolic levels, affecting the strength and
duration of contraction. Some buffers are mobile (diffusible within the cell
compartment) and other stationary (anchored to large cell structures). The
main stationary buffers in the cell are the sarcolemma, Troponin-C, myosin and
SERCA, while the main diffusible buffers are ATP, calmodulin (in the cytosol),
and calsequestrin (in the SR). The amount and affinity of calcium buffers, that
is the buffer power, is controlled by several factors, such as the nature and
distribution of buffers in the cell, diastolic calcium levels, pacing rate, as well as
phosphorylation levels of SERCA and Troponin-C [34].
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Figure 1.7: Upper : Ca2+ rise in rat atrial myocytes lacking T-tubules occurs first
at the membrane regions of the cell, and propagated towards the center with a
time delay. Ca2+ release in this type of atrial myocyte is rather heterogeneous,
with visible regions of localized elevated Ca2+ concentration. Lower : membrane
(red) and center of cell (black) Ca2+ transients, showing that calcium transients
at the center are significantly damped compared to the membrane. Adapted
from from [31].

Figure 1.8: Schematic representation of the commonly accepted mechanism
underlying Ca2+ wave propagation along non-junctional SR. According to this
model, Ca2+ release from the RyRs is triggered by the local increase in cytosolic
Ca2+ due to the opening on L-type calcium channels (A), or alternatively by an
overload of SR Ca2+, which sensitizes RyRs (B). Opening of RyRs causes Ca2+

to locally accumulate in a ‘micro-domain’ adjacent to the CRU, from which
Ca2+ spreads diffusively into adjacent CRUs and triggers their activation. This
process is repeated along neighbouring sites causing a Ca2+ wave to propagate
towards to inner regions of the myocyte. Adapted from [33].
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Figure 1.9: Rat ventricular myocytes have a well-developed T-tubule structure
(Ai), while T-tubules are virtually absent from atrial myocytes (Aii). Adapted
from [31]. These structural differences result in distinct intracellular calcium
transients. An almost synchronous release of calcium is visible in a ventricular
myocyte (Bi), while in the atrial myocyte calcium propagates in a wave with a
characteristic U-shaped pattern. Adapted from from and [32].

1.5 AF pathophysiology

Under pathological conditions, electrical activity can be generated in regions
other than the SA node (ectopic beats), and can ultimately become chaotic
leading to atrial flutter and AF. ECG signals from healthy patients show three
characteristics waves, the P, QRS, and T waves, at regular intervals. In contrast,
the ECG of an AF patient shows an irregular and noisy wave between QRS and
T waves, which also appear at irregular intervals, as depicted in Figure 1.1.

In disease, the atria undergo an array of changes which profoundly alter their
electrical activity and contractile response. The collection of these processes is
termed ‘atrial remodeling’, which can occur at cellular and sub-cellular level
(functional remodeling), and at the tissue level (structural remodeling) [35],
[36]. Remodeling is progressive, and may vary depending on the underlying
causes as well as on previously existing heart conditions. At the cellular level,
remodeling mainly includes changes in the expression levels of ion channels and
transporters, and their regulatory proteins, alterations in calcium handling and
signalling proteins, cellular volume, as well as in metabolism. At the tissue level,
remodeling may include alterations in the expression of gap junction proteins,
which affect cell-cell connectivity and conduction velocity, the proliferation of
fibroblasts and the deposition of collagen, which also affects electrical conduction.

Remodeling ultimately results in changes in the AP and CaT morphologies.
Typically, AP duration shortens, primarily as a consequence of decreased ICaL
magnitude, membrane becomes hyperpolarized due to increased IK1, and CaT
amplitude is reduced. These changes are illustrated in Figure 1.10. Other
common hallmarks of AF include reduced conduction velocity and impaired rate
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adaptation (covered in more detail in section 1.6). These induced changes underlie
both the cause and the outcome of AF, that is, the remodeling processes feedback
on themselves in a closed loop, thus resulting in a progressive exacerbation of
the arrhythmic alterations. This process has been appropriately described as
‘AF begets AFs’ by Allessie and colleagues [37].

Importantly, AF is also associated with major changes in the calcium handling
system [38]. Most remarkably, increased RyR open probability as a result of
increased protein kinase A phosphorylation, leading to exacerbated diastolic SR
Ca2+ leak [39], increased SR Ca2+ load [40], as well as increased INCX function
have all been associated with AF-induced remodeling [41]–[44]. Spontaneous
Ca2+ release events from the SR have also been linked to AF remodeling [45],
and associated with AP instabilities, such as afterdepolarizations, and ectopic
beats (localized sources of electrical signals outside the SA node), and thus are
thought to play an important role in the generation of arrhythmias.

Given the importance of disrupted calcium handling in AF initiation and
maintenance, the mechanisms of impaired Ca2+ currents, RyRs, SERCA and
their regulatory proteins have been widely investigated as potential targets
for novel AF treatments [46]. These investigations have been paralleled with
a substantial effort in developing models with a more detailed description of
calcium handling system [47], and in particular incorporating atria-specific
structural and electrophysiological characteristics [28], [48], [49]. Modeling of
calcium handling will be addressed in more detail in section 1.8.3.

Figure 1.10: Comparison between AP, CaT and ionic currents in normal rhythm
versus AF remodeling using a model of the human atrial myocyte [50].
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1.6 Cardiac alternans

As discussed in the previous section, the stability of the electrical activity in
cardiac cells is tightly linked to the calcium handling system. Disturbances in
intracellular calcium regulation can greatly affect the normal functioning of the
cardiac cell, potentially leading to instabilities in membrane repolarization, and
ultimately to arrhythmic activity and contractile dysfunction. One particularly
relevant condition associated with calcium deregulation is the so-called ‘cardiac
alternans’.

Alternans was first detected in 1872 as periodic alternations in arterial
pressure, and were at the time identified as ‘pulsus alternans’ [51]. Posteriorly,
alternans were also observed in ECG signals as oscillations in T-wave amplitude
(repolarization alternans). Alternans were eventually identified in isolated
myocytes [52], whereby cells display beat-to-beat alternations in the AP duration
(APD or electrical alternans), strength of contraction (mechanical alternans),
and amplitude of the CaT (Ca2+ alternans) at constant pacing frequency.

APD alternans are normally accompanied by CaT amplitude alternans(high-
low), which can be either concordant (short-long AP –> small-large CaT) or
discordant (short-long AP –> large-small CaT), as illustrated in Figure 1.11.
Alternans originate at the single cell level, but can eventually manifest at the
tissue level as a consequence of cell-cell coupling, thus resulting in a patch of the
tissue displays cyclic alternations in electrical and contractile activity. These are
often referred to as spatial alternans [53] (Figure 1.12).

Figure 1.11: In concordant alternans the long AP is in phase with the small CaT
(A), while in discordant alternans they are out of phase (B).

1.6.1 Clinical relevance

The occurrence of alternans has been associated with an increased risk of a number
of cardiac conditions, in particular atrial and ventricular arrhythmias [55]–[59],
as well as sudden cardiac death [60], [61]. Because of their correlation with
ventricular arrhythmias, diagnosis of alternans has been proposed as a prognostic
tool for ventricular arrhythmia risk stratification [62], [63]. Additionally, electrical
alternans have been observed to precede episodes of atrial fibrillation in patients
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Figure 1.12: (A) Spatially concordant (A): the two regions a and b alternate
in the same phase. (B) Spatially discordant alternans: a and b alternate at
different phases, and are separated by nodal line with no alternans [54].

[64], [65], and thus it has been implicated as an effector of AF initiation and as
an indicator of susceptibility to arrhythmias.

Alternans can be induced with increasing pacing rates upon reaching a
certain pacing threshold, and is typically amplified at progressively faster rates,
as shown in Figure 1.13. However, alternans threshold is not a set value, but
rather a property specific of the tissue which depends on the subject, species,
pre-existing heart conditions, and pharmacological treatment. Therefore, the
pro-arrhythmic risk associated with alternans depends on existing pathologies,
such as pre-existing heart conditions, diabetes, and metabolic disorders [66],
which evinces the multi-factorial nature of cardiac alternans.

Repolarization alternans have also been observed in healthy patients when
paced at high frequencies; however, in these cases alternans are initiated at much
higher frequencies. This indicates that alternans are not solely the consequence
of electrical remodeling, but rather an emergent behavior of the cardiac tissue
when driven to instability. However, as discussed atrial remodeling can lead to
electrical instabilities and this can exacerbate the pre-disposition to alternans
[64].

Cellular alternans and arrhythmias are related through the formation of
spatial alternans in the cardiac tissue. Spatially discordant alternans can generate
a vulnerable substrate by promoting dispersion of repolarization and by giving
rise to regional differences in APD. The discordant regions are separated by
nodal lines (Figure 1.12B) which act as barriers for electrical conduction, which
can potentially trigger reentrant circuits [54], [56], [59], [67]–[69] (see Figure
1.14). Reentrance refers to the formation of spiral waves of electrical propagation,
which can subsequently break down into smaller wavelets and degenerate into
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Figure 1.13: V1 lead EGC and MAP recordings of a paroxysmal patient at normal
rhythm (A), showing repolarization alternans (B), and complex oscillations
preceding an AF episode (C) [58].

fibrillatory activity [70].
It is clear then that alternans is a complex emergent phenomenon whose

understanding requires the study of the cardiac system as whole. Given the
evident clinical relevance of cardiac alternans, a considerable effort has been
devoted towards a better understanding of alternans mechanisms. Although
decades of studies have been able to shed light on a multitude of potential
mechanisms underlying alternans, much still remains poorly understood regarding
the source of cellular instability, and the role of the different states of the cell
in maintaining alternans. The next section provides an overview of the main
theories and hypothesis that have been proposed, as well as the most commonly
accepted mechanisms.

1.6.2 Physiological mechanisms

Cell level mechanisms underlying cardiac alternans are rather complex, and
several different mechanisms and theories have been proposed to explain the
occurrence of this emergent behavior. Here I provide only a brief overview on
this vast topic. However a comprehensive review of these mechanisms is outside
the scope of this thesis, for a detailed read on the subject see [53], [54], [66], [71],
[72].

As explained in the previous section, action potentials trigger the opening of
Ca2+ channels which cause intracellular calcium to rise. Ca2+ in turn modulates
the activity of Ca2+-dependent currents, especially LTCC and NCX, which feeds
back on the membrane voltage. Hence, Vm and CaT are intrinsically coupled,
whereby intracellular Ca2+ acts as the mediating agent between the two systems.
Disturbances in the bi-directional Vm ↔ Ca2+ coupling have been implicated
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Figure 1.14: Spatially discordant alternans with a short-long pattern in one
region (upper left corner), and long-short pattern in another (lower right corner),
separated by a nodal line (yellow) with no alternans. Spatially discordant
alternans may arise from a steep fractional SR Ca release coupled with steep
APD restitution. The pattern in beat #1 is reversed in beat #2. A an ectopic
beat (star) arising in the short APD region can trigger reentry due to uni-
directional block (dashed line) which forms a circular propagating circuit around
(solid lines). Adapted from [69].

in the initiation of calcium alternans, with Ca2+ alternans can induced APD
alternans, and vice-versa.

Figure 1.15: Coupling between the voltage and Ca2+ systems is mediated by
Ca2+-dependent currents.

There are two main proposed schools of thought on the generation of cardiac
alternans. One stems from the observation that steep restitution (see section 1.7)
is associated with APD alternans, which led to the hypothesis that alternans are
driven by instabilities in repolarization dynamics [73], [74]. These are referred
to as voltage-driven alternans [75]. The proposed mechanism is related to
the coupling between ICaL and Ca2+ release, whereby oscillations in LTCC
refractoriness, ie. the time during which the channel is inactive and irresponsive
to a new stimulus, causes variations in SR Ca2+ release [76], [77]. When
pacing interval is shortened to the point where LTCCs cannot fully recover from
inactivation before the onset of the next beat, less Ca2+ enters the cell resulting
in a shorter AP and in a smaller CaT. Consequently, a short AP allows enough
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time for Ca2+ channels to completely recovery from inactivation in the next
beat, resulting in an enhanced ICaL, and a longer AP and a larger CaT. This
V–Ca coupling is typically positive, meaning that a long AP corresponds to
a strong CaT (concordant alternans) and is illustrated in Figure 1.16A. This
frequency-dependent behavior of membrane repolarization, and in particular in
APD, is referred to as ‘APD restitution’ (discussed in more detail in section 1.7).

Figure 1.16: Diagrams of V–Ca and Ca-V coupling.

However, Ca2+ alternans have also been observed to occur in the absence of
APD alternans, for instance in myocytes stimulated with clamped APs while
ICaL remains constant form beat to beat [78]–[81]. Therefore, the realization
that Ca2+ alternans are independent of APD alternans has provided a strong
argument for the second school of thought, whereby alternans are primarily
driven by instabilities in Ca2+ handling cycling. These lead to CaT alternations,
and secondary APD alternans can then arise through the bi-directional Ca–V
coupling, in particular through modulation of LTCC and NCX currents (Ca–V
coupling) [82]. In contrast to voltage-driven alternans, Ca2+driven alternans can
be either concordant or discordant. An increase in CaT produces a smaller ICaL
current, which tends to shorten APD, but a larger INCX current which prolongs
the AP. Thus, this two opposing effects contra-balance each other, and the effect
on APD depends on which of them dominates. This process is illustrated in
Figure 1.16B.

It is now well accepted that Ca2+ instabilities are the primary driven of
cardiac alternans. However, the bidirectionally coupling between the voltage
and calcium systems still lends a strong argument that both mechanisms can
contribute, which has been supported by modeling and experimental studies
[71], [83]. It as also been shown that the relative contribution of voltage and
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calcium instabilities depends on the recovery kinetics of ICaL, the SR Ca2+ load
dependence, and varies with the pacing frequency [71]. In particular the interplay
between SR Ca2+ load, SR Ca2+ fractional release, and Ca2+ sequestration plays
a critical role [53], [66], [78]–[80], [84]–[87].

Several studies have suggested a number of putative mechanisms by which
impaired cytosolic and SR Ca2+ regulation promotes Ca2+ instabilities in
myocytes. While an exhaustive review is outside the scope of this thesis, below
is a summary of the main mechanisms proposed.

LTCC and NCX
The magnitude of trigger ICaL determines the amount of Ca2+ being release

from the SR, and it has been found that reduction of ICaL, accompanied by an
SR Ca2+ content above a certain threshold, can induce the formation of Ca2+

sub-cellular waves (fragmented SR Ca2+ release). The resulting a large CaT
can subsequently degenerates into alternans [88]. Therefore, Ca2+ alternans can
result from the interplay between SR Ca2+ content and magnitude of the L-type
Ca2+ current. Furthermore, reduction of ICaL can induce alternans [88], thus
indicating that regulation of SR Ca2+ release is an important factor.

SR Ca2+ load
SR Ca2+ load is affected mainly by SERCA activity, SR buffering strength,

and RyR open probability and leak. At higher pacing frequencies, the slow
kinetics of Ca2+ uptake via SERCA precludes the complete refilling of the SR,
resulting in a smaller CaT in the next beat. The subsequent smaller CaT allows
for enough time for the complete refilling of the SR stores, thus producing a
large CaT in the next beat, and triggering alternans.

It has been hypothesized that this instability in the feedback control of end-
diastolic SR Ca2+ load is a necessary condition for alternans development [66],
[84]. However, it has also been shown that alternans can occur with unchanged
SR Ca2+ content [89], [90]. Despite that most studies indicate a critical role of
SR Ca2+ content regulation in the initiation of alternans, and that restoring or
enhancing SERCA function can effectively suppresses arrhythmias [91], [92].

SR Ca2+ release
The open probability of the RyR is sensitive to luminal Ca2+, and thus SR

Ca2+ buffering and SR Ca2+ load play a role in controlling channel activity.
Additionally, the RyRs are regulated by a plethora of regulatory proteins and
complex signalling networks, which renders the regulation of RyR activity quite
prone to instabilities. Furthermore, restitution of RyR availability is time-
dependent and the channels require several milliseconds to fully recovery from
inactivation. Refractoriness of RyRs also seems to be delayed when a large
amount of Ca2+ is released [66]. Thus, the open probability and availability of
RyRs dictate how much calcium is released during CICR, that is the fraction of
SR Ca2+ transferred to the cytosol in each beat. The hypothesis that alternans
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are promoted by beat-to-beat alternations in the refractory kinetics of SR Ca2+

release has been supported by experimental and modeling data [81], [93].
Another factor to consider is the fractional release of Ca2+, i.e. the amount

of Ca2+ released relative to SR load. The larger SR Ca2+ content the higher
the fractional release of Ca2+[94], and studies have shown that a steep SR
load–release dependency promotes instabilities in SR release control through
SR Ca2+ cycling refractoriness and a limited rate of junctional SR refilling
[88], [95], [96]. Furthermore, increased RyR inactivation has been linked to the
occurrence of Ca2+ alternans [84], [97], [98]. Therefore, increasing the kinetics of
SR Ca2+ release and the amount of Ca2+ released can potential reduce alternans
vulnerability,

Subcellular Ca2+ alternans

Ca2+ alternans have also been reported to be a sub-cellular phenomenon,
whereby different regions within the cell alternate in CaT amplitude (Figure
1.17). This has been observed in both intact tissue [99], [100], and isolated
myocytes [101]–[103]. Subcellular alternans have been shown to be related
to local heterogeneities in SR Ca2+ release, giving rise to gradients of Ca2+

concentration which can alternate out-of-phase [97], [100]–[102]. The steep
gradients between two adjacent alternating regions can also generate propagating
Ca2+ waves, which predispose the cell to arrhythmogenic activity in the form
of afterdepolarizations (depolarizing currents in phases 2-4 of the AP) [97],
[104]. Subcellular Ca2+ alternans are, at least in part, promoted by decreased
RyR open probability by promoting regional variability of Ca2+ release from
non-junctional SR sites [97]. Although sub-cellular alternans have been observed
in both atrial and ventricular myocytes, the absence of a TT network in atrial
myocytes has been shown to exacerbate regional heterogeneity of sub-cellular
calcium transients [80].

Figure 1.17: Subcellular alternans recorded in atrial myocytes [103].
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Ca2+ sparks
Additionally, Ca2+ sparks and the subsequent generation subcellular calcium

waves have also been postulated to be the fundamental mechanism of Ca2+

alternans [90]. Calcium sparks are dependent on the stochastic opening of the
RyRs, but its open probability greatly increases with the local rise of calcium
concentration. As previously discussed, saltatory Ca2+ waves can result from the
amplification of local Ca2+ sparks [105], and these have been linked to alternans
through a mechanism of collective recruitment of sparks determined by three
properties of the Ca2+ of the CRUs (3R’s):

(1) randomness of spark activation,
(2) refractoriness of a CRU after a release event, and
(3) recruitment (CICR within one CRU) [90].
These three properties give rise to a steep relationship between fractional

SR Ca2+ release and SR Ca2+ load without dependency on alternating SR load,
providing the conditions for the initiation of Ca2+ alternans at high SR Ca2+

loads (higher spark probability).

1.7 APD restitution

As mentioned previously, the heart has the capacity to adapt its beating rate
to accommodate changing needs in blood supply - rate adaptation. Changes in
pacing cycle length (PCL), that is the interval between two consecutive beats, are
accompanied by variations in APD and in the diastolic interval (DI). A decrease
in PCL is accommodated by shortening of DI first and then APD (Figure 1.18),
such that PCL = APD + DI at all PCLs. The frequency dependency between
APD and DI is often termed as ‘APD restitution’.

Figure 1.18: Representation of PCL-APD relation.

Because of the time-dependent recovery of the ion channels, and in particular
the LTCC, there is a limit for how much the PCL can decrease without
compromising repolarization That is, PCL must be longer than the refractory
period of the ion channels in order for repolarization to be complete before
the onset of the following beat. APD typically varies inversely with PCL,
with the rate dependence of APD being relatively stable at longer PCLs. At
progressively higher frequencies, this relationship becomes steeper and can
ultimately degenerate into repolarization instabilities in the transmembrane
potential [73], [75]. These result in the development of voltage-driven alternans,
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with the implications for the development of arrhythmias discussed in the previous
section. The loss of rate adaptation in remodeled cells and tissue has been shown
to increase the propensity to APD alternans [64]. Furthermore, AF remodeled
tissue, APD is shortened due to electrical remodeling, and decreasing PCL has
little effect on APD [106].

Although it is now well-established that voltage-driven alternans are not the
primary route cause of pro-arrhythmic alternans, the value of APD restitution as
a risk indicator continues to be included in the discussion on cardiac alternans,
as evinced by recent reviews [65], [107], [108]. Curves of APD plotted as function
of PCL allow to visualize APD rate adaptation, as shown in Figure 1.19A, with
APD alternations visible as bifurcations in restitution curve (Figure 1.19B). Such
APD restitution curves have been useful tools in assessing alternans behavior
[109].

Figure 1.19: (A) PCL×APD restitution curve and AP traces corresponding to
three PCLs. Decreasing PCLs results in shorter APD and DI. (B) Restitution
curve with alternans shown by the bifurcation in the curve, where the upper
branch corresponds to the long AP, and the lower branch to the short AP.

1.8 Models of cardiac electrophysiology

The first model of a cardiac cell was introduced by Denis Noble in 1962 [110],
and was largely based on the formalism developed by Hodgkin and Huxley in
their seminal work on electrophysiology of the giant squid axon [111]. Since
then, models for cardiac cell electrophysiology have continuously been extended
and improved, with the repertoire of single cardiac cell models now counting
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with hundreds of models representing different animal species, heart regions,
signalling processes, and genotypes [112]. The first atria-specific EP, the rabbit
atrial myocyte, model was developed by Hilgemann and Noble in 1987 [113];
since then more than a dozen atrial models have been published. The first human
atrial myocyte model published was the Courtemanche model, schematically
represented in Figure 1.20.

Figure 1.20: Schematic representation of the Courtemanche model [114].

A cardiac cell model consists in essence of a compilation of mathematical
formulations that are solved by to calculate the kinetics of closing and opening
of ion channels, transient ionic concentration, and the transmembrane potential.
These include ion channels and transporters, transmembrane voltage, ionic fluxes
across cell compartments, calcium regulation, and the contractile proteins. The
models typically contain hundreds of mathematical equations, and hundreds
to thousands of fixed model parameters and state variables. Fixed model
parameters, such as cell geometry, capacitance, ion channel conductances, and
diffusion coefficients, are typically obtained by fitting models to experimental
data such as patch-clamp data. The state variables are dynamic in that they
vary over time during a simulation, and characterize state of the cell, such as
the transmembrane voltage, ionic concentrations, and gating variables of ion
channels. Typically, the mathematical formulations in single cell models are
either constitutive equations or ordinary differential equations (time dependent).
The general framework used in computational modeling of cardiac myocytes is
illustrated in Figure 1.21.

Figure 1.22 also shows the APs and CaTs produced by four commonly used
human atrial myocyte models, to illustrate the considerable differences among
different models.

A more extensive review on computational modeling of atrial pathophysiology
and pharmacological treatment strategies is given in Chapter I.

1.8.1 Hodgkin-Huxley type of models

The Hodgkin-Huxley (HH) type of models borrows its formalism from electrical
circuit theory (Figure 1.23). In these models the cell membrane is represented
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Figure 1.21: Basic components of a cardiac single cell model.

Figure 1.22: Four commonly used human atrial myocyte models: Courtemanche,
Nygren, Maleckar, and Koivumäki. (A) Schematic representation of the cell
membrane with the ionic currents specific from each model. (B) Differences
in cellular compartmentalization of the calcium handling systems in the four
models. Action potentials (C) and calcium transients (D) resultant from the
four models also show considerable differences in their morphologies [115].
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as a simple electrical circuit with a capacitor (C) in parallel with an ohmic
resistor (g), and in series with a battery (E). C and R can be viewed as the
summation of the capacitances and resistances of all the individual ion channels
and transporters.

Figure 1.23: Equivalent electrical circuit of the membrane of an excitable cell
[116].

The transmembrane potential in this circuit is calculated as:

dV

dt
=− 1

Cm
Itot (1.1)

where Cm is the cell capacitance, and Itot is the total current through the
membrane. In the original HH model Itot is the sum of the sodium current (INa),
the potassium current (IK), and a leakage current (Il). The latter is commonly
found in ionic models and represents the passive flow of ions out of the cell.

Furthermore, the voltage across the membrane (Vm) can be seen as having
two components: the voltage drop due to different ionic concentrations inside
and outside the membrane (ES), and a voltage drop due to a current IS flowing
through the channel with conductance g. Thus, it follows that:

Vm = 1
g
IS + ES (1.2)

IS = g(Vm − ES) (1.3)

where ES is the reversal potential, given by the Nernst equation:

ES = RT

zF
ln

( [S]o
[S]i

)
(1.4)

where [S]i and [S]o are the concentrations of species S inside and outside
the membrane. The Nernst potential, ES , describes how a difference in ionic
concentration across the membrane results in an electrical potential drop. Thus,
(Vm−ES) is the driving force for ionic movement across the membrane. Note that
the equilibrium potential at rest is the result of the interplay of the equilibrium
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potentials of the three ionic currents. Because in this model the IK is the
dominant current, the equilibrium potential is close to EK = −12 V. However,
in cardiac cells the resting membrane potential is usually close to −80 V.

The proportion of channels in the open and closed states, and thus the
maximum current flow through the channels, are governed by gating variables.
In HH type models ion channel gating is defined from dynamic state variables in
that they are both voltage and time dependent, which mathematically take the
form of ordinary differential equations:

dg

dt
= f(V, t) (1.5)

By convenience, this can be expressed as an exponential function of some arbitrary
variable:

g = G · n(V, t) (1.6)

where G is the maximum channel conductance, and n is a generic voltage- and
time-dependent gating variable that defines the open probability of the channel.
The fraction of open channels, n, can be represented as a simple two-state model
having αk and βk probabilities of being in the open and closed state, respectively.
Thus, n can be determined by the following differential equation:

dn

dt
= αn(v)(1− n)− βnn (1.7)

αk and βk are also called the activation and inactivation variables, respectively,
and can be determined from the steady state fraction (n∞) and time constant
(τn) of activation and inactivation of the system:

αn(V ) = n∞(V )
τn

(1.8)

βn(V ) = (1− n∞(V ))
τn

(1.9)

Rearranged these equations as a function of the steady state variables, it follows
that:

n∞(V ) = αn(V )
αn(V ) + βn(V ) (1.10)

τn(V ) = 1
αn(V ) + βn(V ) (1.11)

The total ionic current (Itot) is defined as the sum of the individual
contributions of the individual sarcolemmal currents. In the example of the HH
model, which contains three ionic currents, INa, INa, and a leak current Il, the
total ionic currents is given by:
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I = Cm ·
dVm

st
+ INa + IK + Il

= Cm ·
dVm

st
+GNam

3h(Vm − ENa) + gKn
4(Vm − EK) +Gl(Vm − El)

where the gating variables n, m, and h are given by the differential equation
1.7. The functions n∞(V ) and τn(V ) are empirical and thus must be determined
from experimental data. For the case of the HH model, these take the form:

αm = 0.1 25− V
e

25−V
10 − 1

, βm = 4e
−V
18 (1.12)

αh = 0.07e
−V
20 , βh = 1e

30−V
10 + 1 (1.13)

αn = 0.01 10− V
E

10−V
10 − 1

, βn = 0.125e
−V
80 (1.14)

The resulting AP, time activation, inactivation, and conductance from the
HH are represented in Figure 1.24. The remarkable differences between the HH
AP and a cardiac AP are remarkable. However, the formalism introduced with
the HH model laid the foundations for all cardiac ionic models that followed.

Figure 1.24: Action potential (A), gating variables (B), and conductances (C) in
the Hodgkin-Huxley model [117].

Although useful to represent the overall dynamic behavior of ion channels,
HH models are intrinsically limited by their inability to reproduce various
aspects of channel kinetics, such as state-dependent conformational changes
and cooperativity. For instance, the INa current from the HH model presented
above assumes that probabilities of the channel being active and inactive are
independent. However, such is not the case; inactivation is more likely when
the channel is in the open state, and therefore the kinetics given by m3h is an
over-simplification. To address these issues, Markov chain models (MCM) of ion
channel gating were introduced in cardiac models.
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1.8.2 Markov chain models

Markov models are an alternative way to model ion channels by representing
channel gating as a chain of discrete states. In many instances MCM models of
ion channels have shown to be more adequate then HH type of models, since
they allow to formulate additional states of the channel in an easier and more
convenient way, such a states where the channel is bound to a ligand, such as a
signalling molecule or a drug, and channel mutations. The great advantage of
MCM models is that they allow to explicitly represent single channel states as
stochastic processes whose present state depends on the previous state of the
system, ie., state-dependent transitions.

Markov models essentially compute the occupancy, ie. the probability, of the
channel being in each discrete state, with state transitions determined by kinetic
transition rates kx. The transition rates kx determine the dynamic behavior of
the system, that is, the rate of transition from one state to another.

So, a state could, eg., transition between two states, closed (C) and open (O),
as shown below in model A. However, it is widely known that this assumption is
rather simplistic, and that most ion channels in fact undergo several different
conformational changes. More elaborate models can take into also one or more
inactivated states (I), as in models B and C.

A B C

C
k−1

k1
O

k−2 k2

I

C
ck−2

ck2
O

ck−3 ck3

IO
k−4

k4
IC

k1k−1

C
k−1

k1
O

In the example o model C, the channel has two inactivated states, open
inactivated (IO) and closed inactivated (IC), and transitions C 
 O and O 
 IO
are allosterically regulated by a ligand c. O, C, IO, and IC represent fractions
of channels in each state, such that O + C + IO + IC = 1. Dynamical changes in
state occupancies are then given by ordinary differential equations:

dIC
dt

= k−1C + k4IO− (k1 + k−4)IC

dC
dt

= k1IC− k−1C + (k2O− k−2C)c

dO
dt

= (k−2C + k3IO)c− (k2 + k−3)Oc

dIO
dt

= k−4IC− k4IO + (k−3O− k3IO)c (1.15)

The current flow through the channel with single channel conductance gsc,
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membrane channel density n, and open probability O can be determined in an
analogous way as in HH models:

I = gsc · n ·O · (Vm − E) (1.16)

1.8.3 Modelling calcium cycling

Calcium handling constitutes an essential part of cardiac models that aim to
realistically reproduce calcium-dependent regulation of membrane potential and
the generation of intracellular calcium transients. Because of the complexity of
the calcium handling system, which involves a multitude of cellular processes
and model components, several different models have been developed which
aim at representing various aspects of the calcium system. These models vary
considerably in size and complexity, with the simplest models providing only a
basic mechanistic representation of calcium release and uptake into the SR, and
with the more intricate models including models of the RyR with several states,
calcium buffering, calcium diffusion, and spatial calcium compartmentalization.

This is a vast topic, and therefore this section will only give an overview
of the basic components present in most models of calcium handling. Here I
will give as example the the Shannon model ventricular model [47], which is
schematically represented in Figure 1.25.This is one of the most commonly used
models of calcium handling, but note that there exists several other relevant
models of calcium handling.

The calcium model contains four different compartments, each with its own
Ca2+ concentration: the cytosol (cyt), the SR, the sarcolemmal (SL) space, and
the junctional (j) space. The j compartment corresponds to the narrow space
between the RyRs and the Ca2+ channels in the CRU where Ca2+ is initially
released into before diffusing out into adjacent compartments. The arrows in
the Figure indicate the diffusional fluxes of Ca2+ between compartments, and
the dots represent the buffer fluxes (JBx).

Figure 1.25: A schematic representation of the structure of the Shannon model
of calcium handling.
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SERCA pump
SERCA transports Ca2+ from the cytosol back into the SR at the expense

of ATP (Figure 1.26). The flux through the SERCA pump in this model is
formulated as a Hill equation:

JSERCA = Vmax ·

(
Cai

Kmf

)H

−
(

CaSR
Kmr

)H

1 +
(

Cai
Kmf

)H

+
(

CaSR
Kmr

)H
(1.17)

where Kmf and Kmr are the forward mode and reverse mode pump
constants, respectively, and H is the Hill coefficient. The larger the value of H,
the more ‘sensitive’ SERCA is to Ca2+. These three parameters modulate the flux
of Ca2+ through SERCA; thus, they can be manipulated to emulate the effect of
functional changes in SERCA, eg. up- or down-regulation, phosphorylation of the
two regulatory proteins, phospholamban (PLB) and sarcolipin (SLP), or blockage.
Changes in the expression levels or in the phosphorylation state of the regulatory
proteins is often observed in remodeled cells, and these can be incorporated in
the model by tuning the equation parameters. PLB in the dephosphorylated
state suppresses SERCA activity, and changes in its expression levels can result
in a shift in SERCA activity [118] When phosphorylated, PLB dissociates from
SERCA and enhances SR Ca2+ uptake. Increased phosphorylation of PLB may
be present in AF [119]; however, there is no concluding evidence that this may
play a role in AF pathophysiology [120].

Figure 1.26: Schematic representation of the SERCA pump, showing the
transport of Ca2+ from the cytosol into the SR at the expense of ATP hydrolysis
into APD. Phospholamban (PBL) inhibits SERCA activity when phosphorylated,
hence decrease Ca2+ uptake.

RyR
The RyRs can be modeled as a Markovian 4-state Markov model, as shown

in Figure 1.27. This model has an open (O), a closed (C), an inactivate (I), and
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a refractory (R) state. The transition rates kx determine the dynamic behavior
of the system, that is, the rate of transition from one state to another. This
model is similar to the model discussed in section 1.8.2, and the state equations
are thus analogous to equation 1.15.

Figure 1.27: A 4-state Markov model of the RyR [47].

The Ca2+ flux through the RyRs depends on the fraction of open channels
only, since RyRs in any of the other states cannot transport calcium. It also
depends on the total number of RyRs, and on the gradient of Ca2+ concentration
between the SR and the junctional space. Thus, the flux through the RyRs is
given by:

JRyR = NRyR ·O · (CaSR − Caj) (1.18)

And similarly, the constant passive leakage of Ca2+ from the RyRs is given
by:

JSRleak = DSRleak · (CaSR − Caj) (1.19)

Calcium buffering
A buffer can be modeled as a simple two state model:

B + Ca kon

koff
CaB

with the dynamic buffer concentrations being given as a differential equation:

dCaB

dt
= konCa(Bmax − CaB)− koff CaB (1.20)

where Bmax is the maximum buffer capacity, Ca and CaB represent the
concentration of free and bound Ca2+, and kon and koff are the rate coefficients
of ion-buffer complex formation and dissociation, respectively.

The buffer fluxes JBcyt , JBSR , JBSL , and JBj , thus correspond the net flux
of free Ca2+ being bound/unbound to each buffer. JBx in cell compartment x
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can then be estimated as the sum of the buffered Ca2+ concentration changes,
dCaBi/dt, of each individual buffer i (Troponic-C, calmodulin, myosin, SR, etc.).

Calcium diffusion
Calcium diffuses inside the cell from regions of high to low concentrations,

which allows Ca2+ to interact with transporters, signalling proteins and engage
myofilament contraction. Thus, the level of Ca2+ diffusion detail in the model
can greatly affect resulting Ca2+ dynamics [33]. Diffusion is usually modeled
through reaction-diffusion equations, which for the model example in Figure 1.25
take the form:

JSL,cyt = DSL,cyt

Vcyt
(CaSL − Cai) (1.21)

JSL,cyt = DSL,cyt

VSL
(Caj − CaSL) (1.22)

JSL,j = DSL,j

VSL
(Caj − CaSL) (1.23)

JSL,j = DSL,j

Vj
(CaSL − Caj) (1.24)

Calcium balance
Finally, the mass calcium balance for this model is determined by the following

system of differential equations:

dCai

dt
= −JSERCA

VSR

Vcyt
+ JSL,cyt

Vcyt
− JBcyt (1.25)

dCaSR

dt
= JSERCA − JRyR − JSRleak

Vcyt

VSR
+ JSL,cyt

Vcyt
− JBSR (1.26)

dCaSL

dt
= JSL,ECM

Cm

2FVSL
+ JSL,j

VSL
+ JSL,cyt

VSL
− JBSL (1.27)

dCaj

dt
= JSL,ECM

Cm

2FVj
+ jSL,j

Vj
+ JRyR

VSR

Vj
+ JSRleak

VSR

Vj
− JBj (1.28)

1.9 Sensitivity Analysis

Computational modeling and simulation offers a fast and cheap way to new
research test hypotheses, and thus it has become widespread method in both
scientific research and industrial practice. However, for computational models to
be useful, they have to be able to reproduce certain phenomena or behaviors or to
able to make accurate predictions of quantities of interest and their evolution over
time. In order for computational models to accurately and reliably reproduce
a physical system, they must be parameterized with the ‘correct’ set of values
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and initial conditions. However, quite often these are ill-defined, or altogether
unknown.

Furthermore, known parameters are typically affected by uncertainties that
arise from a variety of sources, such as error in the experimental measurement
setup, intrinsic stochasticity and variability of the quantities, and unknown
model structure. Therefore, it can be extremely difficult to determine the
appropriate values of certain model parameters. Hence, a critical part of
the model development pipeline is to acknowledge model uncertainties, to
incorporate variability into the simulations to allowed for more robust and
realistic estimations. In this context, it becomes important to address methods
of parameter identifiability. and how the sensitive model is by the particular
choice of parameters. That is achieved by a class of methods referred to as
‘sensitivity analysis’ (SA).

SA enables the assessment of how much the outputs of the model (the physical
quantities of interest) change when the input parameters are varied. SA can be
valuable tools in assisting model development and parametrization, since these
frameworks provide additional knowledge of the functioning of the model and of
the relationship between multiple model parameters.

In the context of cardiac myocyte models, the output quantities of interest
are typically AP properties (such as APD, RMP, upstroke velocity and APA),
CaT properties (eg., CaT amplitude and duration), ionic current magnitudes, or
ionic concentrations. There are a multitude of SA methods (a comprehensive
review can be found in [121]), and a few of such methods have applied to
cardiac myocyte models to constraining model parameters [122]–[124], to infer
parameter importance on particular model outcomes [125]–[129], and to perform
model optimization [130]. Some examples are multivariate linear regression [125],
Gaussian processes [124], a genetic algorithms [131] and polynomial chaos [132],
to name a few examples. Here, I will briefly cover a family of statistical methods
called Linear Regression, since this method has more often been applied in the
cardiac simulations.

Linear regression provides an algebraic representation of the linear relationship
between one or more independent variables Xp (predictors), and one or more
dependent variables y (responses) (equation 1.29). This method approximates
a set of observations to a linear model by finding the ‘best-fit’ of a set of data
points to a straight line, less of an error ε. This is typically using a Least
Squares algorithm. When more than one independent and dependent variables
are used, the method is called multivariate linear regression (MVLR). Non-linear
regression methods can also be used, whereby the data is approximated by a
polynomial, logarithmic, exponential, or other non-linear function. However,
this considerably increases the complexity of the statistical model.

The coefficients (β) of the linear regression model measure the strength of
the association between a given predictor and the response. Thus, they can then
be used as relative measures of parameter importance, that is, sensitivity indices.
Therefore, this method is adequate for sensitivity analysis of multi-parameter
models, provided that a set of conditions are met, such as the sample size being
larger than the number of unknowns, and independence between predictors (that
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Figure 1.28: Matrix representation of the a MVLR system.

is, their variances are uncorrelated).
This method is often employed in combination with the so-called ‘populations-

of-models’ (PoM) approach (further discussed in Chapters I and II). PoM
are usually constructed by randomly sampling parameter values from prior
distributions (X matrix of input parameters), and then executing a large number
of model simulations with different random parameter samples. Several AP and
CaT features are then extracted from the the simulated traces, which constitute
the responses (ymk) in the MVLR algorithm (Figure 1.28). Hence, βpk represents
a relative measure of the sensitivity of feature yk to parameter xp.

y = X · β + ε (1.29)

For large datasets without considerable non-linear effects among model
parameters the MVLR can be a powerful method. Although more precise and
quantitative methods for SA exist, the useful of this method is in its simplicity
and easy implementation. It can provide a reasonable qualitative estimation
of sensitivity ‘scores’ of the model to input parameters, thus allowing to rank
parameter importance.

1.10 Summary of Papers

Paper I reviews the state-of-the-art in computational models of AF pathophysi-
ology and available pharmacological treatments. The paper provides and
chronological overview of the development of atrial models at different
scales, from single cell models to three-dimensional whole organ models. A
focus is given on how these models contributed to providing new insight
into the both the normal function of the atria, and into the mechanisms of
AF initiation and maintenance. The paper also describes multiple research
efforts made towards employing computational models in in silico testing
of drug effects, as well as catheter ablation procedures. Finally, the paper
reviews recent trends in using populations of models to incorporate biolog-
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ical variability into computer simulations, and in performing sensitivity
analysis to evaluate the role of parameters of interest in model outcomes.

Paper II presents a framework to assess the mechanisms of action potential
duration alternans in a model of the human atrial myocyte. We
employed a populations-of-models approach to incorporate variability
into model parameters, including the maximum conductances of the
ionic currents, ryanodine receptor variables, and SERCA density. We
then used multivariate linear regression to assess the relative role of the
changed parameters on several biomarkers extracted from action potentials,
calcium transients, and alternans characteristics measured from APD
restitution curves. We also compared populations of models in normal
and in AF remodeled conditions, and We observed significant differences
in the two populations in terms of action potential, calcium transients,
and APD alternans morphologies. Furthermore, the sensitivity analysis
results indicated different parameter importance rankings in the normal
as compared to the AF populations, indicating that different cellular
mechanisms give rise to action potential duration alternans in these two
conditions.

Paper III presents the development of a novel computational model of the
rabbit atrial myocyte. We developed the model by combining a rabbit-
specific ionic currents with a spatial model of calcium handling. Given
the uncertainty in the magnitudes of the ionic current, we parameterized
the maximum conductances using a populations-of-models approach, and
calibrating the population against published experimental data on various
action potential and calcium transient metrics. We also used correlation
analysis to evaluate the role of the maximum conductances on differences
observed in the calcium wave propagations patterns in sub-population.

Paper IV presents a computational study of the role of rapid pacing-induced
remodelling in rabbit atrial myocytes. We used a previously developed
population of healthy rabbit atrial myocytes on which we incorporated
changes in several parameters representing experimentally observed
alterations in remodeled myocytes. We assigned each model in the
remodeled populations to one of five different categories of calcium
propagation pattern observed, and compared the effects of the each
remodeled parameter.
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Abstract

 The pathophysiology of atrial fibrillation (AF) is broad, with components related 
to the unique and diverse cellular electrophysiology of atrial myocytes, structural 
complexity, and heterogeneity of atrial tissue, and pronounced disease-associated 
remodeling of both cells and tissue. A major challenge for rational design of AF 
therapy, particularly pharmacotherapy, is integrating these multiscale 
characteristics to identify approaches that are both efficacious and independent of 
ventricular contraindications. Computational modeling has long been touted as a 
basis for achieving such integration in a rapid, economical, and scalable manner. 
However, computational pipelines for AF specific drug screening are in their 
infancy, and while the field is progressing quite rapidly, major challenges remain 
before computational approaches can fill the role of workhorse in rational design of 
AF pharmacotherapies. In this review, we briefly detail the unique aspects of AF 
pathophysiology that determine requirements for compounds targeting AF rhythm 
control, with emphasis on delimiting mechanisms that promote AF triggers from 
those providing substrate or supporting reentry. We then describe modeling 
approaches that have been used to assess the outcomes of drugs acting on 
established AF targets, as well as on novel promising targets including the ultra-
rapidly activating delayed rectifier potassium current, the acetylcholine-activated 
potassium current and the small conductance calcium-activated potassium 
channel. Finally, we describe how heterogeneity and variability are being 
incorporated into AF-specific models, and how these approaches are yielding novel 
insights into the basic physiology of disease, as well as aiding identification of the 
important molecular players in the complex AF etiology. 

I.1 Introduction
Atrial fibrillation (AF) is a complex and multifactorial disease and the most 
common sustained cardiac arrhythmia, afflicting about 2% of the 
population. Age is the most powerful predictor of risk: approximately 5% of 
65-year-olds and 10% of 75-year-olds suffer from AF (Heeringa et al., 2006).  
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AF is already a pervasive disease carrying an immense socioeconomic burden, 
and with increasing life expectancy both the human and economic costs are 
growing rapidly: AF prevalence in the European population is projected to 
increase to 3% by 2030 (Zoni-Berisso et al., 2014). Although rhythm control 
strategies are available, these are inadequate and there is at present an unmet 
need for safe and effective antiarrhythmic therapy for AF (Ehrlich and Nattel, 
2009). Since 2010, the European Medicines Agency has not authorized any new 
drugs for treatment of AF. The most prominent explanations for this lack of new 
medicine are the limited understanding of this multi-etiological and progressive 
disease, as well as the challenge of designing compounds that are strongly 
specific for atrial rather than ventricular targets. As a result, the development of 
novel pharmacological therapies is necessarily coupled to a thorough 
understanding of the basic etiology and physiological mechanisms of AF.  
Unlike most episodes of ventricular arrhythmia, which must either be terminated 
or are lethal, AF does not have immediate catastrophic consequences, and short 
episodes of self-terminating AF are often asymptomatic and go undetected. This 
allows prolonged AF episodes to drive pro arrhythmic remodeling across all 
levels of physiology (Schotten et al., 2011), as is succinctly captured by the 
phrase “AF begets AF” (Wijffels et al.,1995). In turn, this remodeling allows the 
mechanisms and complexity of AF to be richer than ventricular arrhythmia and 
causes treatment to be a moving target as the disease progresses from 
paroxysmal (pAF) to chronic (cAF) stages. 
Both ectopic activity and the generation of a vulnerable substrate are accepted 
contributors to AF initiation and maintenance, although their respective 
contributions are thought to change as disease progresses. Triggering events are 
generally   thought to play a more prominent role in pAF than at later stages 
when gross tissue-level remodeling is widespread. A range of evidence has led to 
this general perspective, but some key observations include: (1) prominent focal 
initiation of spontaneous episodes of pAF near the pulmonary vein (PV) 
junctions in patients (Haïssaguerre et al., 1998), (2) the absence of major 
alterations to action potential (AP) morphology and the excitable tissue gap in 
pAF (Diker et al., 1998; Voigt et al., 2013b), (3) elevated frequency of cellular 
triggering events (Voigt et al., 2012, 2013b). 
As AF progresses, electrical and structural remodeling becomes pronounced, and 
characteristic changes to conduction and refractoriness leave the atrial 
myocardium more vulnerable to reentrant circuit formation (Nattel and Harada, 
2014). AP duration (APD) and the effective refractory period (ERP) are 
consistently shortened in cAF (Iwasaki et al., 2011; Skibsbye et al., 2016), 
conduction is slowed (Lalani et al., 2012; Zheng et al., 2016), and the threshold 
for alternans induction, a key component of vulnerable substrate generation, is 
reduced (Narayan et al., 2011). Electrical remodeling exacerbates regional 
heterogeneities and promotes dispersion of refractoriness. Additionally, formation 
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of fibrotic regions, collagen patches, and fibroblast differentiation, as part of 
structural remodeling, enhances tissue anisotropy and is non-uniform 
throughout the atria, thus further promoting the development of a reentrant 
substrate. Moreover, contractile remodeling (atrial dilatation and increased 
wall compliance) is both a consequence and effector of AF (Schotten et al., 
2003). All these identified mechanisms of progressive remodeling, resulting 
from recurrent rapid pacing or paroxysms of AF, generate positive feedback 
loops that ultimately set the conditions for sustained AF. These processes are 
likely to be important in determining the dynamic characteristics of reentrant 
circuit formation, and in certain cases may be important for understanding 
drug action. For example, the efficacy of class Ic antiarrhythmics depends on 
the dynamics inherent to spiral wave propagation (Comtois et al., 2005; 
Kneller et al., 2005). However, currently, we do not have sufficient 
understanding of the tissue-level dynamics driving AF at various stages, to 
focus pharmacologic design efforts on correcting specific tissue-level dynamical 
characteristics. For  this reason, our discussion below focuses on remodeling 
occurring at subcellular and cellular levels and their implications in AF 
progression, and acknowledge that the  sustaining effect of tissue-level electrical 
and structural remodeling causes antiarrhythmic targeting in cAF to be 
extremely challenging. The major components, interactions, and contributions 
of the characteristic processes at the various stages of disease progression are 
summarized in Figure 1. 
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Figure 1: Characteristic processes and causalities at the different stages of atrial fibrillation 
(AF). A) AF is usually triggered by ectopic activity that act as “drivers” of electrical activation 
and override the normal sinus node pacemaking activity. The fast pacing induced by the 
ectopic activity initiates electrical and structural remodeling in the atria, which enhances 
cellular excitability of the atria, reduces conduction velocity, increases tissue heterogeneities, 
and creates fibrotic regions that act as reentry anchor points. All these changes contribute to 
creating a vulnerable substrate that render the atria more prone to arrhythmias, as AF 
progresses from paroxysmal to permanent, in a process commonly termed as “AF begets AF”. 
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In the following four sections, we first briefly introduce the basic aspects of AF 
mechanisms and their related experimental findings (see the section 
“Arrhythmogenic Mechanisms of AF”). We then review current computational 
approaches for modeling atrial physiology and AF pathophysiology (see the  
section “In silico Atrial Modeling”). We present an overview of how drug–target 
interactions and their outcomes have been simulated in the heart, followed by 
current efforts to explore novel strategies for AF drug targeting (see the section 
“Computational Pharmacology in AF”). Finally, in the section “Modeling 
Variability and Uncertainty at the Cell Level,” we describe how variability and 
stochasticity can be incorporated into computational models to increase their 
robustness and predictive power in AF drug therapy. 
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Figure 2: Unique electrophysiological and structural characteristics of atrial cardiomyocytes. 
Simulated AP in human ventricular (A) and atrial (B) CMs, as well the differences in 
underlying repolarizing ion potassium currents. Please, note that in order to visualize the 
weaker currents, the peaks of atrial transient outward potassium current (Ito) (~11 pA/pF) and 
the ultra rapidly activating delayed rectifier potassium current (IKur) (~4.6 pA/pF) are cut off. 
The atria-specific ion currents funny current (If), IKur, the acetylcholine-activated potassium 
current (IK,ACh), and the small conductance calcium-activated potassium current (IK,Ca) are 
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I.2 Arrhythmogenic mechanisms of AF

I.2.1    Remodeling of cellular electrophysiology, ultrastructure, and 
calcium handling

I.2.1.1    Pathological changes to sarcolemmal current carriers

Human atrial cardiomyocytes (hA-CMs) exhibit a range of AP morphologies 
that differ markedly from those apparent in the ventricle. This is primarily due 
to differing expression levels of ion channel subunits, and concurrently ion 
current densities. The atrial AP exhibits a less pronounced plateau phase, 
largely due to the prominent expression of the fast-activating potassium 

currents, particularly the ultra rapidly activating delayed rectifier current 
(IKur), which is virtually absent in the ventricle. Atrial APs also exhibit 
relatively slow late repolarization (phase 3), elevated resting potential, and 
slower AP upstroke, all of which are strongly-influenced by a reduced density 
of the inward-rectified potassium current (IK1) relative to human ventricular 
CMs (hV-CMs). Like IKur, the small conductance calcium-activated potassium 
current (IK,Ca) is only present in hA-CMs, and it is thought to assist hA-CM 
repolarization, although its relative contribution remains contentious. The 
major differences in atrial and ventricular AP morphology and underlying ion 
currents are summarized in Figure 2A-B. 

The pathophysiology of cAF is characterized by several prototypical changes in 
current expression that result in both marked deceleration of early 
repolarization, and acceleration of late repolarization (Schotten et al., 2011). 
The two most prominent molecular changes that drive these outcomes are: (1) 
augmentation of inward-rectified potassium currents (increase of IK1 expression 
and constitutive activity of the acetylcholine-activated inward rectifier current; 
IK,ACh), and (2) simultaneous decrease in the L-type calcium current (ICaL). The 
major counteractive changes are carried by increased sodium-calcium 
exchanger (NCX) expression, and reductions in the major rapidly activating 
outward currents, namely IKur and the fast component of the transient outward 
potassium current (herein simply referred to as Ito). Together, these five 
alterations (IK1, ICaL, NCX, IKur, and Ito) constitute the majority of the known 
modulators of repolarization trajectory in cAF (Figure 3). Overall these effects 
result in the shortening of ERP, and a slightly more negative resting membrane 
potential (Ravens et al., 2014; Skibsbye et al., 2014, 2016), both of which 
expand the window for reentrant excitation. However, as discussed further 
below, they are accompanied by a range of changes to cellular ultrastructure 
and to the function of major calcium- and sodium-handling proteins, such that 
predicting the integrated outcomes from any subset of changes is non-trivial 
and necessitates quantitative approaches. 
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I.2.1.2.    Ultrastructural contributions to AF pathogenesis

Although there is important species-specificity of hA-CM ultrastructure, it has 
been generally observed that healthy hA-CMs exhibit a varied and relatively 
sparse membrane ultrastructure compared to ventricular CMs. This results in 
important baseline differences in excitation-contraction coupling. Most 
prominently, hA-CMs have a less developed T-tubule network (Dibb et al., 
2013), particularly in rodents, as illustrated in Figure 2C-D. This morphological 
difference has implications for intracellular calcium diffusion. In the absence of 
T-tubules, Ca2+ enters the cells largely from the periphery, and thus must 
diffuse centripetally to engage the contractile machinery. Correspondingly, the 
localization of Ca2+ handling proteins is very different in ventricular and atrial 
CMs. In hA-CMs, as in hV-CMs, L-type Ca2+ channels interact with clusters of  

sarcoplasmic reticulum (SR) Ca2+ release channels (RyRs; Ryanodine receptors) 
located in the junctional SR to trigger Ca2+-induced Ca2+ release (CICR). 
However, in hA-CMs, a higher proportion of RyR clusters are concentrated in 
non-junctional SR, and this is a distinguishing structural characteristic. These 
orphan or non-junctional RyRs contribute to the fire-diffuse-fire propagation of 
Ca2+, which is augmented by inositol 1,4,5- trisphosphate receptors (IP3Rs) 
that are also embedded in the SR membrane (Li et al., 2005; Lipp et al., 2000;  

Wullschleger et al., 2017; Yamada et al., 2001; Zima and Blatter, 2004). The 
importance of IP3Rs is generally greater in atrial than ventricular CMs – in 
ventricle, they are generally only observed in disease states, such as heart failure 
(Go et al., 1995). These features of the calcium signaling system fundamentally 
alter the essential structure-function relationships governing calcium handling in 
atrial versus ventricular CMs, where the extensive and highly organized T-
tubule network shortens the diffusion distances so that fast and uniform CICR 
is possible. The physiological outcome for the atrial CM is a slower rise phase of 
the intracellular Ca2+ transient (CaT) and contractile force (Frisk et al., 2014), 
and a delayed CaT at the center of the CM comparatively to the periphery, 
resulting from spatial (particularly centripetal) propagation of intracellular Ca2+ 
during atrial systole. 

This unique membrane ultrastructure of atrial CMs is now also thought to 
contribute to AF pathogenesis. Recently, it has been shown that T-tubule 
density in atrial cells is reduced in animal models of AF (Frisk et al., 2014; 
Lenaerts et al., 2009; Wakili et al., 2010) ; however, supporting human atrial 
data is lacking. The putative loss of T-tubules may lead to contractile 
dysfunction, but is also strongly implicated in arrh-ythmogenesis. In particular, 
the increased spatial heterogeneity in subcellular Ca2+ signaling has been shown 
to promote CaT and APD alternans (Gaeta et al., 2009; Li et al., 2012), and 
incomplete excitation-contraction (E-C) coupling (Greiser et al., 2014).  
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Reorganization of RyR clusters adds a further dimension to AF-related 
ultrastructural remodeling. It has been shown to be associated with 
morefrequent Ca2+ sparks in a sheep model of cAF, and is thought to increase 
the probability of the propagating Ca2+ release underlying arrhythmogenic 
calcium waves (Macquaide et al., 2015). However, there are no human data 
available to corroborate the possible change in organization of RyRs in AF 
patients. Thus, additional structural and functional data from patients would 
be valuable for understanding the functional role of structural degradation in 
this disease. 

Cell dilation/hypertrophy is also a common finding in cAF patient samples, 
where increases of 12% (Neef et al., 2010) and 16% to 54% (Corradi et al., 
2012; Neef et al., 2010; Schotten et al., 2001) have been reported for length 
and diameter, respectively. In line with these findings, cell surface area in 
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Figure 3: Hallmarks of altered electrophysiology of human atrial myocytes in AF. APs (A) 
and underlying ion currents (B-F) in normal sinus rhythm (solid lines) and chronic AF (dashed 
lines) variants of a hA-CM model (Skibsbye et al., 2016).

I. Computational modeling in pharmacotherapy of atrial fibrillation: recent 
advances and future challenges



 

patients with cAF was reported be ~40% larger (Wouters et al., 2000). The 
increased cell volume and diameter reduce CaT amplitude and slow centripetal 
Ca2+ diffusion, respectively (Koivumäki et al., 2014). As hA-CMs are likely to 
have very few (if any) T-tubules in cAF, slower Ca2+ diffusion is thought to 
exacerbate dyssynchrony of the AP and CaT, thus potentially contributing to 
alternans.  

As mentioned above, tissue-level remodeling also makes a major contribution to 
AF pathology, particularly in the advanced stages of disease. Reduced ICaL in 
cAF promotes contractile dysfunction and atrial dilatation (atrial stretch). These 
mechanical perturbations are thought to be a major contributor to the 
widespread deposition of interstitial collagen, lateralization of gap junctions 
(connexin remodeling), and proliferation of myofibroblasts and potentially 
adipocyte infiltration observed in many animal models of chronic disease (Lau et 
al., 2017; Ravelli and Allessie, 1997; Schotten et al., 2003). While these 
characteristics are widely thought to be similarly prominent in humans, 
corroborating data remain relatively sparse because in vivo measures are 
technically challenging. Functional indicators (e.g. complex fractionated atrial 
electrograms) have often been used as primary measures of fibrosis, although 
gadolinium-enhanced MRI protocols have also been shown capable of quantifying 
in vivo differences between paroxysmal and more advanced disease (Daccarett et 
al., 2011). These changes in atrial tissue structure have profound consequences 
for tissue conductivity, wave propagation, and potential for reentry, and are thus 
likely to pose an insurmountable challenge to pharmacotherapy in later disease  
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Figure 4: Electrophysiologic instabilities in atrial myocytes. Early afterdepolarizations in hA-
CMs exhibit the same essential mechanisms as occur in ventricular cells. (A) Phase-2 EADs 
result from the kinetic interaction of ICaL and the compound outward potassium current 
involving multiple K+ channel species. In general, these events are uncovered during reduced 
repolarization reserve through ICaL potentiation or K+ channel antagonists, particularly IKr 
inhibitors. (B) A second class of EADs occurs when repolarization is disrupted during phase 3 
by forward mode Na+-Ca2+ exchange. This additional INCX is a secondary effect of dis-
coordinated or simply exaggerated ICaL-triggered SR Ca2+ release. Importantly these EADs 
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stages. For this reason, interventions targeting the suppression of the signaling 
pathways that results in these gross changes to atrial structure, have recently 
become an area of substantial interest (Nattel and Harada, 2014). 

I.2.1.3    Role of remodeled calcium homeostasis in AF

Alterations to calcium handling are intrinsically linked to the ultrastructural 
changes described above, but further remodeling of expression or regulation of 
the major intracellular transporters is also likely to contribute. In general, the 
role for these mechanisms in AF, particularly pAF, has become well supported  

in recent years, and ion transporters involved in calcium handling and their 
regulatory proteins seem to be promising targets for drug therapy of AF. As 
mentioned above, cAF is associated with increased NCX expression in patients 
(El-Armouche et al., 2006; Gaborit et al., 2005; Neef et al., 2010). There is also 
strong evidence of an increased coupling gain between intracellular Ca2+ load 
and INCX in cAF (Grandi et al., 2011; Voigt et al., 2012) and larger INCX 
amplitudes have also been reported in cAF patient samples (Christ et al., 2016). 
The data on altered RyR function in AF is less conclusive. Increased RyR 
activity has been reported in cAF patients (Neef et al., 2010; Voigt et al., 2012), 
whereas, RyR expression has been reported to be both reduced (Oh et al., 2010; 
Ohkusa et al., 1999) and unchanged (Shanmugam et al., 2011; Voigt et al., 2012) 
in cAF patients. Hyperphosphorylation of RyRs has been reported to increase 
their Ca2+ sensitivity and open probability, increasing Ca2+ leak from the SR 
into the cytosol (Neef et al., 2010; Vest et al., 2005; Voigt et al., 2012). One 
further player in the game of calcium remodeling is the SR Ca2+-ATPase 
(SERCA), which pumps Ca2+ back into the SR from the cytosol. SERCA 
function is regulated by two inhibitory proteins: phospholamban and sarcolipin, 
and the phosphorylation levels of these regulatory proteins has an impact on the 
amplitude of the CaT and SR Ca2+ load. Reduced SERCA protein expression 
accompanied by increased activity was found in both pAF patients (Voigt et al., 
2013b), while a rabbit model of rapid atrial pacing has shown remodeling-
induced reduction in expression levels of SERCA with unchanged activity 
(Greiser et al., 2014). Although SERCA plays an important role in the 
modulation of SR Ca2+ load and, indirectly, in the extent of arrhythmogenic 
Ca2+ leak, there is currently no published in vitro human data on the AF-related 
change in function of SERCA, and the protein expression data is not conclusive. 

I.2.2    Cellular electrophysiology instability in AF

As described above, one of the proposed mechanisms of AF initiation is the 
generation of triggered activity in the atria in early stages of AF. These 
triggering events are classified as they are in the ventricle. That is, instabilities 
in AP repolarization are named early afterdepolarizations (EADs), and diastolic 
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instabilities initiating from resting potential are delayed afterdepolarizations 
(DADs). Several of the established mechanisms of EADs and DADs are 
described in Figure 4. Because repolarization is hastened and ICaL is reduced in 
cAF, AP triangulation is also reduced and the conditions for EAD generation 
via conventional ICaL reactivation are generally impaired (Burashnikov and 
Antzelevitch, 2006; Ming et al., 1994). However, a body of literature supports 
that EADs initiating late in phase 3 of the AP may be important in some 
atrial regions and contexts, particularly focal arrhythmia initiating in the 
pulmonary vein sleeves (Burashnikov and Antzelevitch, 2003; Morotti et al., 
2014, 2016; Patterson et al., 2006). These EADs are driven by enhanced Ca2+ 
signaling, which in turn exaggerates INCX, slows late repolarization, and 
thereby promotes INa reactivation (Morotti et al., 2014, 2016). 

The decreased Ca2+ influx via ICaL, enhanced calcium extrusion due to 
increased NCX expression, and a leaky population of RyR, has generally been 
observed to result in marked depletion of the intracellular Ca2+ in cAF. In and 
of itself, this would be expected to reduce the incidence of spontaneous Ca2+ 
waves and DADs, and the ability of these diastolic events to drive focal 
arrhythmia. Indeed, the majority of studies support silencing of Ca2+ signaling 
as a cardioprotective mechanism and a reduced role for spontaneous Ca2+ 
release in cAF (Christ et al., 2014; Greiser et al., 2014; Koivumäki et al., 2014; 
Schotten et al., 2007). However, opposite findings have also been reported in 
hA-CMs from cAF patients (Voigt et al., 2012). Importantly, rather than being 
reduced, SR Ca2+ load was maintained in that study, and thus the elevated 
RyR activity and NCX expression readily translated to increased Ca2+ waves 
and DADs. Data from patients in pAF suggest that SR Ca2+ load is either not 
depleted (Hove-Madsen et al., 2004), or may in fact be exacerbated at these 
early stages of disease (Voigt et al., 2013b). Thus, the conditions explaining the 
observed increases in magnitude and frequency of spontaneous Ca2+ waves are 
more obvious and consistent. Viewing this collection of studies together, the 
most parsimonious interpretation is that the molecular drivers of increased 
Ca2+ wave frequency (RyR hyperphosphorylation, possibly increased SERCA 
activity) may precede those that strongly deplete intracellular Ca2+ (NCX 
expression). Thus, the increase in spontaneous Ca2+ release observed early in 
AF may be lost as the delayed molecular adaptations, particularly increased 
NCX expression, act to shift Ca2+ flux balance towards extrusion, thus 
depleting the Ca2+ store and silencing Ca2+ signaling, even during tachycardia 
(Greiser et al., 2014). This conceptual model of how Ca2+-driven diastolic 
instability develops during AF is largely hypothetical, and further 
characterization of the specific temporal development of these molecular and 
functional maladaptations during disease is highly desirable. 

Another proposed mechanism of triggered diastolic activity in the atria has 
stemmed from the discovery of expression of hyperpolarization-activated cation  
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channels (HCN), carriers of the pacemaker current (If), in the left atrial 
appendage (Scheruebel et al., 2014; Zorn-Pauly et al., 2004). Furthermore, If 
properties are altered in cAF (Stillitano et al., 2013), lending weight to the 
hypothesis of abnormal cell automaticity as an additional mechanism of 
diastolic triggered activity in the remodeled myocardium. HCN channels could, 
therefore, constitute a novel potential target for anti-arrhythmic drug therapy. 
However, the lack of conclusive experimental human data thus far has rendered 
this mechanism a less attractive option for pharmacotherapy discovery. 

Finally, the role of APD alternans in driving AF initiation is increasingly 
becoming appreciated after the observation that it immediately precedes AF in 
patients (Narayan et al., 2011). While the mechanisms capable of driving APD 
alternans are diverse, dynamic, and interactive, a growing body of evidence 
suggests that the proximal driver at the cellular level is a period 2 instability in 
Ca2+ cycling (Gaeta et al., 2009). In ventricular CMs this form of instability 

 was initially thought to be driven by a kinetic mismatch in SR Ca2+ reuptake 
leading to variable refractoriness of Ca2+ release at high pacing frequencies 
(Diaz et al., 2004). However, more recently the role of subcellular 
heterogeneities in Ca2+ dynamics has emerged as a central aspect to the link 
between APD and Ca2+ transient alternans (Gaeta et al., 2009, 2010; Gaeta and 
Christini, 2012; Shiferaw and Karma, 2006). The intrinsic variability in atrial 
CM ultrastructure would be expected to promote these behaviors, particularly 
in AF, and this relationship between structure and dysfunction in AF requires 
stronger investigation by computational approaches. 

I.3 In silico atrial modeling

I.3.1    Existing hA-CM models and AF model variants 

Models for cardiac cellular electrophysiology and ion dynamics have been 
developed for more than five decades (Noble, 1962), and the first atria-specific 
hA-CM models were published by Courtemanche et al. (Courtemanche et al., 
1998) and Nygren et al. (Nygren et al., 1998). These model lineages have been 
retroactively extended with novel features, and new models have also been 
introduced as shown in Figure 5. The Courtemanche, Nygren-Maleckar-
Koivumäki and Grandi model lineages, were benchmarked in detail (Wilhelms 
et al., 2013), and shown to be based on varying datasets and assumptions. As 
Wilhelms et al. reported, there are substantial differences in AP and CaT 
morphology, and rate adaptation properties among these models. For example, 
the AP repolarization in the Courtemanche model depends more on IKr and less 
on IKur compared to the other models. The Nygren model has a substantially 
larger contribution of the IKs current. Furthermore, several models include ion  
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currents not incorporated in the others. For example, IK,ACh (Maleckar and 
Grandi models); If (Koivumäki model); plateau potassium current, the Ca2+ 
dependent chloride current and background chloride current (Grandi model). 

With accumulating experimental (human) data supporting the unique 
characteristics of atrial Ca2+ handling and its role in AF pathophysiology and 
arrhythmogenesis, the foundational hA-CM models have been updated to 
particularly include more complex intracellular Ca2+ signaling and ion channel 
localization. To account for the centripetal diffusion of calcium due to the lack 
of T-tubules in hA-CMs, Voigt et al. (Voigt et al., 2013b) extended the Grandi 
model with a spatial representation of Ca2+ handling based on longitudinal and 
transverse division of the intracellular space, and included stochastic RyR 
gating. Colman et al. (Colman et al., 2016) also presented an atrial model with  
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Figure 5: Overview of hA-CM model lineages and most important changes implemented in 
model iterations. References: (Courtemanche et al., 1998), (Nygren et al., 1998), (Maleckar et 
al., 2009b), (Grandi et al., 2010, 2011), (Koivumäki et al., 2011, 2014), (Colman et al., 2013, 
2016), (Voigt et al., 2013a, 2013b), (Skibsbye et al., 2016). 
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spatial representation of the calcium handling system to assess the role of 
variable T-tubule density on intracellular calcium waves and alternans. These 
efforts have generally attempted to approach more realistic Ca2+ handling 
representations by drawing on data describing the T-tubule structure in 
particular. For instance, it may be possible to replicate the approach now being 

taken in ventricular CMs, where realistic SR and T-tubule geometries resolved 
by serial scanning electron microscopy have made it possible to reconstruct 
large sections of the cell directly from data (Colman et al., 2017). When applied 
to atrial CMs, this approach may provide a more realistic basis for simulating 
the effects of subcellular structure on macroscopic E-C coupling and 
arrhythmogenesis. 

In addition to recapitulating physiology of healthy hA-CMs, all the above-
mentioned cell models have variants to mimic cellular remodeling related to AF. 
The principle of ‘AF begets AF’ (Wijffels et al., 1995) emphasizes the need to 
represent the pathophysiological changes at different stages of AF progression 
with dedicated models. So far, the only pAF model variant has been published 
by Voigt et al. (Voigt et al., 2013b), accounting for early dysregulation of SR 

 Ca2+ release and enhanced uptake, with no significant changes to sarcolemmal 
current carriers, and AP morphology. Conversely, cAF involves a much more 
advanced and complex remodeling (Schotten et al., 2011), which has been 
implemented in the in silico models to varying degrees of detail. The vast 
majority of cAF model variants have focused on electrical remodeling as 
distinct from remodeling of subcellular structure and Ca2+ handling machinery. 
These efforts have generally included the decreased Ito, ICaL and IKur, and 
increased IK1, as described in section 2. More recently, cAF models that also 
account for the remodeling of intracellular Ca2+ handling have been developed 
(Colman et al., 2013; Grandi et al., 2011; Koivumäki et al., 2014; Voigt et al., 
2013a). Furthermore, AF-related structural remodeling, specifically cell dilation, 
has been represented in one hA-CM model (Koivumäki et al., 2014). First steps 
in accounting for the role of changes to regulatory signaling have also been 
taken by Grandi et al. (Grandi et al., 2011), who showed dramatic APD 
shortening as a result of parasympathetic activation of IK,ACh. However, the 
overly simplified Ito - ICaL - IKur - IK1 approach of cAF modeling is still 
commonly used. As the accumulating experimental evidence suggests a central 
role for altered E-C coupling and intracellular Ca2+ handling in AF 
pathophysiology, a greater emphasis should be put on these components in 
future modeling studies. 

In silico hA-CM models are comprehensive tools, complementing the in vitro 
experiments, for increasing the understanding of AF mechanisms and 
discovering potential pharmacological targets. The diversity of hA-CM models  
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adds a layer of complexity to modeling of pharmacodynamics, as the outcome of 
pharmacological interventions in silico will vary between different models. This 
will be discussed in detail in section 4. As the physiological accuracy and 
robustness of atrial CM models have improved over the years, and continues to 
progress, so do their utility in higher dimensional and organ scale simulations, as 
discussed further below. 

I.3.2    3D models of the atria

Single cell models of atrial electrophysiology have significantly contributed to 
increase our understanding of the cellular mechanisms of arrhythmia and 
underpinning novel pharmacotherapeutic targets (Heijman et al., 2015). 
However, multiscale models of the atria are necessary to understand the 
complexity of atrial arrhythmias and capture the essential dynamics of this 
disease. This need is accentuated by challenges associated with obtaining reliable 
AF activation maps, especially in patients, which has pressed the need for more 
elaborate in silico whole atrial models. Three-dimensional (3D) models of atrial 
electroconduction have been developed to enable simulation of normal atrial 
function and arrhythmogenesis in the context of full structural complexity of the 
atrial geometry, and incorporating many of the regional electrical heterogeneities 
present in the intact organ.  

Electrical heterogeneities in the atria are mainly characterized by regional 
variations of ion current and connexin expression. However, as human data are 
sparse, these regional differences are generally incorporated from studies 
conducted in other species, mostly canine. The complex structural 
heterogeneities in the atria are also challenging to accurately represent in 
computational models, but are believed to be important for the understanding of 
AF dynamics. Thus, in recent years a considerable amount of effort has been 
devoted to the incorporation of detailed anatomic, structural and 
electrophysiological information in the modeling pipeline. 

I.3.2.1    Incorporating heterogeneity into 3D models of the atria

The first attempts to develop 3D models of the atria relied on simplistic 
geometries with limited anatomical detail, such as spherical surfaces (Blanc et 
al., 2001), or geometrical surfaces designed to resemble the atria (Harrild and 
Henriquez, 2000; Ruiz-Villa et al., 2009; Vigmond et al., 2003). Additionally, 
most of these first models did not consider regional differences in 
electrophysiology (Blanc et al., 2001; Harrild and Henriquez, 2000; Virag et al., 
2002). In their first stage of development, 3D models of the atria were mostly 
focused on the role of atrial geometry and structural heterogeneity on the 
development of a proarrhythmic substrate (Blanc et al., 2001; Harrild and 
Henriquez, 2000; Virag et al., 2002). Although useful in discerning the basic 
mechanisms underlying atrial arrhythmias, these studies recognized the importa- 
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-nce of incorporating electrical and more detailed structural heterogeneity into 
the models in order to faithfully reproduce complex arrhythmogenic patterns. 
Vigmond et al. (Vigmond et al., 2003) presented thefirst atrial model, a canine 
model, containing all the major structural features of the atria, electrical 
propagation according to fiber orientation (constructed with a series of 
interconnected cables), AP heterogeneity, and electrical remodeling. The study 
provided new insight into the role of structural and electrical heterogeneity of 
atrial tissue on reentry and fibrillation maintenance, and confirmed the 
importance of including electrophysiological variations in atrial tissue models. 

Since these earlier efforts, regional differences in AP morphology have typically 
been incorporated by varying ion channel maximum conductances and gating 
variables of the Courtemanche hA-CM model. Figure 6 shows an example of 
different AP morphologies in the different regions of the atria modeled in this 
way (Colman et al., 2013). These are mainly due to differences in expression of 
IKr, IKs, Ito, IKur, IK1, and ICaL. We will not describe these regional characteristics 
in detail, but a comprehensive overview of current densities and APD in the 
different atrial regions, and of the original experimental data sources, can be 
found in (Krueger et al., 2013). With these model variants as a baseline for 
electrical variation throughout the atria, it has been possible to begin 
understanding the role of electrophysiological heterogeneity both in normal atrial 
activation, and in AF arrhythmogenesis. During normal activation, the gradient 
in APD from the sino-atrial node (SAN) towards the atrio-ventricular node 
(AVN) and the left atrium (LA) (Ridler et al., 2006), is thought to facilitate 
conduction from the SAN towards the AVN and impede uni-directional 
conduction block during normal sinus rhythm. However, the role of these APD 
gradients in atrial arrhythmias is not fully understood, and the manner in which 
change associated with AF electrical remodeling contribute to arrhythmia is very 
complex (Colman et al., 2013). Patchy tissue heterogeneities in left versus right  
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atria are known to promote AF initiation (Luca et al., 2015), and it has often 
been suggested that left-right gradients in ion current expression increase 
dispersion of refractoriness and thereby promote reentrant substrate (Voigt et 
al., 2010). However, computational studies of the effect of right-left APD 
gradients in a canine model has found these gradients to be a protective 
mechanism against reentry, while increasing the complexity of arrhythmia 
patterns (Ridler et al., 2006, 2011). These studies highlight the complex effect 
of atrial heterogeneities and the need for a systematic characterization of the 
role of spatial variation of cell and tissue properties in AF. 

In addition to the varying AP morphology, the atria present significant regional 
differences in conduction velocity and fiber orientation. These differences can be 
represented in models by spatially varying tissue conductivities according to 
tensor vectors obtained from fiber direction information. Fiber direction can be 
obtained with rule based methods (Aslanidi et al., 2011; Colman et al., 2013; 
Seemann et al., 2006), based on anatomical data obtained from ex vivo 
diffusion-tensor imaging (Pashakhanloo et al., 2016), or histological slices 
(Butters et al., 2013; Tobón et al., 2013). 

Seemann et al. (Seemann et al., 2006) published the first model implementing 
realistic full 3D atrial geometries with regional heterogeneity. This model 
incorporated heterogeneity based on both human and animal experimental data 
of several atrial structures: Crista terminalis (CT), pectinate muscles (PM), 
Bachmann’s bundle, atrial working myocardium, atrial appendage, and SAN.  

More recently, Krueger et al. (Krueger et al., 2013) developed an extended 
model with patient-specific anatomical data and additional segmentation of 
atrial regions: the pulmonary veins (PVs), atrial septum, the tricuspid valve 
ring, the mitral valve ring, and the fossa ovalis. Colman et al. (Colman et al., 
2013) have also published a similarly comprehensive model of the whole human 
atria incorporating both local heterogeneities and AF remodeling. Figure 7 
shows examples of 3D atrial models constructed via regional segmentation and 
incorporating heterogeneous AP morphologies (Figure 7A). Segmentation into 
different regions is often carried out manually based on known anatomical 
features. 

Given the relative abundance of animal data sources, computational models of 
animal atria anatomy and electrophysiology are an important tool for studying 
arrhythmia mechanisms. Therefore, models of other animal species have also 
been developed, such as the rabbit atrial model from Aslanidi et al. (Aslanidi et 
al., 2009), the canine models from Colman et al. (Colman et al., 2014) and 
Varela et al. (Varela et al., 2016), and the sheep model from Butters et al. 
(Butters et al., 2013). All these models have contributed to further elucidating 
of the mechanisms underlying atrial arrhythmogenesis, and exemplify the  
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importance of considering models of other animal species, integrating available 
experimental data, in studies of AF mechanisms and in the discovery of novel 
therapeutic approaches (Nishida et al., 2010). Other 3D models of human atria 
developed in recent years have been reviewed in (Dössel et al., 2012). 

I.3.2.2    Importance of modeling heterogeneities in AF studies

Several modeling studies have shown the importance of considering realistic 
anatomical structures, fiber orientation, and AP heterogeneity in the initiation 
and maintenance of reentry in both human (Colman et al., 2013; Krueger et al.,  

2013; Luca et al., 2015; Seemann et al., 2006; Zhao et al., 2017) and animal 
models (Aslanidi et al., 2009; Butters et al., 2013; Varela et al., 2016). Studies 
have shown the role of anisotropy, mainly due to fiber orientation, in 
maintenance of AF, and the role of electrical heterogeneity in the initiation of 
AF (Butters et al., 2013). In particular, it has been shown that the abrupt 
anisotropy in fiber orientation between the posterior LA and the PVs is critical 
for wave break leading to reentry (Klos et al., 2008). 

Butters et al. (Butters et al., 2013) were the first to investigate computationally 
the mechanisms of initiation and maintenance of AF by describing the individual 
contributions of electrical heterogeneity and anisotropy, employing an 
anatomically detailed model of the sheep atria with regional AP variation. This 
study confirmed that the abrupt changes in tissue anisotropy between the LA 
and PVs provide an important AF substrate. This was primarily due to the 
complexity of the fiber structure of the PV region and the RA (in particular, the  
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physiological (blue) and AF-remodeled conditions (red), obtained with the Courtemanche model. 
From (Krueger, 2013). Creative Commons Attribution License BY-NC-ND. B) Regional 
segmentation of an atrial sheep model into Right Atrium (RA), Left Atrium (LA), Pectinate 
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CT and PMs), as compared to the LA, which is relatively homogeneous. More 
recently, Zhao et al. (Zhao et al., 2017) extended human 3D models by 
incorporating transmural fibrosis, atrial wall thickness, and 3D myofiber 
architecture, based on ex vivo functional and structural imaging of the atria. 
This study found that the structural characteristics of regions driving AF were 
characterized by intermediate wall thickness and fibrotic density, as well as 
twisted myofiber structure. 

Although data supports the involvement of atrial fibrosis in the development of 
AF, whether this is a cause or consequence of AF is still an open question 
(Schotten et al., 2016). A study on post-mortem human samples from several 
locations of the atria supported the existence of a correlation between the 
extent of atrial fibrosis and fatty tissue infiltrations, and the development and 
severity of AF (Platonov et al., 2011). Simulation studies have contributed with 
some insight into the role of fibrosis in AF development. For example, Maleckar 
et al. (Maleckar et al., 2009a), showed that CM excitability, repolarization, and 
rate-adaptation properties are strongly modulated by CM-myofibroblast 
electrotonic coupling, in particular the strength of coupling, number of coupled 
myofibroblasts, and the pacing rate. These findings suggest that myofibroblast 
proliferation during structural remodeling may exacerbate repolarization 
heterogeneities and decrease tissue excitability, thus facilitating abnormal 
conduction patterns (e.g. conduction block) and the development of a reentrant 
substrate.  

McDowell et al. (McDowell et al., 2013) included the effect of fibrotic lesions on 
the initiation and progression of AF in a whole atrial model, finding that atrial 
fibrosis contributes to dispersion of APD due to gap-junction remodeling, as 
well as to the proliferation of myofibroblasts. The study showed that the latter 
was a sufficient condition for unidirectional conduction block following an 
ectopic beat from the PV region, while myofibroblast proliferation in the 
fibrotic region was sufficient to trigger reentry. In agreement with the previous 
study by Maleckar et al. (Maleckar et al., 2009a) they found that the presence 
of myofibroblasts in the fibrotic region caused alterations of the transmembrane 
potential, in particular, shortening of APD and elevation of RMP, and these 
changes were exacerbated by the presence of collagen deposition. However, their 
proposed mechanism by which myofibroblasts cause inhomogeneous conduction 
slowing was through the remodeling of the potassium currents responsible for 
the repolarization phase of the AP, rather than by electrotonic effects resulting 
from the formation of direct connections between the myofibroblasts and CMs. 
Another computational study from the same group including the effects of atrial 
fibrosis, concluded that initiation of AF is independent of pacing location, and 
instead depends on the distance between the pacing location and the closest 
fibrotic region (McDowell et al., 2015).  

�69

In silico atrial modeling



 

Although much is still unknown about the role of structural and 
electrophysiological heterogeneities in AF, computational studies have 
contributed to the systematic characterization of the mechanisms of 
arrhythmogenesis. In some cases, these have highlighted the importance of 
patient-specific aspects for clinical therapy, as, for instance, the role of patient-
specific fibrosis patterns for guiding catheter ablation procedures (McDowell et 
al., 2015). 

I.4 Computational pharmacology in AF 

I.4.1    Lessons from existing rhythm control strategies in AF

The available compounds and therapeutic guidelines for AF cardioversion 
provide important context for AF drug design, and highlight key points of 
lacking knowledge that may be aided by computational approaches. Effective 
compounds include class III agents predominantly modulating potassium 
channels (amiodarone/dronedarone, intravenous ibutilide, vernakalant [in 
Europe], dofetilide, and sotalol), and class Ic antiarrhythmics primarily targeting 
sodium channels (flecainide, propafenone). Most often these compounds are 
administered intravenously in the early stages of AF to achieve cardioversion, 
but flecainide and propafenone are also used orally as pill-in-the-pocket 
strategies. A critical consideration for choosing among these options is whether 
structural disease is present. Flecainide and propafenone are contraindicated for 
all NYHA heart failure classes, while ibutilide and vernakalant are inappropriate 
for patients with class III-IV disease. These specific characteristics of therapy 

and contraindications provide an important general hierarchy for understanding 
the links between the mechanisms of drug action and their clinical utility in AF. 

First, agents with QT prolonging actions are broadly contraindicated, as even 
relatively subtle effects on ventricular APD limit their use in AF treatment due 
to high comorbidity with structural disease. Additionally, Na+ channel 
antagonists may be effective if they do not simultaneously reduce the atrial 
ERP or increase QT (thus eliminating both classes Ia and Ib). It is likely that 
the efficacy of class Ic agents is largely due to prolonged ERP accompanying 
their slow dissociation kinetics, which promotes termination of spiral wave 
reentry (Comtois et al., 2005; Kneller et al., 2005), but they may also limit 
triggering ectopy particularly early in disease development (Liu et al., 2011; 
Watanabe et al., 2009). Lastly, non-cardiac contraindications and drug 
interactions are a significant consideration, particularly for anticoagulant 
therapy, a core prophylactic for AF-induced thrombosis.  

Given these core characteristics of drugs with established efficacy, major current 
AF strategies can be classified into two broad groups: (1) those that focus on 
extending the atrial ERP through atria-specific K+ channel targeting, (2)  
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combined therapies that leverage multi-target outcomes and minimize 
contraindications. In the case of ERP modulators, the key challenge is to 
improve atrial selectivity and reduce non-cardiac contraindications. For this 
reason channels that contribute to atrial repolarization but have little role in 
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the ventricle (e.g. IKur, IK,Ca, IK,Ach) are the most attractive targets. Approaches 
targeting Ca2+-handling are largely mechanism-driven, and address disturbances 
to calcium homeostasis, particularly via RyR hyperactivity and calcium 
overload secondary to dysregulated Na+ homeostasis and CaMKII signaling 
(Heijman et al., 2015). Finally, recently developed multi-target therapies 
particularly seek to combine the efficacy of Na+ channel blockade with 
repolarization modulators to generate ideal compound profiles (Ni et al., 2017).  

Computational approaches are being applied to all of these avenues. Below we 
briefly review major computational methods applied to rational drug design, 
and then highlight approaches where simulations may be crucial in integrating 
information taken from high-throughput screening, and traditional in vitro and 
in vivo electrophysiology. 

I.4.2    Pharmacological modeling approaches

Modeling drug interactions can start at the molecular level with molecular 
docking or dynamic simulations to test small molecule binding sites and 
structural protein changes. These approaches are attractive because they permit 
estimation of binding affinities (and kinetics in some cases) based on available 
3D-structures. However, the availability of these structures has traditionally 
been quite limited for ion channel targets, largely due to difficulties in 
crystallizing transmembrane proteins. With recent advances in cryoelectron 
microscopy, structure-based drug discovery for  integral membrane targets is 
quickly gaining traction (Lengauer and Rarey, 1996; Meng et al., 2011; Shoichet 
et al., 2002; Yarov-Yarovoy et al., 2014), and is thought to hold great promise 
as a support for drug development in the future.  

Besides modeling molecular binding sites, one may focus on functionally-driven 
drug-ion channel interactions, based on the classical Hodgkin and Huxley (HH) 
formalism or more recent Markov modeling formulations. These approaches are 
largely independent of protein structure, and instead focus on measurable and 
assumed functional states of the ion channel or transporter, based on in vitro 
patch clamp data. Functional inhibition or enhancement of the target due to 
disease-related alterations or drug binding is represented in computational 
models by changes in ion channel conductance, gating, and state dependent 
kinetics. Markov models of ion channels have the advantage of being able to 
more accurately represent inter-dependence of state transitions which can 
considerably impact the outcome of drug binding simulations. However, Markov 
models of many ion channels require further development, and are often subject 
to insufficient data or contradictory parameterization requirements when trying 
to fit multiple experimental data sets. 
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I.4.3    Modelling specific ion channels as drug targets

As mentioned above, various potassium channels are remodeled during AF and 
several of them are almost only expressed in the atria (IKur, IK,ACh and IK,Ca) 
(Hancox et al., 2016; Ravens and Christ, 2010). Pharmacological inhibition of 
these channels prolongs the AP and therefore extends the atrial ERP. Below, we 
focus on computational approaches to understanding the pharmacology of the 
range of potassium channels that are still considered viable targets for AF 
rhythm control. 

I.4.3.1    IKr

IKr is expressed in both human atria and ventricles, and its inhibition prolongs 
APD in both regions. While IKr block remains a viable strategy for AF targeting, 
it presents many challenges of ventricular contra-indication. Dofetilide, is an 
example of a drug that specifically blocks IKr, and was approved for AF 
treatment (Elming et al., 2003), but for which safety remains a significant 
concern (Abraham et al., 2015; Cho et al., 2017; Mounsey and DiMarco, 2000). 
For this reason, computational approaches are an attractive means for screening 
compounds with atrial-selective of targeting of IKr, but so far this goal has not 
been addressed convincingly. Below we highlight, several aspects that should be 
considered when applying computational approaches to address the role of IKr 
antagonists in AF. 

The manner in which IKr targeting compounds promote ventricular AP and QT 
interval prolongation is a topic of major interest in toxicology screening, and we 
will not cover it comprehensively here. However, it is worthwhile noting that a 
classical parameter for characterizing the ventricular arrhythmogenicity of IKr-
targeting compounds, reverse-rate-dependence, is also important in atrial drug 
design. Strong frequency-dependence is highly desirable for AF cardioversion due 
to very high frequencies of tissue activation during AF. As such, modeling 
approaches that do not permit accurate assessment of this characteristic are of 
limited value. To this end, the commonly used Courtemanche model does not 
reproduce the reverse-frequency-dependency of IKr block on atrial APD 
(Tsujimae et al., 2007). By adding a slow activation parameter to the Hodgkin- 

Huxley model formulation, Tsujimae et al. (Tsujimae et al., 2007) reproduced 
the inhibition dynamics and the frequency dependence of known IKr blockers 
(Quinidine, Vesnarione and Dofetilide). More recent models have attempted to 
define IKr pharmacology in a more detailed manner. For example, Li et al. first 
developed a detailed Markov model (Li et al., 2016) of IKr gating, and then 
embedded it in the O’Hara-Rudy hV-CM model to provide a basis for 
characterizing compounds with known and varying TdP risk (Li et al., 2017). As 
a result they found that a mechanism of trapping in the hERG pore (carrier of 
the IKr current) created a better predictability of TdP risk by IKr inhibitors. 
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Applying models of this detail in atrial and ventricular CM models may provide 
a basis for better establishing the potential of IKr blockade for targeting of AF. 
We are not aware that such an approach has been pursued to date. 

I.4.3.2    IKur

Due to atria-specific expression, pharmacological inhibition of IKur allows for 
atrial selective APD prolongation with minimal adverse effects in the 
ventricles(Nattel and Carlsson, 2006). Experimental investigation of IKur and 
pharmacological properties is complicated by the lack of drug selectivity and 
overlap of IKur block with other currents, such as Ito (Ravens and Wettwer, 2011). 
Furthermore, first clinical trials have controversially shown no decrease in AF 
burden in patients upon treatment with an IKur blocker (Shunmugam et al., 
2018).  

Experimental complications can be overcome by using in silico models to assess 
IKur involvement in AF and AF treatment. Tsujimae et al. (Tsujimae et al., 2008) 
computationally investigated the voltage- and time-dependent block of IKur to 
mimic experimental drug inhibition and effects on AP characteristics. In 
simulations incorporating AF remodeling, they showed overall APD prolongation 
for a blocker with fast association kinetics and frequency-dependent APD 
prolongation when association kinetics were slow, particularly when dissociation 
was also slow. 

Computational approaches have also been used to define the kinetic properties of 
the ideal IKur antagonist: maximum effect in disease, minimum effect in healthy 
cells and no (non-cardiac) adverse effects. Ellinwood et al. (Ellinwood et al., 
2017b) used a 6 state Markov model of IKur fitted with voltage clamp data from 
hA-CMs and expanded the model with drug-bound states. Incorporating the 
detailed channel model and drug interactions in the Grandi hA-CM model 
enabled in silico assessment of necessary drug characteristics, showing that drug 
binding to both open and inactive states yields the largest prolongation of APD  

and ERP. This inhibition was most efficient at intermediate rates of association, 
and exhibited similar positive-frequency-dependence independent of binding 
mode (Ellinwood et al., 2017a, 2017b). These simulations have largely supported 
the perspective that IKur is an attractive AF target, and future simulations are 
likely to be useful for assessing whether the specific binding characteristics and 
multi-target effects of specific IKur blockers are capable of realizing this potential. 

I.4.3.3    IK,Ach

IK,ACh is selectively present in the atria and thus may hold potential as an AF 
treatment target (Ehrlich et al., 2008). Its response to acetylcholine is decreased 
in cAF (Dobrev et al., 2001), exhibiting constitutive activity (Dobrev et al., 2005; 
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Ehrlich et al., 2004). Single channel patch clamp experiments of IK,ACh expressed 
in canine atrial CMs suggest an increase in opening frequency and open 
probability after tachycardia-induced remodeling, while open-time, channel 
conductance, and membrane density were unchanged (Voigt et al., 2007). 
Bingen et al. (Bingen et al., 2013) showed that IK,ACh blockade decreased 
restitution-driven alternans, reduced AF inducibility, and promoted AF 
termination in rat atrial CM cultures and intact atria. These findings agree 
with tertiapin block of IK.ACh prolonging ERP and terminating AF in a canine 
model (Hashimoto et al., 2006).  

The importance and involvement of IK,ACh in human atrial electro-physiology 
and fibrillation is well established, but computational models of this channel are 
still limited. The models of IK,ACh in human atria are based on various data 
sources, but show a similar and prototypical involvement in the atrial AP: 
activation of IK,ACh results in hyper-polarization and pronounced AP 
abbreviation. Maleckar et al. (Maleckar et al., 2009b) implemented the IK,ACh 
based on patch clamp experiments in canine atria (Kneller et al., 2002) and 
extended it with dose dependency. The first model of incorporating IK,ACh based 
on human data was the Grandi model (Grandi et al., 2011), yielding the 
expected dose-dependent reduction in APD and CaT amplitude with increasing 
concentration of acetylcholine. 

Pharmacological block of IK,ACh in in vitro and ex vivo experiments showed 
promising anti-arrhythmic effects. However, recent studies have found IK,ACh 
block to be ineffective both in increasing the left-atrial ERP in vivo 
(Walfridsson et al., 2015) and reducing AF burden in clinical trials (Podd et al., 
2016). Pharmacological effects and pathways activated by acetylcholine that are 
currently not implemented in the existing computational models (e.g. crosstalk 
with CaMKII and β-adrenergic stimulation) might explain the disagreement 
between in vitro, in silico, and clinical studies. In silico investigation may help 
to resolve these discrepancies, and confirm whether this ion channel holds 
potential as an AF target. Future computational work should address these 
possibilities, and better describe the effects of regional heterogeneity in IK,ACh 

expression and acetylcholine release in the atria, as the role of these ion 
channels in spatial aspects of parasympathetically driven AF remains poorly 
understood. 

I.4.3.4    IK,Ca

All subtypes of SK (SK1-3), carrying IK,Ca, have been found in the atria, with 
SK2 and SK3 exhibiting the most atria-specific expression in human cells 
(Skibsbye et al., 2014; Tuteja et al., 2005; Xu et al., 2003). SK3 encoded by 
KCNN3 has also been genetically associated with AF (Ellinor et al., 2010; 
Olesen et al., 2011). The role of SK channels in AF progression appears especia- 
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-lly interesting since recent in vivo animal studies have showed that their 
inhibition can reduce the duration of, or even protect against, pacing-induced 
AF (Diness et al., 2010, 2011, 2017; Haugaard et al., 2015; Skibsbye et al., 2011). 
However, some studies have also suggested a proarrhythmic effect of SK current 
inhibition (Hsueh et al., 2013). At the cellular level, SK inhibitors NS8593 and 
ICAGEN induce APD prolongation in hA-CMs (Skibsbye et al., 2014), 
supporting a role for SK channels in atrial repolarization and encouraging the 
development of SK-antagonists as an anti-arrhythmic strategy. Indeed, the first 
clinical trial with an SK inhibitor for AF treatment has recently been announced 
[www.acesionpharma.com/news.php]. 

Inhibitors NS8593 and ICAGEN induced APD prolongation in hA-CMs, showing 
the involvement of SK channels in atrial repolarization and encouraging its use 
as an anti-arrhythmic drug target. Indeed, the first clinical trial with an SK 
i n h i b i t o r f o r A F t r e a t m e n t h a s r e c e n t l y b e e n a n n o u n c e d 
[www.acesionpharma.com/news.php].  

At the pharmacodynamic level, drug-dependent regulation of SK function has 
been established for several different drugs, but the mechanisms and binding 
sites are still being examined (Dilly et al., 2011; Weatherall et al., 2010, 2011). 
In canine atria, inhibition of the SK channels by UCL1684 or apamin prolonged 
APD (Rosa et al., 1998). Even though the SK channel is a promising target for 
AF treatment, most drugs targeting SK channels have been shown to have 
significant affinity for other ion channels (particularly IKr), and as such have 
often fallen victim to toxicological exclusion. 

The most detailed computational modeling effort of SK channels to date has 
focused on incorporating dynamics from single channel patch clamp experiments 
in rat SK2 (Hirschberg et al., 1998). This study established two Markov gating 
binding schemes, each consisting of four closed and two open states, which differ-  
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-entiated two modes of channel gating associated with different mean open 
probabilities. These models recapitulate observed kinetic components of Ca2+-
dependent activation and the varied macroscopic open probabilities of single 
channels, and thus provide a mechanistic basis for interrogating state-dependent 
drug interaction with SK. However, a comprehensive understanding of SK 
channel gating is still lacking, particularly 

as it relates to heteromeric channels, signaling-dependent effects, and to explain 
the apparent modal gating observed by Hirschberg et al. Additionally, in the 
context of the intact atrial CM, subcellular localization and possible colocaliza-  

-tion with calcium sources or regulatory proteins remains largely unknown, and 
is surely important for constructing realistic whole cell models incorporating SK 
function (Dolga et al., 2013; Ren et al., 2006; Zhang et al., 2018). 

There is currently no cardiac-specific computational model that represents both 
the complex kinetics and pharmacology of SK channels, and their interaction 
with cardiac Ca2+ dynamics. A detailed computational model of the SK channel 
would enhance our ability to interrogate both the pharmacologic targeting of 
SK, and the fundamental physiology of SK currents in the atria and in AF. In 
combination with a hA-CM model with realistic definition of subcellular Ca2+ 
gradients in healthy and AF CMs, the antiarrhythmic effect of SK channels can 
be probed and drug development optimized. 

I.4.4    Multi target drug modeling

The strategies described in the previous section focused on specific potassium 
channels. While these approaches provide simplicity of interpretation, it is well 
known that virtually all drugs in clinical use have multiple targets in the 
therapeutic dose range. In some contexts, these effects are thought to be 
counterproductive, and in others they appear advantageous. AF is a disease 
that has been particularly well targeted by the so-called ‘dirty drugs’, namely 
amiodarone, dronedarone, and most recently in Europe, vernakalant. Various 
research fields take advantage of multi-target drug design to discover new 
treatment options or targets (Koutsoukas et al., 2011; Ma et al., 2010). In AF 
and other cardiac diseases, existing knowledge has been largely incorporated in 
computational models, and provides a strong basis for guiding these multi-
target therapies.  

In general, amiodarone, dronedarone and vernakalant are thought to be 
effective in AF for their ability to prolong the atrial ERP through multiple 
modes of action (Ni et al., 2017), and also to a lesser extent through inhibiting 
triggered activity via INa inhibition. Using these drugs as a base, an effort is 
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now being made both computationally and experimentally to define idealized 
compounds (or personalized multi-therapy approaches), where dual INa and IK 
targeting may yield the best therapies. In the case of vernakalant, the primary 
potassium current target is IKur, while for amiodarone/dronedarone it is IKr 
(Heijman et al., 2016). To this end, recent efforts have established a useful line 
of computational work to describe what idealized versions of these multi-target 
schemes may be. First, a key requirement was to understand how to limit 
adverse effects of Na+ channel block by optimizing state-dependent block, as 
shown by (Aguilar-Shardonofsky et al., 2012). Following this, the same group 
showed improved theoretical AF selectivity by combining Na+ current inhibition 
with IKr or putative IKur inhibition (Aguilar et al., 2015)). Combined INa/IKr 
block improved atrial selectivity over INa alone, but still exhibited ventricular 
outcomes (Aguilar et al., 2015). Both that study, and a subsequent investigation 
only concerning combined INa/IKur inhibition (Ni et al., 2017), established that 
selective IKur blockade could be combined with idealized INa block to provide 
more atria-selective antiarrythmic properties than is achievable via dual INa/IKr 
targeting. Adding some complexity to the clinical interpretation of these 
approaches, Morotti et al. (Morotti et al., 2016) applied a detailed Markov 
model to assess the ability of ranolazine to prevent AF re-initiation by blocking 
INa reactivation. Like amiodarone, ranolazine is a known antagonist of both INa 
and IKr, and while only the INa interaction was modelled in that study, their 
results suggest that multiple types of INa antagonism should be considered for 
permitting atrial-selectivity. 

Additional novel targets, including those described above, as well as calcium 
handling targets, such as RyR, are likely to offer additional potential through 
multi-target approaches, particularly once disease-stage specific aspects of AF 
pathophysiology are better understood. It is already known that the class 1c 
compounds flecainide and propafenone have RyR blocking activity, which is 
thought to contribute to their ventricular efficacy (Galimberti and Knollmann, 
2011; Watanabe et al., 2009, 2011). In silico models will surely be necessary for 
integrating and further characterizing these multi-target outcomes, and thereby 
find the most suitable treatment option and guide drug development for various 
stages of AF. 

I.5    Modeling variability and uncertainty at the cell level
In silico drug-screening studies have typically been based on a mechanistic 
approach where the effect of drug binding is simulated by altering the 
conductance or the gating kinetics of the target ion channel, as detailed in the 
previous section. More recently, studies of the mechanistic effects of drug 
binding on CM electrophysiology have been combined with approaches that 
allow incorporating natural variability into CM models. This methodology is 
based on the previously proposed so-called ‘Population of Models’ (PoMs) 
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approach for the study of arrhythmia mechanisms. Simulation studies 
incorporating the effect of drugs in populations of ventricle myocyte (Passini et  

al., 2017) and induced pluripotent stem cell-derived CM models (Gong and 
Sobie, 2018) have shown that incorporating variability into the modeling 
pipeline allows for a more robust analysis of model predictions. For instance, 
the proarrhythmic effects of disease-related remodeling, and drug binding in 
cardiotoxicity studies of anti-arrhythmic drugs. Although similar studies with 
atrial myocyte models are still lacking, in silico AF pharmacotherapies can 
substantially benefit from these approaches. 

I.5.1    Sources of variability

As discussed in the section 3.2, atrial tissue has natural regional heterogeneity 
both at the cell and tissue (structural) levels. Furthermore, experimental 
findings have revealed a wide variability in measured APs and ionic current 
densities that cannot be attributed to regional variations. This intrinsic 
variability has been demonstrated in numerous reports of experimental data on 
atrial electrophysiology, both in healthy and pathological conditions, and 
spanning from the single cell to organ levels. Variability in experimental data 
has been observed in electrophysiological measurements of both different 
individuals (inter-subject), and CMs of the same individual (intra-subject). This 
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Figure 8: Population of models approach to modelling drug binding effects of Dofetilide and 
Flecainide on repolarization abnormalities with an atrial myocyte model. APs (left) and calcium 
transient (right) traces of Dofetilide (A) and Flecainide (B) at 10-fold free plasma concentration 
are shown. Black lines represent the baseline (control) model, light blue traces represent all 
models in the populations, and dark blue lines show the models that presented repolarization 
abnormalities. Simulation results were published in preliminary form in abstract at the Cardiac 
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arises from several sources, in particular, varying expression levels and post-
transcriptional changes of ion channels, leading to variable ionic current 
densities, and of calcium handling proteins in CMs. Additional variability arises 
from local differences in cellular morphology and shape, and even from circadian 
rhythms. For a more detailed overview of sources of variability and uncertainty 
in experimental measurements and models of cardiac electrophysiology see 
(Johnstone et al., 2016; Muszkiewicz et al., 2016). 

I.5.2    Population of models approach 

Single cell models are typically constructed by fitting the model to average 
values of experimental measurements, with the aim of deriving a single 
representative model. The available experimental data have permitted the 
development of increasingly detailed and refined mathematical hA-CM models. 
However, the fact that these models are matched to specific data sources, 
obtained under different experimental settings, often results in families of models 
that are overfitted to a single source of experimental data. As mentioned above, 
electrophysiological properties, such as APD, RMP, and repolarization reserve, 
may vary substantially between the different model lineages, which raises 
questions about their applicability in a general setting. The degree of reported  
variability differs between different ion channels and cellular components, with 
values as high as 200% for certain parameters (Johnstone et al., 2016). 

In order to capture the variability observed in experimental data, the PoM 
approach has been proposed for the study of cellular electrophysiological 
mechanisms. This approach, first introduced by Prinz et al. (Prinz et al., 2003) 
to model neurons, generally refers to a set of models sharing the same ionic and 
molecular formulations, but with variable parameters to reflect uncertainty and 
observed variability in experimental measurements of the biomarkers. Allowing 
multiple parameters to vary within large ranges can easily lead to 
unphysiological models, and thus the PoMs typically need to be calibrated. The 
calibration step can be experimentally-driven, by using experimental data to set 
the boundaries of maximum and minimum values of APD (or other biomarkers) 
allowed in the population. An alternative approach, when experimental data is 
not available, consists of using the distributions of chosen AP characteristics to 
select models. 

The PoM approach may uncover new emergent phenomena that are not 
observed in the traditionally single “averaged” model (Lee et al., 2013; Sánchez et 
al., 2014; Sobie, 2009). Another application is to use PoMs in combination with 
sensitivity analysis to uncover the ‘global‘ effect of model parameters on 
arrhythmogenic behavior, such as ectopic activity, and reentry. 
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I.5.3    Extending PoM to incorporate drug effects 

One major advantage of using PoMs is that it allows to study the effect of 
drugs on a wide range of cellular phenotypes and thus provides a better 
prediction tool of the effect of drugs on the ionic currents. This can be done 
both in control conditions, and incorporating drug binding effects. 

The PoM approach has become part of the routine when assessing drug risk 
with computational models. It has also been adopted by the CiPA initiative as 
part of the framework for assessing the risk of TdP development in ventricular 
CMs under antiarrhythmic drug treatment (Colatsky et al., 2016). The 
combination of PoM approach and drug binding offers a tool for systematically 
assessing pro-arrhythmic risk of drugs including inter- and intra-subject 
variability and tissue heterogeneities. Studies have suggested that 
comprehensive CM models incorporating variability and uncertainty can 
provide more robust and reliable arrhythmia risk markers and metrics 
(Johnstone et al., 2016; Passini et al., 2017; Pathmanathan et al., 2015; Vagos 
et al., 2017). Figure 8 illustrates the use of the PoM approach in the 
assessment of the effects of two commonly used drugs in AF rhythm control, 
Dofetilide and Flecainide, on repolarization instabilities (here considered as 
either failed repolarization or afterdepolarizations). The PoM was constructed 
by varying the density of the major ionic currents in a hA-CM model 
(Skibsbye et al., 2016). This study indicated an increased incidence (or 
probability) of repolarization abnormalities in the populations with both drugs 
(dark blue to light blue traces ratio), with a 10-fold free plasma concentration, 
while the baseline (black traces) was mostly unaffected. This example 
showcases the advantage of using a PoM approach instead of a single averaged 
model in predicting drug binding outcomes. 

Thus, PoMs provide a useful platform for the systematic study of arrhythmia 
mechanisms at both the single cell and tissue levels, and to obtain a more 
robust mechanistic insight into, and prediction of drug action on repolarization 
instabilities, triggered activity, and reentry.  

I.6    Concluding remarks and future perspectives 
• Computational modeling of AF has progressed rapidly in the past two 

decades and has yielded a body of knowledge surrounding AF disease 
complexity that could not have been achieved with experimental 
approaches alone. Although current models are generally oversimplified and 
computational approaches are not yet truly multiscale with respect to 
pharmacology, aspects of current approaches, such as idealized drug 
modeling, are critically involved in the cycle of hypothesis generation and 
testing.  
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• As described in section 4, much work still needs to be done in order to 
develop functionally detailed models of the ion channels thought to offer 
therapeutic potential in AF. These models, and the cell models in which they 
are tested, will rely upon new experimental data, not just of the drug-channel 
interaction but also key aspects of AF pathophysiology, particularly the time 
course of mechanistic changes during disease progression. New experimental 
data on the metabolic pathways, such as signaling cascades and 
phosphorylation of regulatory proteins, involved in remodeling processes and 
calcium homeostasis dysfunction could be a meaningful addition to hA-CM 
models. This is especially relevant to models of advanced stages of AF, where 
pathological phenotype is largely an interplay of several concurrent 
mechanisms.  

• Methods that permit a more direct path from experimental characterization 
to model generation will improve efficiency and constrain uncertainty in the 
drug-target models. Structure-based approaches may eventually be very 
useful in this way. Integrated activities of experimentalists and computational 
scientists will also be essential to determine the most important knowledge 
for future modeling efforts, particularly as it relates to the stages of AF 
progression, and personalization. These efforts should be fostered, and cross 
the boundary between academic and commercial pharmacology. 

• Personalized approaches will eventually be the ultimate goal of model-based 
treatment, although in the short-term, applications outside ablation therapy 
are still relatively distant. Using models as a foundation for developing 
general rules about the interaction of pharmacologic targeting with geometric 
characteristics and disease-stage will provide an important intermediate step 
to the clinic, and one that can be approached in the short to medium term. 
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Abstract

Models of cardiac cell electrophysiology are complex non-linear systems
which can be used to gain insight into mechanisms of cardiac dynamics in both
healthy and pathological conditions. However, the complexity of cardiac models
can make mechanistic insight difficult. Moreover, these are typically fitted
to averaged experimental data which does not incorporate the variability in
observations. Recently, building populations of models to incorporate inter- and
intra-subject variability in simulations has been combined with sensitivity analysis
(SA) to uncover novel ionic mechanisms and potentially clarify arrhythmogenic
behaviors. We used the Koivumäki human atrial cell model to create two
populations, representing normal Sinus Rhythm (nSR), and chronic Atrial
Fibrillation (cAF), by varying 22 key model parameters. In each population,
14 biomarkers related to the action potential and dynamic restitution were
extracted. Populations were calibrated based on distributions of biomarkers
to obtain reasonable physiological behavior, and subjected to SA to quantify
correlations between model parameters and pro-arrhythmia markers. The two
populations showed distinct behaviors under steady state and dynamic pacing.
The nSR population revealed greater variability, and more unstable dynamic
restitution, as compared to the cAF population, suggesting that simulated cAF
remodeling rendered cells more stable to parameter variation and rate adaptation.
SA revealed that the biomarkers depended mainly on five ionic currents, with
noted differences in sensitivities to these between nSR and cAF. Also, parameters
could be selected to produce a model variant with no alternans and unaltered
action potential morphology, highlighting that unstable dynamical behavior
may be driven by specific cell parameters settings. These results ultimately
suggest that arrhythmia maintenance in cAF may not be due to instability in
cell membrane excitability, but rather due to tissue-level effects which promote
initiation and maintenance of reentrant arrhythmia.

II.1 Introduction

Cardiac tissue has long been recognized to behave as a highly complex dynamical
non-linear system. The non-linear nature of the interactions between cellular
and tissue components give rise to characteristic pathological behaviors observed
in the heart, such as cardiac alternans, spiral waves and spatiotemporal
chaos, ultimately leading to arrhythmia and fibrillation. Atrial and ventricular
arrhythmias, in particular, are linked to multiple mechanisms interacting in a
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non-linear manner on a number of temporal and spatial scales, ranging from
beat-to-beat to months and years, and from the subcellular to tissue levels[1]–
[4]. On a subcellular and cellular scale, alterations of ion channel and pump
distribution and function, intracellular ion dynamics, and metabolic pathways
are the main causes of abnormal excitability.

One particular emergent behavior of interest for the study of cardiac
arrhythmias is the adaptation of action potential (AP) to the pacing rate.
This property is manifested at both cell and tissue levels and is often represented
as the relationship between AP duration (APD) and the previous diastolic
interval or the pacing cycle length (PCL). Due to the so-called cardiac memory
of the excitable membrane, rate adaptation and restitution properties are highly
dependent on the initial conditions of the system. Depending on the pacing
protocol chosen and on the particular electrophysiology (EP) of the cell (i.e., ion
channel density and distribution), the APD restitution properties can either be
stable, i.e. decreasing monotonically with faster pacing, or multistable[5]. In
the latter case, the cell can enter a period-doubling bifurcation, which is seen
on the APD restitution curve as alternans, which are periodic alternations of
long-short APs. The presence of APD alternans is generally seen as an indicator
of cell instability, and has been shown to be often tightly linked to calcium
transient alternans, i.e. beat-to-beat fluctuations of the calcium transient (CaT)
amplitude from cycle to cycle[4], [6], [7].

Computational models constitute a powerful tool for studying the dynamics
and underlying mechanisms of arrhythmia initiation and sustenance, by providing
a quantitative framework to study the mechanisms underlying experimentally
observed behaviors. Computer models have also been widely used to test
new mechanistic hypotheses[8], [9] and to predict putative clinical outcomes of
pharmacological treatments, thus paving the way for in silico drug screening
and therapy planning[10].

Recent decades have shown numerous reports of experimental data on atrial
EP, both in healthy and pathological conditions, and spanning from the single cell
to organ. In parallel with the increasing amount of experimental data, a number
of detailed and increasingly refined mathematical models have been developed
for the atrial myocyte EP[11]–[15]. These models are typically constructed by
fitting the model to averaged values of experimental measurements, with the aim
of arriving at a single representative EP model. However, experimental findings
have revealed a huge variability in the measured action potentials and ionic
currents. These variations may result from different experimental conditions, i.e.
"noise", but may also be representative of inherent intra-subject or inter-subject
variability in the atria electrophysiology. The sources of the observed variability
may in part be attributed to differences in ion channel expression and dynamics,
in particular the ionic currents ICaL, Ito, IKur, IK1 and INaK [16], which are
among the most important currents in determining AP morphology.

In order to capture the variability observed in experimental data, an approach
based on a so-called “population of models" has recently been proposed for
the study of cellular electrophysiological mechanisms[17]. A population of
models generally refers to a set of models sharing the same ionic and molecular
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formulations, but with variable parameters to reflect observed variability in
experimental measurements of the biomarkers. Conducting in silico experiments
on populations of models allows the inclusion of inter- and intra-subject variability
in the model system, and may uncover new emergent phenomena that are not
observed in the traditionally single “averaged" model[16], [18], [19].

Sensitivity analysis (SA) is a technique that has been widely used in cardiac
cell models to assess which parameters in the model exert the most influence
on certain properties, and thus is particularly useful for studying dynamics
of populations of models. In cardiac cell models, these properties are usually
well-established EP markers, such as APD, AP amplitude, resting membrane
potential, upstroke velocity, and afterdepolarizations[16], [20]–[22].

A previous unpublished study using the Koivumäki model of the normal Sinus
Rhythm (nSR) atrial cell[23] has shown evidence of unstable alternans behavior
under dynamic pacing[24]. Simulations with the latest model version have shown
the presence of APD alternans at unrealistic slow pacing rates compared to what
has been observed experimentally. This bistable behavior is usually associated
with chronic Atrial Fibrillation (cAF), as alternans in cAF-remodeled hearts are
typically induced at much slower pacing rates as compared to nSR cells, and
show impaired rate adaptation (i.e. flattened restitution)[25]–[27]. This study
aims to correct the physiologically unrealistic APD alternans behavior during
dynamic pacing in this version of the Koivumäki human atrial cell model by
fine-tuning specific model parameters. Additionally, we aim to elucidate the
possible cellular mechanisms underlying APD alternans in both nSR and cAF
by using a combined populations of models and sensitivity analysis approach.

II.2 Methods

From the observation of the unstable behavior of the nSR model under dynamic
pacing, we wanted to fine-tune the baseline model to mimic experimentally
and clinically observed alternans behavior, while keeping the AP morphology
observed in nSR. After fine-tuning the model to correct for the APD alternans
behavior, we constructed and calibrated two populations of models representing
both nSR and cAF, and performed sensitivity analyses on the populations to
draw mechanistic conclusions regarding the influence of model parameters on
pro-arrhythmia biomarkers.

II.2.1 Generation and calibration of populations of models

We constructed a population of 1000 models using the Koivumäki atrial cell model
(2016) in nSR[23] by varying 22 parameter values using a Gaussian distribution
to randomly sample values around within ±30% of the baseline (σ=0.15). The
parameters that were varied and their baseline values are listed in Table II.1.
The population of single cell models was implemented and solved using the single
cell simulation environment BENCH (http://www.cardiosolv.com).

From the population, 14 single cell biomarkers were extracted, all based on
properties of the AP morphology, and the APD alternans behavior. A list of the
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Table II.1: List of varied model parameters and their definitions.

Varied parameters Baseline Definition
GCaL 0.13 nS/pF Maximum conductance of L-type calcium current
GNa 11.52 nS/pF Maximum conductance of sodium current

GK1 0.056 nS/pF Maximum conductance of inward rectifier
potassium current

GCab 0.00156 nS/pF Maximum conductance of background calcium current

GKr 0.104 nS/pF Maximum conductance of rapidly Activating
delayed rectifier Potassium current

GKs 0.0035 nS/pF Maximum conductance of slowly Activating
delayed rectifier potassium current

GKur 0.045 nS/pF Maximum conductance of ultra-rapid
delayed rectifier current

Gto 0.22 nS/pF Maximum conductance of transient outward
potassium current

GNaL 0.00702 nS/pF Maximum conductance of late sodium current
GKCa 0.072 nS/pF Maximum conductances of ionic currents
kSRleak 6e-6 ms−1 Rate of SR Ca2+ leak
ICaPmax 0.04 pA/pF Maximum flux of plasmalemmal ATPase Ca2+ pump
INaKmax 1.417 pA/pF Maximum flux of Na+-K+-exchanger
INaCamax 0.02 pA/pF Maximum flux of Na+-Ca2+-exchanger
RyRmax 0.0016 (ms·nL)−1 Maximum flux of ryanodine receptors (RyR)
RyRmaxss 0.9 (ms·nL)−1 Maximum flux of RyR in subsarcolemmal space

RyRtauadapt 850 ms Adaptation variable of RyR
RyRtauact 16 ms Activation time constant of RyR

RyRtauactss 4.3 ms Activation time constant of RyR in subsarcolemmal
space

RyRtauinact 74 ms Inactivation time constant of RyR

RyRtauinactss 13 ms Inactivation time constant of RyR in subsarcolemmal
space

kCa 7e-4 mmol/L Half-maximum binding concentration of ICaL

14 biomarkers, and their definitions, is provided in Table II.2. All the chosen
biomarkers are commonly used metrics to characterize single cell EP.The APD90,
APD50, APD20, APtri and APA are common metrics of AP morphology, which
change characteristically in many pathological conditions, including cAF. The
RMP and dVdtmax are closely linked to the intracellular ion concentrations, and
are important parameters of cell membrane repolarisation. The CaT amplitude,
∆CaT, was calculated as the difference between maximum and minimum (CaT0)
intracellular calcium concentration during one cycle. The time-to-peak of the
CaT, CaT-tpeak, was determined from the onset of the CaT to the time of peak,
and the time of decay, CaT-tdecay, was calculated as the interval from the peak
to the point where CaT reached 10% of the CaT amplitude.

Biomarkers related to APD alternans were calculated from the APD (at 90%)
restitution curve using a dynamic pacing protocol as follows: cells were first
pre-paced at a PCL of 1000 ms for 30 seconds, and the PCL was decreased to
150 ms in steps of 10 ms. At each step the cell was stimulated for 15 beats, and
the last 5 beats recorded for analysis. APD alternans were registered when the
maximum and minimum APD values in the last 5 beats differed by more than
2%.

Following the definition of the single cell biomarkers, chosen biomarkers were
constrained within an acceptable range. This calibration step prevents model
outliers that do not represent physiological behavior from being included in
the sensitivity analysis. Choosing this calibration step is non-trivial, since the
purpose of the population models is to capture variability, even beyond that
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Table II.2: List of cellular biomarkers extracted from the populations of models
and their definitions.

Cell biomarkers Definition
APD90 Action potential duration at 90% of repolarization
APD50 Action potential duration at 50% of repolarization
APD20 Action potential duration at 20% of repolarization
APtri Action potential triangulation, defined as APD90 - APD50
APA Action potential amplitude
RMP Resting membrane potential

dVdtmax Maximum action potential upstroke velocity
∆CaT Amplitude of calcium transient (CaT) in subsarcolemmal space
CaT0 Diastolic calcium concentration in subsarcolemmal space

CaT-tpeak Time to peak of the CaT in the subsarcolemmal space
CaT-tdecay Time of decay of CaT in subsarcolemmal space

Alt-th Highest PCL at which APD alternans occur in the dynamic restitution curve
Alt-range Total range of APD alternans observed in the dynamic restitution curve

∆APDmax Maximum difference between long and short AP in the alternans region

observed in experimental results, but we wanted to exclude models that are
obviously non-physiological. We calibrated the nSR population so that all models
would fall within one standard deviation of the median values of APD90, APD50,
APD20, APtri, APA, RMP and dVdtmax. These biomarkers were chosen since
they characterize AP morphology. Therefore, this type of calibration can be seen
as ’functional calibration’, in contrast to other calibration schemes employed.

In addition, we also excluded models with dynamic restitution curves
exhibiting extreme maximum APD values. For the nSR population, the minimum
and maximum APD accepted were 190 and 440 ms, respectively. These boundary
values were taken from experimental reports of maximum and minimum APD90
values of nSR and cAF cells paced at 1000 ms PCL by Sanchez et al[16].

II.2.2 Modulation of APD alternans behavior in the nSR model

From the nSR population generated in section A, we selected models with
alternans threshold no larger than 250 ms (Alt-th≤250). This particular value of
alternans threshold was chosen for constraining the subpopulation since it is close
to that reported by Narayan et al[26] for patients in nSR. Imposing this constraint
on the functionally calibrated nSR population resulted in subpopulation of models
with no alternans or with alternans occurring only below 250 ms, whose mean
parameter values were used to construct a new fine-tuned nSR baseline variant.
This fine-tuned model was then used to represent the baseline nSR model in the
rest of the study.

II.2.3 Populations of nSR and cAF models

We constructed two new populations of models, one representing nSR (from
the fine-tuned model created in section II.2.1 and another representing cAF
remodeling. cAF remodeling was simulated by the making the following changes
on ionic components: 65% decrease in ICaL, 18% decrease in INa, 68% increase in
IK1, 145% increase in IKs, 38% decrease in IKur, 50% decrease in IKCa, and 62%
decrease in Ito. The remodeling also accounted for a two-fold upregulation of RyR,
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16% decrease in SERCA expression, two-fold increase in SERCA phosphorylation,
and 10% cell dilation.

The two populations of models were generated and calibrated following the
procedure described in section II.2.1. For the cAF population the maximum
and minimum accepted APD were 140 and 330 ms, respectively, as reported by
Sanchéz et al[16].

II.2.4 Sensitivity Analysis of nSR and cAF populations

Then we performed sensitivity analysis on the functionally calibrated nSR
and cAF populations in order to to find linear correlations between responses
(biomarkers) and multiple model predictors (model parameters). Sensitivity
analysis was implemented based on the method proposed by Sobie et al.[28],
whereby chosen parameters from the model are simultaneously varied within
a specified range to capture the ‘global‘ effect of a certain parameter on the
model behavior. Sensitivity analyses were performed using the Multivariate
Linear Regression (MVR) method[17]. This method approximates non-linear
dynamics to a linear model thus allowing to identify key parameters that define
the behaviors observed in the non-linear model. For each population, the varied
model parameters were compiled into a matrix X of predictors, and the measured
markers into a matrix Y of single cell biomarkers. X and Y matrices were
centered and normalised prior to regression. The output of the MVR algorithm
is a matrix B of regression coefficients calculated by (II.1).

Y = X · B + ε→ Ŷ = X · B (II.1)
Where Ŷ is an approximation of Y and ε is the regression error. The values

bij in matrix B can be interpreted as surrogates of the sensitivity of marker yj

towards model parameter xi. Larger values of bij indicate greater sensitivity,
and positive bij means that an increase xi is associated with an increase in yj ,
while negative bij means that an increase in xi results in a decrease in yi. All
analyses were implemented in Matlab2016a (https://mathworks.com).

In order to have a compact overview of the population sensitivities to the
various parameters, we grouped the different cell biomarkers in AP- (APD90,
APD50, APD20, APtri, APA, RMP and dVdtmax), CaT- (∆CaT, CaT0, CaT-
tpeak and CaT-tdecay) and alternans- (Alt-th, Alt-range, and ∆APDmax) related
makers. For each group of biomarkers we determined their overall sensitivity
to the parameters by normalising the regression coefficients to the baseline and
summing the contributions of the parameters to each marker in the group. We
call these relative sensitivity values ’global sensitivities’.

II.3 Results

II.3.1 Modulation of APD alternans behavior in the nSR model

Fig.II.1A and B show the AP and CaT traces of the original nSR population
at 1000 ms PCL. Fig.II.1C shows the dynamic restitution curves of the original

109

https://mathworks.com


II. A computational framework for testing arrhythmia marker sensitivities to
model parameters in functionally calibrated populations of atrial cells

Table II.3: List of the actual fine-tuned values of the varied model parameters
used to simulate the populations.

Parameter New value Parameter New value
GCaL 0.13 nS/pF ICaPmax 0.0374 pA/pF
GNa 11.28 nS/pF INaKmax 1.592 pA/pF
GK1 0.0535 nS/pF INaCamax 0.0203 pA/pF
GCab 0.00149 nS/pF RyRmax 0.00159 (ms·nL)−1

GKr 0.1026 nS/pF RyRmaxss 0.85 (ms·nL)−1

GKs 0.0036 nS/pF RyRtauadapt 885.6 ms
GKur 0.0455 nS/pF RyRtauact 15.95 ms
Gto 0.212 nS/pF RyRtauactss 4.52 ms
GNaL 0.00708 nS/pF RyRtauinact 70.9 ms
GKCa 0.0721 nS/pF RyRtauinactss 10.83 ms
kSRleak 5.9e-6 ms−1 kCa 6.8e-4 mmol/L

nSR population before and after functional calibration, and Fig.II.1D shows a
few representative restitution curves for better visualization. The calibration
step reduced the total population of 1000 models to 202 models.

As can be seen in Fig.II.1C, the original nSR population displayed a rather
dynamic restitution behavior, with APD alternans occurring at all PCLs. The
original nSR baseline model presents a single alternans region between 460 and
650 ms, with maximum ∆APD of 21 ms. Fig.II.2 shows APD and calcium
alternans in the nSR baseline model at a PCL 600 ms during dynamic pacing.
The AP traces show a slight alternation in APD90 between long and short pulses
of 18 ms (11% of APD90 of the long beat), with pronounced alternation of ∆CaT
of ca 0.3 µM (60% of maximum ∆CaT).

Models from the calibrated population were then selected into a subpopulation
of models showing APD alternans at PCLs equal or lower than 250 ms (Fig.II.3).
From this subpopulation, the mean parameter values were calculated in order
to create a new baseline nSR model (nSRtuned). This model did not exhibit
APD alternans. However, the model did exhibit slight APD prolongation of
35ms. The percent difference in the mean parameters relative to the original
nSR baseline are shown in Fig.II.4. The parameters that changed the most were
iNaKmax and RyRtauinactss, and to a smaller extent, iCaPmax, RyRmaxss
and RyRtauactss. These parameters are related to alternans dynamics through
the calcium cycling system. This results shows that a smaller change in these
parameters is sufficient to alter the alternans behavior at the single cell level.

II.3.2 Variability of nSR and cAF populations

The simulated nSR and cAF populations are presented in Fig.II.5. After
functional calibration, the populations of 1000 models each were reduced to
213 models in the nSR and 357 models in the cAF population. The baseline,
median, mean and standard deviation values of the functionally calibrated nSR
and cAF populations are shown in Table II.4. The populations reproduced the
AP morphologies characteristic of nSR and cAF cells. The nSR models presented
a peak-and-dome shape, while the cAF models showed a more triangulated
morphology, which is a known result of cAF ionic remodeling. Although the cAF
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A

C

B

D

Figure II.1: Simulated nSR population using the original atrial cell model. AP
(A) and CaT (B) traces of the original nSR population, before (1000 models)
and after (202 models) functional calibration, at 1000 ms PCL. (C) Dynamic
restitution curves of the original nSR population before and after calibration.
(D) Representative APD restitution curves from the population. Black lines
represent the nSR baseline model.

long AP: 166 ms

short AP: 148 ms

short

long

Figure II.2: AP and CaT at PCL=600 ms of the nSR baseline model during
dynamic pacing. This model presents APD and calcium alternans at this pacing
rate, with a difference in APD90 between long and short beats of 18 ms, and
in ∆CaT of 0.3 µM. The cAF baseline model does not present alternans at the
same PCL.

baseline model did not present significant APD90 shortening as compared to
the nSR baseline, which is a characteristic trace of cAF remodeling, the median
APD90 of the functionally calibrated cAF population was shortened by 30 ms,
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A B

C D

Figure II.3: (A) Dynamic restitution curves of the original nSR baseline and of
the subpopulation of models, obtained by selecting models from the original nSR
population with Alt-th≤250 ms. nSR baseline restitution curve is also shown for
comparison. (B) AP traces of the original nSR baseline and of the subpopulation
at a PCL of 1000 ms. (C) Dynamic restitution curves and AP traces (D) of the
original nSR baseline and of the fine-tuned nSR model obtained with the mean
parameter values of the selected subpopulation.
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Figure II.4: Percent change of the parameters of the fine-tuned nSR baseline
relative to the original nSR baseline.

and RMP hyperpolarized by 6 mV, as compared to nSR population. The CaT
showed significant differences in nSR and cAF, with a 55% reduction of ∆CaT in
cAF as compared to nSR, in agreement with previous studies[29]. Furthermore,
while CaT-tpeak remained unchanged in cAF, CaT-tdecay was significantly
longer in the cAF population as compared to the nSR population.
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Fig.II.6 shows the distributions of APD90, APD50, APD20, APA, APtri,
RMP, dVdtmax, ∆CaT, CaT0, CaT-tpeak, CaT-tdecay and Alt-th of the
functionally calibrated nSR and cAF populations. The distributions of the
biomarkers in the two populations presented in general different morphologies,
with different mean values and standard deviations.

Figure II.5: Simulated nSR and cAF populations: steady-state AP (upper) and
CaT (middle) traces at a PCL of 1000 ms, and a few representative dynamic
restitution curves (lower). AP and CaT traces, as well as restitution curves
of the nSR baseline are also shown for comparison. The populations (of 1000
models each) were functionally calibrated, resulting in 213 models in the nSR
population, and in 357 in the cAF population.
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Table II.4: Baseline, median, mean, and standard deviation of biomarkers in the
nSR and cAF populations.

nSR cAF
Marker baseline median mean±std baseline median mean±std

APD (ms) 230 220 226±26 200 194 196±19
APD50 (ms) 8 9 10±5 72 71 71±10
APD20 (ms) 2 2 2±0.2 6 6 5±0.4
APA (mV) 126 124 124±8 125 125 125±3
RMP (mV) -73 -73 -73±2 -79 -79 -79±0.8
dVdtmax (V/s) 265 268 273±37 247 250 251±13
∆CaT (µM) 0.48 0.52 0.53±0.2 0.17 0.17 0.18±0.04
CaT0 (µM) 0.16 0.16 0.17±0.04 0.10 0.11 0.11±0.02
CaT-tpeak (ms) 56 54 56±12 63 63 63±4
CaT-tdecay (mS) 289 298 302±34 455 456 468±74

Figure II.6: Distribution of biomarkers of the functionally calibrated nSR (blue)
and cAF (red) populations, presented as percentage of the total number of
models in the calibrated populations to correct for population size.
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II.3.3 Sensitivity analysis of nSR and cAF populations

The sensitivities of APD90, APA, RMP, dVdtmax, ∆CaT, CaTdiast, Alt-th and
Alt-range are shown in Fig.II.7. In our analyses, APD90 depends mostly on
GCaL, GCab, GNa, GK1 and GKur, in line with previous reports[15], [16], [21],
[23], [28]. APD50 and APD20 showed different sensitivity trends in nSR and
cAF. In nSR, APD50 is most dependent on GCaL, GKur, Gto and GNa, while
in cAF, APD50 depends on GKur, GNa, GCaL and GNaL. APD20 in turn is
most sensitive to Gto, GNa, GCab and GK1 in nSR, and to Gto, GKur, GNa
and GCaL in cAF (not shown). Both APA and dVdtmax are most sensitive to
GK1, GCab, as well as GNa and INaKmax, with higher sensitivity in cAF. RMP
is defined by GK1 and GCab in both nSR and cAF.

∆CaT is primarily affected by GCaL, and to a smaller extent by Gto,
RyRtauinactss and kCa. CaT0 is sensitive to Gab, INaKmax and INaCamax.
This is expected, since sarcolemmal calcium currents, in particular ICaL, INaK

and INCX ,are associated with intracellular calcium cycling. CaT-tpeak is also
affected by GCaL, GCab and GKur, RyRtauactss and RyRtauinact (not shown),
while CaT-tdecay is affected by INaCamax, INaKmax and GCab (not shown).

The alternans markers also revealed different sensitivities in the nSR and
cAF populations. Alternans threshold and range in the nSR population is
most related to GCaL, INaKmax, GCab and RyRtauinactss, while in the cAF
population it is most related to GCab, GK1, GKur and INaKmax. ∆APDmax,
on the other hand, depends mostly on GCaL GK1, GCab and GKur (not shown).

Fig.II.8 shows the global sensitivities of the AP, CaT and alternans markers
as percentages. This result highlights the relative importance of the various
ionic currents on the overall AP morphology, with GNa, GK1, GKur and GCab
having the most influence on AP properties. Both CaT morphology and alternans
behavior displayed overall greatest sensitivity to GCaL, GCab, INaKmax and
INaCamax. Our results also evince differences in sensitivities of the nSR and
cAF populations towards some of the tested parameters, in particular towards
INaKmax, INaCamax, GCaL and GCab.
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116



Results

0

5

10

15

20

G
lo

b
a
l 
s
e
n
s
it

iv
it

y
 (

%
) AP markers

nSR

cAF

0

5

10

15

20

G
lo

b
a
l 
s
e
n
s
it

iv
it

y
 (

%
) CaT markers

G
C

a
L

G
N

a

G
K

1

G
C

a
b

G
K
u
r

G
K

s

G
K

r

G
to

G
N

a
L

G
K
C

a

IC
a
P
m

a
x

IN
a
C

a
m

a
x

IN
a
K

m
a
x

k
S
R

le
a
k

R
y
R

m
a
x

R
y
R

m
a
x
s
s

R
y
R

ta
u
a
d

R
y
R

ta
u
a
c
t

R
y
R

ta
u
a
c
ts

s

R
y
R

ta
u
in

a
c
t

R
y
R

ta
u
in

a
c
ts

s

k
C

a

0

5

10

15

20

G
lo

b
a
l 
s
e
n
s
it

iv
it

y
 (

%
) Alternans markers

Figure II.8: Global sensitivities of the AP, CaT and alternans markers to the
varied parameters. These sensitivities are relative percentages of the overall
correlation between markers and parameters, and therefore are all positive values.
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II.4 Discussion

II.4.1 Modulation of APD alternans behavior in the nSR model

The nSRtuned baseline obtained from fine-tuning model parameters displays no
APD alternans under dynamic pacing, as designed. AP traces obtained with
steady-state pacing at 1000 ms PCL show similar AP morphology as the original
nSR baseline, with a slight APD90 prolongation of 35 ms. This prolongation
in APD90 is a consequence of the models selected into the new subpopulation
all displaying a longer APD90 than the original baseline. However, it should be
noted that the scheme chosen in this study for the modulation of parameters
to produce a model variant with no alternans is not uniques. Other parameter
fine-tuning approaches we tested could also produce model variants with no
APD alternans under dynamic pacing, these showing no prolongation and even
slight shortening of APD90. This attests that model parameters can be fine-
tuned within certain tight ranges to produce desired outcomes. However, this
observation also seems to suggest that there exists no direct link between APD90
and suppression of APD alternans during dynamic pacing. This observation can
be related to the fact that the model parameters changed most dramatically
to produce model nSRtuned, RyRtauinact, iNaKmax and iCaPmax, are more
closely related to the calcium cycling system than to the AP duration. It can
thus be inferred that APD alternans underpinned by Ca-cycling abnormalities
will not be suppressed by modulation of APD in this context.

II.4.2 Variability in nSR and cAF populations

The nSR population presented greater variability in AP and CaT morphology
as compared to the cAF population. In particular, APD90 showed the greatest
difference in variability between nSR and cAF. The cause might be associated
with the electrical remodeling in cAF, such as the 68% increase in IK1. In
a previous study[29], it was found that the hyperpolarization induced by the
increased IK1 in cAF reduces cell excitability, resulting in the stabilization of
RMP. Moreover, the authors found that the cAF model was less sensitive to
changes in the model parameters than the nSR model, a result which is confirmed
by our results.

II.4.3 Sensitivity analysis of nSR and cAF populations

Our SA showed that AP morphology was mostly affected by GK1, GNa, GCab,
Gto, GKur, GCaL and INaKmax, which are all conductances which scale major
cell membrane currents. The collective importance of these major depolarizing
and repolarizing currents in the modulation of AP morphology, in particular
the five currents IK1, Ito, ICaL, IKur and INaK , has also been shown by other
authors[16], [22], [30], [31].

Increased calcium (depolarizing) and decreased potassium (repolarizing)
currents caused APD prolongation in both nSR and cAF, Fig.II.7, indicating the
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dominant role of depolarization in extending the AP. Increased GNa, however,
resulted in APD shortening, which may be attributed to early activation of
repolarizing currents. Increased GNa also resulted in increased APA and dVdtmax,
as expected (INa is the main depolarizing current of the AP). RMP showed
a negative correlation with GK1; IK1 is a repolarizing current and, therefore,
when it increases, the membrane becomes more hyperpolarized. A more negative
RMP allows more sodium channels to recover from inactivation earlier, and to
be available at the onset of the next beat[23], resulting in a higher upstroke
velocity. This is reflected by the positive correlation between dVdtmax and IK1.

In our analyses, larger ICaL increased ∆CaT and prolonged APD. ICaL

stimulates Ca2+ release from the sarcoplasmic reticulum (SR) and is deactivated
by the rise in intracellular Ca2+. Therefore, a much larger ∆CaT could result in
early inactivation of ICaL. Additionally, increased Ca2+ content in the cytosol can
activate INCX , which pumps Na+ inside the cell and activates INaK , promoting
repolarization and APD prolongation.

Our analyses also showed that an increase in INaK is correlated with larger
APA and dVdtmax, possibly through intracellular Na+ homeostasis. INaK has
earlier been shown to be linked to calcium cycling and rate adaptation in a
model of the atrial cell[15]. INaK and INCX have additionally been reported
to be associated with altered calcium cycling[15], [29]. In these analyses, CaT0
and CaT-tdecay decreased with increasing INaCamax, which reflects the normal
function of NCX of extruding calcium from the cell. Decreases in both INaCamax
and INaK also caused an increase in Alt-th (i.e., alternans occur at slower pacing
rates) and Alt-range, with INaCamax having a more pronounced effect and
INaKmax a less pronounced effect on nSR as compared to the cAF population
(Fig.II.8). This highlights the importance of INCX and INaK in rate adaptation,
in nSR and cAF populations, as previously reported[29].

In the nSR population, an increase in the inactivation time constant of the
RyRs, implying less time occupying an open state, also resulted in increased
Alt-th (increase in the PCL at which alternans occurred), Alt-range (range of
PCL at which alternans occur) and ∆APDmax (difference between short and
long beats when alternans are present as a measure of degree of alternans). RyRs,
as the primary intracellular Ca release channel, are one of the main components
implicated in calcium cycling and alternans behavior: Chang et al[32] found that
decreasing the inactivation rate constant of RyR resulted in the promotion of
APD alternans. In our analyses, we found that an increase in the inactivated
state of the RyRs may promote alternans, possibly by allowing more calcium
to be released from the SR into the cytosol and prolonging the CaT. If calcium
accumulates in the cytosol, the SR may not be fully repleted before the next
beat, resulting in decreased CaT. A smaller amount of calcium in the cytosol, in
turn, allows enough time for calcium to be re-uptaken into the SR by the SERCA
pumps, thus restarting the cycle and leading to CaT alternans. As a result,
APD alternans can occur through calcium-voltage coupling. This effect was not
observed in the cAF population possibly due to the reduced ICaL preventing
cytosolic calcium overload. However, a more in-depth analysis is required to
further investigate these observations.
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GCab also seems to have had a greater effect on AP properties than
expected, as this is a background current not directly based on experimental
measurements. The high sensitivity of the model to GCab across all biomarkers
is somewhat surprising and requires further investigation. It is possible that the
large dependency on GCab is an artifact resultant of an overestimation of the
magnitude of ICab in the model.

Note the increased sensitivity of the cAF population to GNa as compared to
the nSR population. This is likely related to increased GK1 in cAF which results
in a slight hyperpolarization of the RMP in the cAF population. This slightly
more negative RMP is sufficient to have a great impact on sodium channel
availability, as demonstrated by Skibsbye et al[23].

II.4.4 Dynamic AP stability

The two simulated populations also displayed distinct dynamic behavior. The
cAF population revealed enhanced stability of the restitution curves, showing
the steady tendency for the APD90 to decrease as pacing frequency increased
(PCL decreased), whereas the restitution curves of the nSR population showed
more erratic behavior with increased pacing frequency. This was somewhat
unexpected given the higher instability and impaired rate adaptation in cAF
in clinical reports[25]–[27]. Note, however, that all referenced studies were
conducted in whole hearts and not on single cells. It has been shown that
the electrical restitution properties can change substantially in the presence of
electrotonic effects (result of cell-cell coupling) and cardiac memory. Thus, it is
expected that alternans behavior at the single cell level differs from that of the
whole tissue, where cell-cell coupling can alter or even suppress alternans[33], [34].
Alternans at the tissue level are induced by additional effects such, as structural
remodelling[35], dispersion of refractoriness and conduction velocity restitution[7],
[34], which are not directly related to cell membrane stability. Therefore, these
results lend weight to the hypothesis that the electrical remodeling associated
with cAF at the cell level, which accounts only for alterations in membrane
channels and calcium cycling transporters, may be “cardioprotective" in the sense
that these alterations stabilize the cell membrane and thereby reduce alternans
and dynamical instability at the level of the single cell.

On the other hand, due to cardiac memory, steady state is highly dependent
on pacing duration and on the initial state of the system. In order to make a
direct comparison between different models, the pacing duration at each PCL
during the dynamic restitution protocol was kept constant. The consequence of
using this protocol is that it is not possible to distinguish between steady state
alternans and transient alternans. That is, this dynamic restitution experiment
detects alternans, regardless of whether these alternans are transient or stable.
Thus, a possible extension of the method could involve establishing a dynamic
restitution protocol with an adaptive pacing duration to guarantee that only
persistent alternans are included in the analysis.
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II.5 Conclusions and future directions

In the present study, we refined a human atrial single cell model by selecting
a subpopulation of models with an alternans threshold at higher pacing rates
and longer APD90 from an nSR population, which resulted in a new, more
physiologically relevant ’average’ baseline model with no APD alternans. We
also generated two populations of models based on the Koivumäki human atrial
cell model[23], nSR and cAF, by varying parameters related to AP morphology
and calcium cycling, such as maximum ion channel conductances, pump fluxes,
RyR gating variables and SR calcium leak. A series of in silico experiments were
then performed in order to measure AP and CaT markers, as well as dynamic
restitution curves of each model. The populations were functionally calibrated to
exclude outliers and several cell biomarkers related to AP and CaT morphology
and APD alternans behavior were measured in order to characterize cell stability.
The functionally calibrated populations were also subject to SA in order to
quantify the sensitivity of different biomarkers to the varied parameters.

Sensitivity analysis with respect to 22 parameters showed that the nSR and
cAF populations have high sensitivities with respect to similar parameters related
to the calcium currents, ICaL and ICab, IK1, INa, IKur, INaK and INCX . We
have also found that the nSR population exhibited larger variability of APD90
and dynamic restitution behavior than the cAF population, likely due to the
stabilizing effect of electrical remodeling in cAF, as outlined in previous sections.

The method presented here could be extended to include other single-cell
and tissue arrhythmia biomarkers, such as EADs/DADs, effective refractory
period, conduction velocity restitution, tissue-level alternans and spiral wave
inducibility. These phenomena have also been linked to arrhythmogenicity and
atrial fibrillation initiation and maintenance, and therefore constitute logical
extensions of the method. Furthermore, future work will include the definition of
a dynamic stability score based on a comprehensive set of arrhythmia biomarkers
to rate or classify models according to their stability and propensity to display
arrhythmogenic behaviors. We have also observed that alternans threshold
exhibits an interdependence with other cell biomarkers, resulting in two distinct
clusters for the nSR and cAF populations, as shown in Fig.II.9. This suggests
that Alt-th is a rather complex mechanism that results from an interplay of
multiple cell behaviors, which in turn exhibit some level of interdependence
among them. This highlights that more advanced classification via non-linear
regression methods may provide additional insight into arrhythmogenic cellular
mechanisms. The prospective dynamic stability score could also be combined
with cluster analysis to classify or segment between populations or subpopulations
with distinct biomarker targets. The resulting clustered population biomarkers
would then represent, for instance, “arrhythmogenic" or “non-arrhythmogenic"
models, thus generating a threshold score between the two clusters, which would
allow to better classify models according to, e.g., arrhythmia risk based on
specific known cell prescribed biomarkers.
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Figure II.9: Interdependence of alternans threshold with selected AP and CaT
markers of the calibrated nSR and cAF populations.
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Abstract

Models of cardiac electrophysiology are widely used to supplement experi-
mental results and to provide insight into mechanisms of cardiac function and
pathology. The rabbit has been a particularly important animal model for
studying mechanisms of atrial pathophysiology and atrial fibrillation, which
has motivated the development of models for the rabbit atrial cardiomyocyte
electrophysiology. Previously developed models include detailed representations
of membrane currents and intracellular ionic concentrations, but these so-called
“common-pool” models lack a spatially distributed description of the calcium
handling system, which reflects the detailed ultrastructure likely found in cells in
vivo. Because of the less well-developed T-tubular system in atrial compared to
ventricular cardiomyocytes, spatial heterogeneities in intracellular calcium dynam-
ics may play a more significant role in atrial myocyte pathophysiology, rendering
common-pool models less suitable for investigating underlying electrophysiological
mechanisms.

In this study, we developed a novel computational model of the rabbit
atrial cardiomyocyte incorporating detailed compartmentalization of intracellular
calcium dynamics, in addition to a description of membrane currents and
intracellular processes. The spatial representation of calcium was based on
dividing the intracellular space into eighteen different compartments in the
transversal direction, each with separate systems for internal calcium storage
and release, and tracking ionic fluxes between compartments in addition to the
dynamics driven by membrane currents and calcium release. The model was
parameterized employing a population-of-models approach using experimental
data from different sources.

The parameterization of this novel model resulted in a calibrated population
of models with inherent variability in calcium dynamics and electrophysiological
properties, all of which fall within the range of observed experimental values.
As such, the population of models may represent natural variability in myocyte
electrophysiology or inherent uncertainty in the underlying experimental data.
The ionic model population was also able to reproduce the U-shaped waveform
observed in line scans of calcium dynamics in atrial myocytes, characteristic of
spatial heterogeneity and subcellular calcium diffusion. This novel spatial model of
the rabbit atrial cardiomyocyte can be used to integrate experimental findings, and
thus offers the potential to enhance our understanding of the pathophysiological
role of calcium-handling abnormalities under diseased conditions, such as atrial
fibrillation.
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Introduction

III.1 Introduction

Mathematical models of cardiac electrophysiology (EP) have advanced signif-
icantly over the past decades, and are valuable tools for gaining physiological
insight from the expanding pool of experimental data [1], [2]. While animal
models remain the primary source of experimental data on ion channels and
electrical activity in the heart, computational models of different animal species
constitute an important tool for knowledge extraction and translation between
species. The rabbit has been a particularly useful animal model to study different
aspects of cardiac electrophysiology and arrhythmia, given the similarities of
their electrophysiological properties to the human [3]–[9]. The wide application of
the experimental rabbit model has motivated the development of rabbit-specific
mathematical models of cardiomyocyte (CM) electrophysiology, see, e.g. [10]–[16].
which incorporate rabbit-specific formulations of ionic currents.

One important characteristic of rabbit atrial CMs is the lack of a well-
developed T-tubule system [17], [18], which leads to a characteristic U-shaped
wave front in line-scans of intracellular Ca2+, indicating asynchronous Ca2+

release [6], [19]. This shape results from the ‘fire-diffuse-fire‘ response [20], in
which a Ca2+ wave is initiated by L-type Ca2+ channels (LTCC) at the cell
periphery and subsequently propagates towards the center of the cell in a saltatory
manner through diffusion and Ca2+-induced Ca2+ release [21], [22]. Similar
U-shaped Ca2+ propagation patterns have been observed in atrial myocytes of
other small animal species, such as cat [23], [24], and rat [21], [25]. However,
it has also been observed in rat atrial myocytes that Ca2+ signals originating
at the cell periphery typically did not fully propagate to the center [21]. This
effective truncation of the Ca2+ wave was due to the lack of T-tubules, increased
Ca2+ buffering capacity, and the so-called ‘diffusion barrier‘ of the mitochondria
and Serca2a in these cells. This lack of regeneration of the Ca2+ signal results
in a progressive damping of the centripetal Ca2+ wave with a peak amplitude
and rate of Ca2+ rise significantly lower at central regions as compared to
the periphery [25], [26]. These observations have also been replicated in a
model of Ca2+ propagation in a CM without T-tubules, demonstrating that
Ca2+ propagation or lack thereof results from a complex interplay between
different effectors of the Ca2+ handling system [27]. Non-uniform systolic Ca2+

transients (CaTs) associated with the lack of T-tubules in some atrial myocytes,
or remodelling-induced detubulation, have been linked to arrhythmogenic activity.
The spatial heterogeneities in Ca2+ distribution observed in these atrial myocytes
can translate into fluctuations in membrane potential, exacerbating alterations
in electrical activity resulting from atrial remodelling [26], [28], [29].

Despite the important role that spatial intracellular Ca2+ dynamics can
play in the generation and maintenance of aberrant electrical activity in atrial
cells and tissues, previously developed mathematical models of the rabbit atrial
CM do not incorporate spatial description of Ca2+ movement within the cell.
Therefore, although useful in reproducing whole-cell characteristics of rabbit
EP, these models are not able to assess the sub-cellular mechanisms of altered
Ca2+ propagation and their role in arrhythmic activity. In contrast, models with
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spatial Ca2+ description would permit assessment of the effect of sub-cellular
structures on intracellular Ca2+ dynamics and Ca2+ wave propagation, but such
models have not been developed for rabbit atrial physiology.

In this paper, we describe the development of a novel model of the rabbit
atrial CM with spatial description of ionic species and the Ca2+ handling system.
The structure of the model allows simulation of the spatial distribution of Ca2+,
as well as the propagation of intracellular Ca2+ over time. We parameterized
the maximum conductances in the model using a ‘population of models’ (PoM)
approach to reproduce the normal electrophysiological properties of the rabbit,
as supported by experimental data reported in the literature. The result is a
population of calibrated models that all closely approximate the experimental
data, but with differences in the models that appropriately reflect individual
variability or inherent uncertainty in the data. We are aware that the dynamics of
Ca2+ wave propagation are most directly affected by parameters that modulate
the SR content, and Ca2+ release and uptake kinetics. However, the aim of the
present study was not to focus on the role of these parameters in modulating
Ca2+ wave propagation, but instead to parameterize the maximum conductances
of ionic currents and asses their effect on intracellular Ca2+ dynamics. We used
this calibrated population to (1) assess if changes in current conductances have
an effect on Ca2+ propagation dynamics; (2) to quantify possible correlations
between Ca2+ properties at the membrane and at the center of cell; and (3)
to query the underlying mechanisms of the differences observed in the Ca2+

propagation patterns across the calibrated population.

III.2 Methods

III.2.1 Model development

The rabbit atrial CM model was developed based on the previously published
human atrial CM model by Voigt & Heijman [30], which is a spatial model
with the Ca2+ handling system divided into discrete domains. We modified this
model to incorporate ion current formulations from the non-spatial rabbit atrial
CM models by Lindblad et al.[12], and Aslanidi et al.[15] to reflect the rabbit
electrophysiology.

To capture radial flux and heterogeneities in Ca2+ concentrations, the
model was constructed as a compartmentalized cross-section of the myocyte, as
illustrated in Figure III.1. A total of 18 domains represent a one-dimensional
cross-section of the cell, where the two outermost domains (1 and 18) correspond
to the region close to the cell membrane. These domains therefore include the
sarcolemmal currents, Ca2+ release units (CRU), and Ca2+ buffers. In contrast,
the inner domains (2-17) are not in direct contact with the cell membrane and
contain only the CRUs and Ca2+ buffers. The inner domains contain a cytosolic
space, the sarcoplasmic reticulum (SR), and a sub-SR space (SRS), while the
membrane domains also include a subsarcolemmal (SL) space. In domains 1 and
18, the SRS represents a junctional space in which LTCC and the ryanodine
receptors (RyR) interact, which is indicated with “junc”. We used a cell volume of
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16 pL based on an estimated cell length of 130 µm[12] and a radius of 6.3 µm[6].
The cytosolic, SR, SRS, and SL spaces occupy 65%, 3.5%, 0.1%, 2% of the
domain volume, respectively. The domains and compartments, as well as the
ionic fluxes between them, are schematically illustrated in Fig. III.1.

The membrane model includes Ca2+ currents ICaL and ICaT; the fast Na+

current INa; repolarising K+ currents Ito1, IKr, IKs, and IK1, as well as three
background currents ICab, INab, and IClb. Additionally, the model includes the
ionic currents of the Na+-Ca2+ exchanger (INCX); the Na+-K+ pump (INaK);
and the plasmalemmal Ca2+ pump (ICaP). The total membrane current in the
model is the sum of all these currents:

ICatot =(ICaLjunc + ICaLSL) + (ICaTjunc + ICaTSL) + (ICaPjunc + ICaPSL)+
+ (ICabjunc + ICabSL)− 2(INCXjunc + INCXSL).

INatot =(INajunc + INaSL) + 3(INCXjunc + INCXSL)− 3× (INaKjunc + INaKSL)+
+ (INabjunc + INabSL).

IKtot =Ito + IKr + IKs + IK1 − 2× (INaKjunc + INaKSL) + Istim.

Itot =ICatot + INatot + IKtot + IClb

dV

dt
=− 1

Cm
Itot

Most of the formulations were adopted from Aslanidi et al. [15], which in
turn are modifications of the formulations in Lindblad et al. [12]. We included
the background chloride current (IClb) from the Lindblad et al. model, since a
chloride current has been reported in rabbit atrial myocytes [31]. The formulation
of INCX was taken from the Voigt & Heijman et al. model [30] (equations provided
in the Supplement), originally described by Weber et al. [32], since we found
this current to replicate more realistically the forward and reverse modes of the
Na+-Ca2+ exchanger. We tested this model component specifically by simulating
a caffeine-induced Ca2+ release protocol to assess Ca2+ extrusion rate through
the NCX. As illustrated in Figure III.2, the normalized CaT and decay time of
INCX closely matched experimental data [6].

The rabbit atrial CM model was implemented in C++, and the state equations
were solved using a forward Euler scheme. All simulations were performed on
the Abel computer cluster from the University of Oslo, running the Linux
Operating system (64 bit CentOS 6). The source code of the model is available
at https://github.com/marciavagos/Rabbit_model.git.
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Figure III.1: Schematic representation of the rabbit CM model with the discrete
cell domains and different intracellular compartments. One segment represents
a cross section of the myocyte (A), and is composed of 18 domains. The
membrane domains (domains 1 and 18), contain the sarcolemmal currents,
and Ca2+ handling system; the inner domains (domains 2-17), contain only
the Ca2+ handling system (B). Each membrane domain contains five different
compartments: cytosolic space, sarcoplasmic reticulum (SR), sub-SR (SRS)
space, and subsarcolemmal (SL) spaces, which together constitute the cleft space.
Ca2+ diffuses between the different compartments in the model, and between
adjacent domains. Because we use a deterministic RyR model, the model is
symmetrical around the central domains.

III.2.2 Parametrization of ionic currents

We initially implemented the model using the original published parameters
from Aslanidi et al., which resulted in an action potential (AP) that was
morphologically similar to experimentally measured APs, but did not match in
terms of quantifiable metrics. The action potential duration at 90% repolarization
(APD90) was 143 ms, which is longer than the reported 120 ms, and the resting
membrane potential (RMP) was around -74 mV as compared to the -80 mV
reported in literature. Additionally, the CaT amplitude (CaT-A) in the baseline
model was only about 0.09 µM, compared to the ∼1.0 µM amplitude in simulated
CaTs by Lindblad et al.[12], and Aslanidi et al. [15]. The model also showed a
suppression of the Ca2+ signal at the centre of cell, contrary to observations of
a fully regenerative CaT in rabbit atrial myocytes [6].

In order to adjust the model parameters to match reported experimental
CaT and AP data [6], [12], [15], [31], [33]–[36], we employed a PoM approach to
scale the maximum conductances of the 13 ionic currents in the model. This
approach is useful to perform parameter fitting, while at the same time allowing
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Figure III.2: Simulation of the caffeine-induced Ca2+ release protocol (A), and
comparison of INCX and normalized CaT with experimental data from Greiser
et al. [6] (B), after pacing at 0.5 Hz for 12 s, and 10 s quiescent period.

uncertainty and natural variability to be incorporated into the models [37], [38].
A PoM is constructed by randomly sampling the model parameters from specified
probability distributions, thereby generating a population of several ‘baseline’
models. For the present PoM the 13 maximum conductances were varied over
a range between 25% and 400% of their published values, and resampled from
uniform distributions using Latin Hypercube sampling. Such a large degree of
variation was chosen to incorporate as much variability as possible, allowing
for the population to capture the natural variability and uncertainty in the
data. The initial PoM consisted of 3000 models, which were all paced at 2 Hz
pacing for 2 min to ensure approximation to steady state, and then the last 5
beats were recorded for analysis. The varied maximum conductances and their
respective nominal (published) values are listed in Table III.1, and the initial
ionic concentrations are listed in Table III.7.

The population was then calibrated with experimental data from measure-
ments of rabbit APs and CaTs to select models whose APs and CaTs represent
typical rabbit-like morphology [6], [12], [15], [31], [33]–[36].

Finally, uncertainties of output measures of APs and CaTs were defined
through the mean and standard deviation (std).

III.2.3 Calibration of the population

Since we allowed a large degree of variation in the model parameters, the initial
population included a number of non-physiological models. The second step
of the PoM approach was to select a subset of models that matched previous
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Table III.1: List of the maximum conductances of the ionic currents in the model
and their nominal values.

Parameter Nominal value Description
GCaL 0.144 nS/pF Maximum conductance of the L-type Ca2+ channel
GCaT 0.120 nS/pF Maximum conductance of the T-type Ca2+ channel
ImaxNaCa 4.41 pA/pF Maximum flux of the Ca2+-Na+ exchanger
ImaxNaK 1.288 × 10−3 nA/pF Maximum flux of the Na+-K+ pump
ImaxCaP 0.190 nS/pF Maximum flux of the plasmalemmal Ca2+ ATPase
GNa 0.028 × 10−3 µL/(spF) Maximum conductance of the fast Na+ channel

Gto 0.200 nS/pF Maximum conductance of the transient outward K+

channel

GKr 0.070 nS/pF Maximum conductance of the rapidly activating delayed
rectifier K+ channel

GKs 0.050 nS/pF Maximum conductance of the slowly activating delayed
rectifier K+ channel

GK1 0.203 nS/pF Maximum conductance of the inward rectifier K+ channel
GCab 0.4 × 10−3 nS/pF Maximum conductance of the background Ca2+ channels
GNab 0.4 × 10−3 nS/pF Maximum conductance of the background Na+ channels
GClb 2.4 × 10−3 nS/pF Maximum conductance of the background K+ channels

experimental recordings, to create a calibrated model population. Experimentally
measured APs of rabbit atrial CMs reported in literature are rather inconsistent.
For instance, Muraki et al. [34], Wang et al. [35] recorded APs with APD90
values of 93, and 103 ms, respectively, while Yamashita et al. [39] reported 70 ms.
Lindblad et al. [12] reported a similar APD90 of 80 ms at 2 Hz, while more recent
studies have reported higher values. Greiser et al. [6] measured APD90 in rabbit
myocytes paced at 2 Hz between 100 and 140 ms, in agreement with the 130 ms
Hou et al. [36] at 1 Hz. APD50 measured in Wang et al. [35] and Hou et al.
[36] was 44 (at 2 Hz) and 55 ms (at 1 Hz), respectively, while in Yamashita et al.
[39] this was about 18 ms in the crista terminalis, and 38 ms in pectinate muscle
CMs. Additionally, APD40 in Qi te al. [33] was 30 ms in left atrium, and 51 ms
in right atrium at 1 Hz. APD20 in [36] was also between 13 to 17 ms. Given
this wide range of reported APD50 and APD40 values, we required APD40 to be
between of 20 and 60 ms.

AP amplitude (APA) has been reported at around 100 mV [15], [33], [34],
[36], and 120 mV [12], [31]. Reported values of RMP are more consistent across
sources, with most reporting around -80 mV [6], [15], [33], [34], [36], [39], although
Lindblad et al. reported an RMP of -71 mV [12]. Given this heterogeneity of
measured electrophysiological properties of CMs, there is no single generic model
of an atrial cell, which motivated our choice of a PoM approach to parameterize
the model.

To our knowledge, absolute values of Ca2+ and CaT amplitude have not been
measured in rabbit atrial myocytes. Lindblad et al. [12] assumed a resting Ca2+

of 50 nM, and peak Ca2+ levels in their model simulations were within ∼0.1
and ∼1.0 µM. CaTs measured from fluorescence imaging of rat [25], [40] and
human [30], [41] atrial CMs also show amplitude values in this range. Therefore,
we excluded models whose whole-cell CaT amplitude was outside this range.
The rise time of the CaT was also constrained to be no larger than 100 ms at
2 Hz pacing [6]. Additionally, [Na+]i was constrained to be between 6.5 and
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12.5 mM, which corresponds to reported values in rabbit atrial cells [6], [10].
Finally, models showing early after-depolarisations (EAD), and alternans were
also excluded. The output properties and corresponding value ranges considered
in the calibration of the models are listed in Table III.2.

III.2.4 Analysis of Ca2+ wave propagation

The primary focus of this paper is on Ca2+ dynamics, and the Ca2+ signal and
wave dynamics were subject to a more extensive analysis than the other output
variables. Spatio-temporal plots of Ca2+ dynamics, resembling line-scan plots of
Ca2+ fluorescence, were created to asses the radial propagation of calcium. More
detailed analysis of spatial variations in Ca2+ signal morphology was analysed
by comparing plots of the cytosolic CaTs in the membrane domains (CaTm)
to the central domains (CaTc), and by extracting and analysing a number of
relevant metrics that characterize CaTm and CaTc traces at steady state (20 min
pacing). Specifically, we analyzed the rise time (measured from onset of the
CaT to peak), duration at 50% decay (CD50), and amplitude, in addition to
the time difference between peaks of CaTc and CaTm, as measured from AP
onset (CaTdelay). The Ca2+ wave metrics and their definitions are represented
schematically in Fig.III.3.

Figure III.3: Schematic representation of the defined Ca2+ metrics, and their
definitions.

Finally, we performed correlation analysis to identify significant correlations
between selected model parameters and output variables. We analysed the
correlations between the maximum ion channel conductances and the Ca2+

metrics defined above, as well as correlations between the Ca2+ metrics in
the membrane domains and in the central domains, and between CaSR and
[Na+]iand the central Ca2+ metrics. The correlations were determined using
Kendall’s tau (τ), since the variables followed discrete distributions. Significance
was determined with 95% confidence, and all data analyses were performed in
Matlab R2017a.
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Table III.2: Experimental values of parameters used for calibrating the population
of models. (values were based on experimental data by [6], [12], [15], [31], [33]–
[36]), and mean and standard deviation (std) values of the whole and calibrated
PoMs.

Metric Calibration criteria Whole Calibrated
Mean Std Mean Std

APD90 (ms) 80 - 120 165 126 96 13
APD40 (ms) 20 - 60 98 91 57 6
APA (mV) 90 - 140 102 31 121 7
RMP (mV) < -75 -57 37 -78 2
CaT-A (µM) 0.1 - 1.0 1.0 2.9 0.30 0.05
[Na+]i (mM) 8 - 12 11.7 6.4 9.5 2.0
CaT rise time < 100 ms 89 60 97 11

EAD absent 38% absent
Alternans absent 18% absent

III.3 Results

III.3.1 Population of models

Varying the maximum conductances between 25% and 400% resulted in an
initial population of 3000 models with a large degree of variation in AP and
CaT properties. Calibration of the population by constraining output values
to the ranges in Table III.2 resulted in the selection of 16 out of 3000 models.
Restricting values of APD90, APD40, and CaT-A was responsible for excluding
the majority of models, with 175 models satisfying the requirements for these
3 parameters. Mean and standard deviation of APD90, APD40, APA, RMP,
CaT-A, [Na+]i, and CaT rise time for the whole and calibrated populations are
shown in TableIII.2. EAD and alternans in the whole PoM are shown as % of
occurrence.

The APs and CaTs of the calibrated population are shown in Figure III.4A-B.
Although the calibration step obviously reduced the variability in APs and
CaTs, the maximum values of the ionic conductances retained a relatively large
range of variation. Only six of the thirteen varied maximum conductances
showed significantly reduced variation in the calibrated as compared to the whole
population (GCaL, Imax

NaK, GNa, GKr, GKs, and GClb). The reduced variability
in these six parameters was found to be significant (two-sample Kolmogorov-
Smirnov test, α=0.05), and the distributions are illustrated in Fig. III.5. This
indicates that these ion currents affect the rabbit AP and CaT morphology to a
larger extent than the other conductances, and also that these parameters are
easier to constrain and identify using the considered metrics.

Fig. III.4B shows the CaTm and CaTc traces of the calibrated population.
As expected, the Ca2+ signals at these two different locations showed differences
in morphology, resulting from the differences in the underlying mechanisms
driving the signal. The membrane signal CaTm results from a combination
of Ca2+ entering the cell via ICaL and Ca2+ released from junctional CRUs,
while the central signal CaTc is the Ca2+ released from non-junctional CRUs
via CICR as a result of Ca2+ diffusing from neighbouring domains. The CaTc
therefore showed a longer time to peak from onset of the AP than CaTm, which
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Figure III.4: Action potentials (A), whole-cell Ca2+ transients (B), and CaTm
and CaTc (C) traces of the calibrated population, at 2 Hz steady pacing. The
red traces represent the baseline model (unscaled maximum conductances).

Figure III.5: Boxplots of eight of the maximum conductances. The ‘*’ indicates
distributions that were significantly altered (Kolmogorov-Smirnov test, p-
val<0.05) after calibration of the population. Black boxes represent the whole
population (n=3000), and blue boxes the calibrated population (n=16).

corresponds to the diffusion time of Ca2+ from the membrane to the centre of
the cell.

III.3.2 Calcium dynamics and wave propagation

The values of the Ca2+ metrics for 16 models are shown in TableIII.3. Both
the rise time and CD50 were significantly different between the CaTm and
CaTc traces (two-sample Kolmogorov-Smirnov test, α=0.05), with no significant
differences in the amplitudes of CaTm and CaTc, which is consistent with findings
in control atrial CMs [6]. The CaTc showed a shorter rise time and a longer
CD50 than CaTm. Furthermore, CaTdelay in the population was 42±12 ms,
which matches the 52 ms time delay measured from line scans of rabbit atrial
myocytes [6]. While CaSR was fairly consistent across the 16 models (0.30 µM),
[Na+]i showed a large degree of variation among models.

All 16 models of the calibrated population showed similar Ca2+ wave
propagation patterns with physiological characteristics under normal conditions,
including full regenerative propagation, delayed CaTc, and steady Ca2+ transients
over time. However, despite the similarities there were also measurable differences
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Table III.3: Values of the Ca2+ metrics for the calibrated population.

Model trisem
(ms)

trisec
(ms)

CaTdelay
(ms)

CaTAm
(µM)

CaTAc
(µM)

CD50m
(ms)

CD50c
(ms) [Na+]i

CaSR
(µM)

1 74 67 47 0.29 0.28 92 96 7.8 0.29
2 88 67 40 0.24 0.28 110 96 7.8 0.29
3 74 61 34 0.32 0.37 103 99 7.5 0.31
4 60 62 41 0.37 0.34 9 84 98 12.5 0.30
5 72 63 38 0.35 0.32 92 98 6.9 0.30
6 78 62 34 0.27 0.41 133 166 10.6 0.32
7 63 67 51 0.39 0.27 71 96 10.9 0.29
8 71 61 31 0.35 0.37 99 99 10.5 0.31
9 72 67 50 0.29 0.28 86 96 8.9 0.29
10 70 64 38 0.30 0.31 95 98 8.2 0.30
11 67 63 38 0.39 0.32 85 99 11.1 0.30
12 65 61 36 0.50 0.36 73 99 10.4 0.31
13 89 67 48 0.25 0.27 108 96 7.6 0.28
14 70 74 79 0.25 0.21 95 94 7.1 0.26
15 65 63 36 0.41 0.41 99 192 12.3 0.32
16 68 61 31 0.39 0.37 84 99 12.5 0.31

Mean 72 64 42 0.33 0.32 94 109 9.5 0.30
Std 8 4 12 0.07 0.06 15 28 2.0 0.02

in the propagation patterns, as characterized by the Ca2+ metrics defined above
and by plots of the spatio-temporal Ca2+ dynamics. Three representative Ca2+

wave propagation patterns (models 1, 15, and 7 in TableIII.3) are also shown
in Fig.III.6. Model #1 corresponds to a CaTdelay very close to the average,
and with similar CaTAm and CaTAc; model #15 shows a shorter CaTdelay, and
slowed CaTc decay ; and model #7, in turn, showed a slightly longer CaTdelay,
but a damping of CaTc.

III.3.3 Correlation analysis

We next analyzed the correlations between the maximum conductances of
individual currents and the Ca2+ metrics defined in Fig. III.3. The results are
summarized in TableIII.4, where significant correlation coefficients (p-value<0.05)
are highlighted in bold. Our analyses reveal that the Ca2+ wave properties of
these 16 models were primarily sensitive to GCaL, Imax

NaCa, and Imax
NaK . The L-type

Ca2+ channel conductance GCaL showed a negative correlation with CD50m, but
not the amplitudes CaTAmand CaTAc. Imax

NaCa showed significant correlation with
trisem, CaTAm, and CD50m, where a larger Imax

NaCa negatively correlated with
trisem, which is expected given role of INCX in Ca2+ extrusion. However, Imax

NaCa
did not affect CaTdelay. Finally, we found Imax

NaK to be negatively correlated with
CaTAc and CD50c, indicating that a larger INaK current resulted in a smaller
CaTc signal.

The correlation among the seven Ca2+ metrics , [Na+]i, and CaSR are
compiled in Table III.5, with significant correlation coefficients (p-value<0.05)
highlighted in bold. We observe that CaTdelay which was not sensitive to any
of the ion current conductances, was strongly correlated with CaSR. We also
found [Na+]i to be correlated with trisem, and CaTAm. Furthermore, we observe
that the individual Ca2+ metrics related to CaTm and CaTc were in general
not correlated, except for CaTAm which was correlated with trisec, and CD50c,
while CaTdelay was strongly correlated with all CaTc properties, trisec, CaTAc,
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Figure III.6: Simulation of Ca2+ waves in three representative models of the
selected population. Traces on left hand-side show the APs (top), and CaTs
(bottom) at the membrane (black lines) and centre of cell (red lines). The right
hand-side of the Figure shows line scans of propagating Ca2+ waves in three
consecutive beats at 2 Hz pacing. The lines on the top-right panel show the
locations where the CaT traces were recorded. Model #1 shows a propagating
Ca2+ wave where CaTm and CaTc have rather similar morphologies; model #15
shows a Ca2+ wave with slightly larger CaTdelay; and model #7 shows a wave
patterns with decreased CaTAc as compared to CaTAm.

and CD50c. The three Ca2+ metrics trise, CD50, and amplitude, were correlated
for both CaTm and CaTc, as expected (data not shown).
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Table III.4: Kendall’s τ and p-values between maximum conductances and CaTm
and CaTc properties.

Parameters trisem trisec CaTdelay CaTAm
τ p-val τ p-val τ p-val τ p-val

GCaL -0.33 0.086 0.13 0.52 0.31 0.11 0.30 0.12
GCaT 0.093 0.65 0.13 0.52 0.10 0.62 -0.25 0.19
GNaK 0.14 0.47 0.27 0.17 0.31 0.11 -0.20 0.31
ImaxNaCa -0.72 0.0001 -0.079 0.71 0.10 0.62 0.45 0.015
GNa -0.19 0.32 -0.044 0.85 -0.051 0.82 0.22 0.27
Gto -0.11 0.59 0.13 0.52 0.10 0.62 0.10 0.63
GKr -0.16 0.42 -0.11 0.58 0.017 0.96 0.13 0.51
GKs -0.21 0.28 0.13 0.52 0.19 0.34 0.0 1.0
GK1 -0.36 0.058 0.062 0.78 0.17 0.39 0.15 0.45
GCaP 0.30 0.12 -0.027 0.93 -0.068 0.75 -0.30 0.12
GCab -0.13 0.53 -0.22 0.27 -0.14 0.50 0.10 0.63
GNab 0.093 0.65 -0.34 0.082 -0.31 0.11 -0.083 0.69
GClb -0.30 0.12 0.20 0.31 0.29 0.13 0.10 0.63

Parameters CaTAc CD50m CD50c
τ p-val τ p-val τ p-val

GCaL -0.23 0.23 -0.51 0.0076 -0.21 0.31
GCaT -0.18 0.35 0.10 0.62 -0.25 0.23
GNaK -0.43 0.020 -0.14 0.50 -0.54 0.007
ImaxNaCa -0.050 0.82 -0.75 0.0001 -0.045 0.85
GNa 0.017 0.97 -0.15 0.44 0.082 0.71
Gto -0.13 0.51 -0.12 0.56 -0.082 0.71
GKr -0.033 0.89 -0.22 0.26 -0.064 0.78
GKs -0.033 0.89 -0.17 0.39 -0.064 0.78
GK1 -0.083 0.69 -0.27 0.16 -0.12 0.58
GCaP 0.067 0.76 0.27 0.16 -0.10 0.64
GCab 0.10 0.63 -0.24 0.22 0.064 0.78
GNab 0.15 0.45 -0.017 0.96 0.12 0.58
GClb -0.20 0.31 -0.085 0.68 -0.17 0.40

Table III.5: Kendall’s τ and p-values for correlations between CaTm properties,
[Na+]i, and CaSR, and CaTc properties.

Parameters trisec CaTAc CD50c CaTdelay
τ p-val τ p-val τ p-val τ p-val

trisem 0.18 0.38 -0.093 0.65 -0.15 0.49 0.0 1.0
CaTAm -0.41 0.035 0.33 0.08 0.43 0.03 -0.27 0.16
CD50m 0.081 0.71 0.10 0.62 0.10 0.64 -0.16 0.44
CaTdelay 0.79 0.0001 -0.77 0.0001 -0.77 0.0001 1 0
[Na+]i -0.34 0.082 0.37 0.052 0.41 0.041 -0.26 0.19
CaSR -0.79 0.0001 1.0 0.0 0.88 0.00 -0.77 0.0001

III.4 Discussion

We have developed a model of a healthy atrial CM with rabbit-specific EP and
spatially distributed Ca2+ dynamics. The central motivation for developing the
model was to be able to describe radial diffusion of calcium, which is important
for the investigation of the effects of asynchronous Ca2+ release on arrhythmic
activity in atrial myocytes lacking T-tubules. We used a PoM approach to
parameterize the maximum conductances of sarcolemmal ion currents to match
model outputs to reported experimental data from the rabbit atria. The result
was a population of 16 models that were all consistent with observed experimental
values, but still recapitulated observed variability in Ca2+ wave characteristics.

The small number of models selected by the experimental calibration shows
that imposing a sufficiently large number of constraints in model outputs
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(in this case, 8 parameters) can reduce the parameter space to discrete sets
of parametrizations, each following a unique trajectory. We also show that
significantly different parameter combinations can result in models with very
similar behaviors (see Fig.III.4 and Table III.8, highlighting the non-uniqueness
of CM models, a consequence of the compensatory effects of ionic currents
[42]–[44]. Nonetheless, the calibration step significantly reduced the variability
in six of the maximum conductances, as seen in Fig. III.5, indicating that the
electrophysiology and Ca2+ metrics used in the experimental calibration were,
in general, sensitive to these maximum conductances.

It is worth noting that the data used here to constrain the model were
obtained from a large assortment of published experimental data. Therefore, the
16 models selected reflect not only the natural variability observed within different
atrial regions, but also experimental uncertainties inherent to methodologies used
by different research groups. The PoM-based approach we used here contrasts
with the more standard approach, wherein a computational model is fitted to a
small set of experimental observations, often obtained from a single atrial region,
to yield a single model parametrization that captures the average behavior in
the experimental data. Although useful for assessing the mechanisms underlying
general characteristic behaviors of the model, the single-parameter approach
lacks the ability to reproduce experimental observations from a range of data. In
contrast, incorporating variability into the model via the PoM-based approach
employed here allows a generalization of model results to a wider set of conditions
and phenotypes.

III.4.1 Correlation analysis

The seven extracted Ca2+ metrics from CaTm and CaTc quantify differences in
the Ca2+ wave properties across the 16 models. Correlation analysis showed that
GCaL and Imax

NaCa and Imax
NaK were the only maximum conductances significantly

affecting Ca2+ wave propagation in the model. This result is consistent with the
known role of these ionic currents in intracellular Ca2+ regulation. For instance,
experimental observations have shown the role of increased sarcolemmal Ca2+ in
modulating the regenerative propagation of the Ca2+ signal towards the inner
locations of the cell [25].

The strong correlation between Imax
NaCa and CaTm metrics indicates a strong

modulating effect of INCX on Ca2+ dynamics at the cell membrane. The
importance of the role of INCX on modulation of Ca2+ dynamics during the AP
is well documented both experimentally, and through computational simulations
[45]–[47]. Furthermore, since INaK affects [Na+]i homeostasis, which in turn
affects INCX function, it is not surprising that INaK was correlated with CaTAc
and CD50c. However, it is somewhat unexpected that INaK was more strongly
correlated to the CaTc than to CaTm properties.

The observed correlations between CaTAm and trisec and CD50c indicates
that the rate of Ca2+ release and uptake in the CRUs is modulated to some
extent by the amount of Ca2+ that enters the membrane and initiates CICR. We
also observed that CaTdelay was correlated to trisec, CaTAc, and CD50c, which
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indicates that the velocity of Ca2+ wave propagation was mostly modulated by
the dynamics of the regenerative propagation of the Ca2+ signal along CRUs, and
not by the amount of Ca2+ entering via the cell membrane. CaTdelay measures
the time for the Ca2+ wave to propagate to the innermost cell domains which
depends on the strength and rate of the regenerative CICR. This also determines
the shape of the local CaTs in each inner domains. Therefore, it is expected that
CaTdelay co-varies with the CaTc properties, but not with the CaTm properties.

The observation that CaTdelay strongly correlated with CaSR is not
unexpected, since a higher SR Ca2+ load would naturally promote a faster
rise of the CaT at inner domains (smaller trisec), and thus reduce CaTdelay,
while simultaneously promoting a longer CaT duration (larger CD50c). The
observed correlation between Ca2+ metrics and [Na+]i is also expected since
[Na+]i plays a significant role in the modulation of NCX function, and therefore
in the regulation of the sub-sarcolemmal Ca2+ signal [45]–[47].

Overall the results of the correlation analyses presented here are in good
agreement with our understanding of Ca2+ handling dynamics in atrial CMs, and
provide additional insight into the mechanisms driving Ca2+ wave propagation
in the newly developed model taking into account population variability.

III.4.2 Limitations and future directions

It is important to note that the conclusions derived from the analyses presented
here are limited by the experimental data that was used in the calibration
of the population. In particular, the lack of quantitative measurements of
intracellular Ca2+ makes it difficult to validate the model predictions of the
spatial characteristics of the Ca2+ dynamics. The correlation analysis used in this
paper also has its own limitations and assumptions. For instance, simultaneously
varying parameters to build the population can lead to interaction effects,
which can mask the individual contributions of each varied parameter. The
analysis presented here can be extended by, for example, determining multivariate
correlations. Increasing sample size would allow to perform a more robust
analysis of correlations in the population, and a way to achieve this would be by
constructing new models by perturbing the parameters around the values that
originated the 16 models.

Furthermore, the developed pool of normal rabbit atrial CM models can be
used to study the effects of altered Ca2+ handling mechanisms, such as SR Ca2+

content, release and uptake on the dynamics of arrhythmogenic Ca2+ waves. The
deterministic RyR model used in this study assumes homogeneous distribution
and behavior of CRUs long the longitudinal axis of the cell, Therefore, this
simplification does not allow to simulate stochastic Ca2+ release events and
subcellular fluctuations in calcium-handling proteins, which may influence the
results [48].

It would also be relevant to improve the model by including the calcium-
dependent component of the chloride current, which has been shown to be
involved in APD alternans in rabbit atria [31]. and could therefore potentially
affect Ca2+ wave propagation dynamics. Future work could also address the
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effects of AF-induced remodelling on Ca2+ wave propagation, and in particular
look at the role of RyRs and Serca2a parameters in abnormal behaviors such as
failed Ca2+ propagation, Ca2+ alternans, and afterdepolarisations.

III.5 Conclusions

This paper presented a novel model of the rabbit atrial myocyte, and provides
a framework for analysing cardiac cell models based on correlation analysis.
We have shown that the model is able to reproduce experimentally observed
physiological Ca2+ wave propagation patterns. These differences were directly
linked to two Ca2+ currents, ICaL, and INCX . However, the study also showed
the Ca2+ wave patterns to be a complex interplay among different components,
including CaSR and [Na+]i.

The spatial Ca2+ description in the model, along with the methodology
presented here can be used as a tool to study sub-cellular mechanisms, and
their implication in the arrhythmmogenesis in diseased condition, such as atrial
fibrillation. This work can therefore be extended to assess such mechanisms under
altered conditions, such as electrical remodelling. In particular, the framework
can be useful for querying the drivers of arrhythmogenic Ca2+ cycling, such as
Ca2+ alternans, and to formulate hypothesis on new targets to restore normal
cell function.
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Appendix III.A Na+-Ca2+ exchanger model

INCX = I
max
NCX ·

1

1 +
(
kdact
Cai

)2 ·
e
νVmF
RT · Cao · Na3

i − e
(ν−1)VmF

RT · Na3
o · Cai

KmCai · Na3
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(
1 +

(
Nai

KmNai

)3)
+Km3

Nao
· Cai ·
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1 + Cai

KmCai

)
+(KmCao + Cao) · Na3

i +Na3
o · Cai

·
1

1 + ksat · e
(ν−1)VmF

RT

Imax
NCX = 4.41 pA/pF
kdact = 0.384× 10−3 µM
KmCai = 3.59× 10−3 µM
KmCao = 1.3 mM
KmNai = 12.29 mM
KmNao = 87.5 mM
nu = 0.35
ksat = 0.27
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Appendix III.B Serca2a model

JSerca = Vmax ·

(
Cai

Kmf

)nh

−
(

CaSR
Kmr

)nh

1 +
(

Cai
Kmf

)nh

+
(

CaSR
Kmr

)nh

Vmax = 5.3× 10−3 mM/s
Kmf = 0.000 625 mM
Kmr = 1.0 mM
nh = 1.787

Appendix III.C Ca2+ buffers

Buffers are modelled using a two-state model:

dCB

dt
= konC(Bmax − CB)− koffCB

where Bmax is the maximum buffer capacity, C and CaB represent the
concentration of free and bound ligand, and kon and koff are the rate coefficients
of ion-buffer complex formation and dissociation, respectively.

Table III.6: Buffer parameters.

Buffer Compartment Bmax (µM) kon (/s) koff (/µMs)
Troponin C High (Ca2+) cytosol 140E-3 2.37 3.2E-5
Troponin C High (Mg2−) cytosol 140E-3 3E-3 3.33E-3

Troponin C Low cytosol 70E-3 163.5 98E-3
Calmodulin cytosol 2.4E-3 34 238E-3
Myosin (Ca) cytosol 140E-3 13.8 4.6E-4
Myosin (Mg) cytosol 140E-3 0.0157 5.7E-5

SR cytosol 17.1E-3 100 6E-2
SLlow SL 37.4E-3· vmyo

vSL
100 1.3

SLlow junc 4.6E-4· vmyo
vjunc

100 1.3

SLhigh SL 13.4E-3· vmyo
vSL

100 3E-2

SLhigh junc 1.65E-4· vmyo
vjunc

100 3E-2

Calsequestrin SR 140E-3· vmyo
vSR

100 65
Na+ SL 7.561 1.0E-4 1.0E-3
Na+ junc 1.65 1.0E-4 1.0E-3
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Appendix III.D Initial conditions

Table III.7: Initial concentrations of the ionic species in the different
compartments of the model.

Ionic traces Initial
concentration Description

Cacyt 0.21 µM Ca2+concentration in the cytosol.
Cajunc 0.073 µM Ca2+ concentration in the junctional domain of the SS space.
Casl 0.23 µM Ca2+ concentration in the sarcolemmal domain of the SS space.
CaSR 0.25 µM Luminal Ca2+ concentration in the sarcoplasmic reticulum.
CaSRS 0.073 µM Ca2+ concentration in the sub SR space.
Nacyt 11.3 mM Na+ concentration in the cytosol (2Hz).
Najunc 11.3 mM Na+ concentration in the junctional domain of the SS space.
NaSL 11.3 mM Na+ concentration in the sarcolemmal domain of the SS space.
Kcyt 120 mM K+ concentration in the cytosol.
Clcyt 30 mM Cl− concentration in the cytosol.
Cao 1.8 mM Extracellular Ca2+ concentration.
Nao 140 mM Extracellular Na+ concentration.
Ko 5.4 mM Extracellular K+ concentration.
Clo 132 mM Extracellular Cl− concentration.

Appendix III.E Selected population

Table III.8: Parameter values of the 16 models of the calibrated population.

GCaL GCaT ImaxNaK ImaxNaCa GNa Gto GKr GKs GK1 ImaxCaP GCab GNab GClb
0.228 0.415 2.449 E-3 1.436 0.088 E-3 0.712 0.120 0.174 0.623 0.589 0.970 E-3 0.398 E-3 6.392 E-3
0.146 0.474 1.801 E-3 1.162 0.068 E-3 0.606 0.056 0.119 0.333 0.246 0.506 E-3 0.623 E-3 7.647 E-3
0.192 0.069 2.425 E-3 1.073 0.068 E-3 0.443 0.268 0.058 0.277 0.401 1.348 E-3 0.885 E-3 5.078 E-3
0.202 0.437 1.651 E-3 3.314 0.060 E-3 0.492 0.176 0.178 0.673 0.403 1.024 E-3 0.612 E-3 8.786 E-3
0.295 0.124 2.573 E-3 1.165 0.071 E-3 0.790 0.248 0.199 0.263 0.244 0.348 E-3 0.631 E-3 5.742 E-3
0.099 0.147 1.320 E-3 0.762 0.063 E-3 0.155 0.135 0.182 0.344 0.466 1.022 E-3 0.772 E-3 4.047 E-3
0.256 0.156 1.892 E-3 3.786 0.050 E-3 0.354 0.193 0.155 0.777 0.067 1.033 E-3 0.143 E-3 6.964 E-3
0.189 0.406 1.599 E-3 1.313 0.064 E-3 0.435 0.181 0.084 0.697 0.582 0.482 E-3 0.944 E-3 5.345 E-3
0.222 0.325 2.366 E-3 2.012 0.104 E-3 0.449 0.209 0.122 0.625 0.395 1.594 E-3 0.221 E-3 5.321 E-3
0.189 0.431 2.100 E-3 1.532 0.042 E-3 0.514 0.205 0.113 0.432 0.220 1.360 E-3 0.176 E-3 7.643 E-3
0.231 0.038 1.602 E-3 3.161 0.073 E-3 0.604 0.142 0.174 0.299 0.128 0.524 E-3 0.405 E-3 7.133 E-3
0.322 0.388 2.407 E-3 3.200 0.109 E-3 0.558 0.262 0.121 0.414 0.315 0.949 E-3 1.570 E-3 8.421 E-3
0.180 0.458 1.934 E-3 1.081 0.062 E-3 0.162 0.144 0.062 0.314 0.455 0.312 E-3 0.851 E-3 7.995 E-3
0.293 0.204 2.671 E-3 1.528 0.104 E-3 0.729 0.262 0.181 0.396 0.505 0.173 E-3 1.228 E-3 7.827 E-3
0.201 0.305 1.302 E-3 1.882 0.105 E-3 0.699 0.161 0.133 0.531 0.263 0.471 E-3 0.112 E-3 8.358 E-3
0.155 0.329 1.775 E-3 3.535 0.094 E-3 0.574 0.146 0.129 0.380 0.339 1.410 E-3 1.373 E-3 3.252 E-3
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Abstract

In atrial cardiomyocytes without a well-developed T-tubule system, calcium
diffuses from the periphery towards the center via centripetal calcium waves.
Remodeling of the processes controlling calcium diffusion can result in a failure
of calcium wave propagation towards the cell center, in what has been termed
“calcium silencing”. This has been observed in rabbit atrial cardiomyocytes after
exposure to prolonged rapid pacing. Although experimental studies have pointed
to possible mechanisms underlying calcium silencing, their individual effects and
relative importance remain largely unknown.

In this study we used computational modelling of the rabbit atrial
cardiomyocyte to query the individual and combined determinants of calcium
silencing and abnormal calcium wave propagation. We employed a population of
models obtained from a newly developed model of the rabbit atrial cardiomyocyte
with spatial calcium description of intracellular calcium handling. We selected
parameters in the model that represent experimentally observed cellular
remodeling which have been implicated in calcium silencing, and scaled their
values in the population to match experimental observations. In particular, we
changed the maximum conductances of L-type calcium (ICaL), sodium-calcium
exchanger (INCX), and sodium-potassium pump (INaK) currents, ryanodine
receptor (RyR) open probability and density, Serca2a density, and calcium
buffering strength. We incorporated remodeling in a population of 16 models by
independently varying parameters that reproduce the experimentally observed
remodeling. We then quantified resulting alterations in calcium wave propagation
patterns, and classified models in different wave propagation categories.

Our results show a strong effect of ICaL in driving calcium silencing, with
INaCa, INaK, and RyR density also resulting in calcium silencing in some models.
Potentially proarrhythmic calcium alternans were observed in some models where
INaCa and Serca2a density had been changed. Simultaneously incorporating
changes in all remodeled parameters resulted in calcium silencing in all models,
indicating the dominant role of decreased ICaL in the population phenotype.

This study provides insight into the underlying mechanisms of calcium
silencing and altered wave propagation in rabbit atrial cardiomyocytes and
motivates further investigations into the effects of altered calcium diffusion on
wave-propagation abnormalities and arrhythmogenesis.

IV.1 Introduction

Computational models of cardiac electrophysiology are important tools for
studying the mechanisms of heart disease and impaired cardiomyocyte (CM)
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function, and have been particularly relevant in the study of arrhythmic
events such as atrial fibrillation (AF) [1]–[3]. An important application of the
computational models is the interpretation and translation of knowledge gained
from animal experiments performed on a variety of different species. Atrial CMs
have a less well-developed T-tubule system than their ventricular counterpart,
and in many species this results in markedly different intracellular Ca2+ dynamics
[4]. In both cell types Ca2+ enters via L-type Ca2+ channels, locally accumulates
close to the membrane, and triggers Ca2+-induced Ca2+ release from Ca2+

release units (CRU) in the junctional sarcoplasmic reticulum (SR) into the
cytosol. The complex T-tubular system of ventricular cells effectively ensures
that every CRU is in close proximity with the membrane, and therefore that this
process occurs simultaneously throughout the cell. In atrial cells without well-
developed T-tubules, only a small fraction of the CRU are close to the membrane
and therefore activated by the initial L-type channel influx [5]. Activation of the
remaining CRUs occurs as a Ca2+ wave that propagates from the membrane
towards the center of the cell via a regenerative ’fire-diffuse-fire’ response[6],
[7]. As one CRU is activated, Ca2+ diffuses through the cytosol causing a local
concentration rise at the neighboring CRUs, which then reaches the threshold
level for activation and releases more Ca2+, and the process repeats resulting in
a centripetally propagating Ca2+ wave.

Given the heterogeneous nature of intracellular Ca2+ signalling in atrial CMs
[7], they are prone to developing Ca2+ instabilities, such as local fluctuations
in cytosolic Ca2+ levels, and intracellular Ca2+ waves, which can translate into
arrhythmogenic activity [8]–[10]. Furthermore, sustained arrhythmic conditions
such as AF can lead to severe electrophysiological remodeling of atrial CMs,
including up- or down-regulation of numerous ion channels and other membrane
transporters [11]. Furthermore, remodeling of the Ca2+ handling system, and
in particular of the RyRs has been shown to be implicated in abnormal Ca2+

release which, including increased CaT refractoriness, and increased dispersion
of Ca2+ release restitution [12]. This in turn has been associated with increased
susceptibility to alternans [12], ectopic activity and arrhythmias [13], [14]. For
instance, Ca2+ alternans have been extensively observed and implicated as
precursors of AF episodes in patients [15]–[18].

It has also been shown in rat atrial CMs that under basal conditions, Ca2+

does not fully propagate towards the center of the cell, mainly due to extensive
Ca2+ buffering, as well as the diffusion barrier of the mitochondria and Serca2a
[19]. It is believed that this lack of a Ca2+ signal at the inner regions of
the cell under normal conditions acts as a reserve to allow Ca2+ release to
be increased under conditions of higher contraction demand, such as during
β-adrenergic stimulation. Although atrial CMs of rabbit and rat species share
similar morphological traits, such as size, and the lack of a well-developed T-
tubule system, atrial CM from control rabbits do show a fully regenerative
centripetal Ca2+ wave at baseline. However, there is a complete absence of Ca2+

propagation at the center of the cell in rapid atrial pacing (RAP)-remodeled
CMs [20]. This phenomenon was termed ‘Ca2+ silencing’, and was suggested to
be a cardio-protective mechanism of the cell to suppress arrhythmogenic after-
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depolarizations [21]. Additionally, cytosolic Ca2+ buffering plays a significant
role in regulating free Ca2+ availability [22], which is thought to modulate Ca2+

wave dynamics [20], [23], [24]. However, the exact mechanisms leading to Ca2+

silencing and their relative importances remains unclear.
In the present study we aim to elucidate the mechanisms Ca2+ silencing by

comparing computational model results with experimental observations. We
have previously developed a model of the rabbit atrial CM with spatial Ca2+

description [25], which was parameterized to match experimentally observed
rabbit-specific electrophysiology using a population-of-models approach. The
parameterization resulted in 16 different models of the rabbit atrial CM, each
with a unique combination of ion channel maximum conductances, but all
closely matching experimentally observed electrophysiology characteristics. All
models showed rabbit-like action potential (AP) and Ca2+ transient (CaT)
morphologies, as well as fully propagating Ca2+ waves. The purpose of the
present study is to assess the role of different cellular parameters that are believed
to change as a result of pacing-induced remodeling by changing their values
in the model in a one-at-a-time fashion, and applying these changes to each
of the 16 models obtained from our previous study [25]. Rabbit atrial CMs
subject to RAP-dependent remodeling showed alterations in ICaL, INaCa, and
INaK current density or activity, as well as increased ryanodine receptor (RyR)
open probability and density, increased Ca2+ buffering strength, and decreased
Serca2a activity [20]. Therefore, we changed parameters in the model that
modulate these cellular functions by scaling their values in accordance with
experimental observations [20]. Thus, the changes introduced in the model to
incorporate remodeling effects are based on direct measurements rather than
indirect estimates from AP or CaT observations.

Furthermore, it has been extensively shown that cardiac CMs have a large
degree of variability in ion channel expression levels, and electrophysiological
properties. Therefore, the advantage of changing the parameters in 16 different
models is that it allows to incorporate electrophysiological variability in the
simulations, and provides a more comprehensive assessment of the effects of each
individual parameter. Therefore, using a population of models, rather than a
single ‘representative‘ model, provides a more robust and insightful analysis of
the model behavior under uncertainty, and by testing the effects of parameters
in different model instances it is possible to obtain a more generalized response
of the model, while identifying possible drivers of the observed responses.

IV.2 Methods

IV.2.1 Control population

We used the previously published model of the rabbit atrial CM with spatial
description of the Ca2+ handling system. This model contains domain-specific
Ca2+ dynamics and thus allows to simulate intracellular Ca2+ wave propagation.
A complete description of the model development and structure is provided
in Vagos et al. [25]. In brief, the model was based on the rabbit atrial CM
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model by Aslanidi et al. [26], and the human atrial CM by Voigt&Heijman et al.
[14]. Conceptually, the model is based on segmenting the CM into slices in the
longitudinal direction, which are further sub-divided into domains in the radial
direction. The domains are discrete units which contain ionic concentrations,
ionic currents, and Ca2+ handling components. As described in detail in [25],
the model distinguishes between the domains close to the membrane and the
interior domains. The inner domains contain the cytosol, sarcoplasmic reticulum
(SR), a sub-SR space (SRS), and Ca2+ release units (CRU), while the membrane
domains also contain the sarcolemmal currents; ICaL, ICaT, INa, IK1, Ito, IKr, IKs,
INCX, INaK, ICaP, ICab, INab, and IClb. The membrane domains (1 and 18) also
include a subsarcolemmal (SL) space. In these domains, the SRS represents a
junctional space in which LTCC and the ryanodine receptors (RyR) interact,
and thus this is indicated with “junc”. Each intracellular domain has a volume
of 16 pL, which corresponds, with the cytosolic, SR, SRS/junc, and SL spaces
occupying 65%, 3.5%, 0.1%, and 2% of the domain volume, respectively.

The calibrated population of models developed in [25] consists of 16 models
with rabbit-like electrophysiological parameters: (1) fully regenerative Ca2+

wave propagation from periphery to center of the cell; (2) absence of alternans
or afterdepolarizations; and (3) AP and whole-cell CaT morphologies within the
physiological ranges experimentally observed in rabbit atrial CMs. The models
differed only in the values of maximum conductances of the ionic currents, thus
capturing the natural variability observed in atrial cells. Henceforth we will refer
to these 16 models as the ‘control population’, and its main characteristics are
illustrated in Figure IV.1. Panels A and B show the APs and the CaTs from the
membrane domains, CaTm, and from innermost domains,CaTc. An exemplary
Ca2+ wave from one of the models is also shown in panel C of Fig.IV.1.

IV.2.2 Incorporating RAP remodeling

An experimental study has shown that rabbit atrial CMs subjected to rapid atrial
pacing (RAP), at 10 Hz for 5 days, developed an array of cellular remodeling
at the structural and biochemical levels [20]. Most notably, a decrease in ICaL
and INaK currents, an increase in INCX, reduced Serca2a density, increased RyR
open probability, decreased RyR cluster density, and increased Ca2+ buffering
strength were observed. Cellular remodeling was incorporated by scaling the
model parameters that modulate the affected cellular mechanisms to match
experimental measurements. The alterations listed in Table IV.1 were applied
to the control population, resulting in 8 different remodeled populations. By
applying individual alterations to a calibrated control population, rather than a
single representative model, we were able to asses their relative importance on
Ca2+ wave dynamics, as well as to capture more of the natural variability and
parameter uncertainty underlying the models.
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Figure IV.1: APs (A), and CaTs at the membrane domains (SS), and at the
center of cell (CC) (B) of the control PoM (n=16). (C) AP and CaTs of model
#1 of the control PoM (Table Table III.8 in Paper III), and corresponding
simulated line scan. The black and red rectangles on the line scan indicate the
domains from which CaTm and CaTc were extracted, respectively.

IV.2.3 Vizualization and analysis of calcium waves

Calcium wave propagation in the models was visualized in spatio-temporal plots
of CaTs from each cell domain over time, equivalent to line-scan images of
individual CMs. We characterized the individual remodeling effects by studying
the occurrence of CaT amplitude alternans and the occurrence of Ca2+ silencing.
Ca2+ alternans arise from instabilities in the Ca2+ handling system [27]–[29],
and have also been clinically associated with arrhythmogenesis. We defined
alternans as beat-to-beat differences in CaT amplitude larger than 5%, while
Ca2+ silencing was defined as a ratio of central to membrane CaT amplitude
(CaTc amplitude/CaTm amplitude)≤0.10 for all beats. Based on the presence
of alternans and Ca2+ silencing, the individual models were classified into five
different categories:

1. normal propagation;
2. Ca2+ alternans;
3. Ca2+ silencing;
4. alternans and Ca2+ silencing;
5. unphysiological wave patterns (‘other’).
Finally, we also report values of AP duration at 90% repolarization (APD90),

and of resting membrane potential (RMP) of the remodeled populations, since
APD90 shortening and RMP depolarization have been linked to arrhythmogenic
activity in CMs [11], [30] and thus are important quantities to characterize
pro-arrhythmic remodeling.
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Table IV.1: List of the 8 different RAP-induced remodeled populations, and the
parameters changed in the rabbit atrial CM model to represent remodeling in
each case.

# Remodeling Parameters Parameters definition

1 Down-regulation of ICaL GCaL
Maximum conductance of the
L-type Ca2+ channel

2 Up-regulation of INCX ImaxNaCa
Maximum flux of the Ca2+-Na+

exchanger

3 Down-regulation of INaK ImaxNaK
Maximum flux of the Na+-K+

pump
4 Decreased Serca2a density Jmaxup Maximum pump flux

5 Increased RyR open probability
RyR_P[0] RyR property to balance open

probability and SR Ca2+ leak
RyR_P[1] RyR property to balance open

probability and CaT amplitude
RyR_P[5] RyR single-channel open

probability

6 Decreased RyR density RyR_P[11] RyR2 density in SR fractions
NRyRs Number of ryanodine receptors

per cluster
7 Increased Ca2+ buffering strength Buff_factor Ca2+ buffering factor
8 Full remodeling All -
# Baseline value Scaling
1 see [25] 0.4
2 see [25] 2.5
3 see [25] 0.5
4 0.0053 0.7

5
0.2

20.22
8E-5

6 0.007 0.25198000
7 1.0 0.15
8 - -

IV.3 Results

IV.3.1 Effects of changing RAP-remodeling parameters

In this section we list the effects of the remodeling alterations defined in Table
IV.2, including both the individual mechanisms and the combined effect of all
mechanisms.

IV.3.1.1 Down-regulation of ICaL

Fig.IV.2-1 shows the population after reduction of GCaL to 40%, which resulted
in a consistent response of Ca2+ silencing across all models. An example of
a Ca2+ wave from this population is shown in Fig.IV.3B. Additionally, CaTm
showed a considerably reduced amplitude as compared to the control population,
as would be expected since the amplitude of the sarcolemmal CaT is directly
linked to the magnitude of ICaL. We also observed a significantly shortening of
APD90 (Table IV.2) in this population, which is a well-documented effect of
reduced ICaL in CM models.
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IV.3.1.2 Up-regulation of INaCa

The effects of increasing Imax
NaCa in the population resulted in a variety of Ca2+

wave propagation patterns, including Ca2+ alternans, silencing, and alternans
and silencing, see Panel 3 of Fig.IV.2. Additionally, this modulation produced
large variations in APD90 across the population, with a mean APD90 larger
than in the control population, as well as large variations in CaT amplitudes
and diastolic Ca2+ levels. Furthermore, one of the models failed to repolarize,
as seen from the ripples in Fig.IV.2 Panel 2A, with corresponding rippled CaTs
(not shown). This model corresponded to a [Na+]i of 41 mM, quite far from
physiological values, and a [Ca2+]i of 5.8 µM. The perturbations in AP and
CaTs observed in this population are not surprising given the known role of
INCX in regulating both [Ca2+]i and repolarization [31].

IV.3.1.3 Down-regulation of INaK

Decreasing Imax
NaK resulted in about 60% of the models developing Ca2+ silencing,

while the remainder did not significantly change. This population showed
significantly elevated [Na+]i levels (22±4 mM versus 9.5±2 mM, (two-sample t-
test, α=0.05), as expected given the decreased outflow of Na+ from the cell, which
shifted the activity of INCX. As a consequence of reducing Imax

NaK, the magnitude of
the forward mode and reverse mode components of INCX (measured as maximum
and minimum current values during a complete AP) were significantly smaller
and larger, respectively, in the Imax

NaK population as compared to the control
(two-sample t-test, α=0.05). Of note, the reverse mode component is typically
relatively small as compared to the forward mode component of INCX. This
resulted in an accumulation of Ca2+ in the cytosol and in the SR.

RMP was also significantly more depolarized, possibly due to a reduction
in IK1 in this population (−74 mV in Imax

NaK-remodeled versus −80 mV in control
PoM). Although we did not find any association between RMP and the magnitude
of INaK or IK1, we did find a significant correlation between RMP and ICaPmax

(Kendall’s τ=-0.6, p-val=0.001). However, the mechanism underlying this
possible association in the model is not clear.

CaTm amplitude and diastolic Ca2+ levels varied also considerably in this
population (see Fig.IV.2 Panel 3B and TableIV.2). Although the maximum
conductances of the models that either showed normal propagation or Ca2+

silencing did not show observable differences, we did find that models showing
Ca2+ silencing mostly corresponded to higher values of both [Na+]i, and [CaSR].

IV.3.1.4 Decreased Serca2a density

Decreasing Serca2a density to 70% of baseline value resulted in largely unchanged
APs, and an overall small effect on CaTm and CaTc, with only about 20% of
the models showing alternans and the others being mostly unaltered.
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IV.3.1.5 Increased RyR open probability

Increasing RyR open probability resulted in about 40% of the models developing
Ca2+ silencing. None of the models resulted in the development of alternans,
as opposed to experimental observations of increased alternans threshold in
AF-remodeled dog CMs [12]. Additionally, we did not observed any associations
between the occurrence of Ca2+ silencing in this PoM and the values of the
maximum conductances, nor [Na+]i and [CaSR].

IV.3.1.6 Decreased RyR density

The effect of decreasing RyR density largely resulted in a variety of unphysiolog-
ical Ca2+ propagation patterns. One such wave pattern is shown in Fig.IV.3F.
This result indicates that the Ca2+ system in this model is quite sensitive to
such large changes of the two target parameters, NRyRs and RyR_P[11].

IV.3.1.7 Increased Ca2+ buffering strength

Increasing the Ca2+ buffering strength in the population did not result in any
form of abnormal Ca2+ wave propagation, with all models showing a normal
Ca2+ propagation pattern. This is in contrast with experimental observations
from Greiser et al. [20] where the authors reported that an increased Ca2+

buffering strength in the cell was likely to be correlated with the observed Ca2+

silencing in the remodeled cells.

IV.3.1.8 Full RAP remodeling

Finally, we simultaneously incorporated all seven RAP remodeling mechanisms
considered above. This change incorporating all 10 parameter changes listed in
Table IV.1, resulted in a population with significantly shorter APD90, reduced
CaTm amplitude, and Ca2+ silencing. This result is in good agreement with
experimental observations in [20], where the authors observed Ca2+ silencing in
linescans of RAP remodeled cells, without the occurrence of alternans or other
pathological Ca2+ propagation behaviors.
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Figure IV.2: RAP remodeled populations (1-8): (A) action potentials, and (B)
CaTm and CaTc traces.

Table IV.2: AP and CaT properties (mean±std) of the control and remodeled
populations.

Population APD90
(ms)

RMP
(mV)

CaTAm
(µM)

CaTAc
(µM) CaTratio

Control 96±13 -78±2 0.33±0.07 0.32±0.06 0.99±0.20
GCaL 65±9 -76±3 0.033±0.006 0.0001±0.00 0.0040±0.0009
ImaxNaCa 113±90 -73±17 0.32±0.23 0.15±0.13 0.47±0.38
ImaxNaK 69±10 -74±4 0.76±0.40 0.078±0.07 0.086±0.04

Serca2a density 92±13 -78±3 0.28±0.05 0.23±0.06 0.84±0.28
RyR Po 91±17 -77±3 0.32±0.08 0.17±0.14 0.57±0.45

RyR dens. 107±29 -78±3 0.26±0.13 0.064±0.07 0.18±0.20
Ca2+ buff. 93±12 -78±3 0.31±0.06 0.28±0.05 0.92±0.19

full remodeling 57±19 -75±3 0.13±0.14 0.0061±0.013 0.019±0.030

Population CD50m
(ms)

CD50c
(ms)

Control 94±15 108±28
GCaL 114±10 71±33
ImaxNaCa 77±26 107±61
ImaxNaK 64±8 159±19

Serca2a density 100±17 99±17
RyR Po 90±14 119±36

RyR density 119±33 76±56
Ca2+ buff. 96±15 110±20

full remodeling 102±29 86±77
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Figure IV.3: Exemplary Ca2+ waves from the RAP remodeled populations
showing Ca2+ propagation patterns from the 5 wave categories.

Table IV.3: Effects of individually changing the RAP parameters in each of the
16 models of the control population. Values correspond to % incidence of each
type of Ca2+ wave patterns in the population.

Population Normal Alternans Silencing Alt+Silenc Other
Control 100 0 0 0 0
GCaL 0 0 100 0 0
ImaxNaCa 37.5 31.25 18.75 6.25 6.25
ImaxNaK 37.5 0 62.5 0 0

Serca2a density 87.5 12.5 0 0 0
RyR Po 62.5 0 37.5 0 0

RyR density 0 0 31.25 0 68.75
Ca2+ buffering strength 100 0 0 0 0
Full RAP remodeling 0 0 100 0 0
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IV.4 Discussion

We used a previously developed population of 16 models representing normal
rabbit atrial electrophysiology, and incorporated known remodeling effects from
rapid atrial pacing. We built 8 new populations, each incorporating one or a set
of remodeled parameters representing a single physiological alteration, such as
altered expression levels of an ionic current. One of the populations incorporated
the changes in all parameters simultaneously to simulate full RAP remodeling,
as has been observed experimentally [20].

In our simulations each remodeled population showed different phenotypes,
especially in the CaT morphologies. More importantly, some parameter changes
lead to similar outcomes across the population (ICaL and Ca2+ buffering strength),
while others resulted in myriad different phenotypes (especially INCX and RyR
density). The overall effects of changing RAP parameters in the 16 models are
compiled in Table IV.3, and population APD90, RMP, and CaT characteristics
are compiled in Table IV.2. Mean CaTm amplitude was significantly reduced in
the GCaL, Imax

NaCa, Imax
NaK, and RyR_P[11] populations, while CaTc amplitude was

reduced in all populations, except the Buff_factor population. These amplitude
changes resulted in an overall reduced CaTratio in the GCaL, Imax

NaCa,Imax
NaK, Serca2a

density, RyR Po, and RyR density populations.
In our simulations Ca2+ silencing was mainly driven by reduction of GCaL and

Imax
NaK, when these parameters are changed individually. The similarities between
the GCaL and full remodeling populations indicate that the 60% reduction of GCaL
was the dominant effector of changes in AP and CaT morphologies. Furthermore,
despite significant differences in APD90 and RMP among the various remodeled
populations, with one model showing an afterdepolarization and another showing
failed repolarization, APs were mostly consistent across the population. Greater
differences were observed in CaTm and CaTc morphologies, especially in the GCaL,
Imax
NaCa, RyR Po, RyR density, and full remodeling populations. Furthermore,
changes in GCaL, Serca2a density, Buff_factor, and full remodeling resulted
in consistent alterations in Ca2+ wave propagation patterns, while changes in
the other parameters entailed a more complex response, despite considerable
differences in the values of their maximum ionic conductances. In contrast,
changes in the other parameters which resulted in a more varied set of responses
indicate that those parameters play a more complex role in the Ca2+ handling
system, where the values of maximum ionic conductances may also have had an
impact.

Experimental observations from Greiser et al. [20] suggested that the main
driver of Ca2+ silencing in rabbit atrial cells could be increased Ca2+ buffering
strength, whereas the reduction in IICaL was unlikely to play a significant role.
Our computer simulations of the full remodeling case, which aims to emulate
the array of cellular alterations measured experimentally, are consistent with the
experimental observations of Ca2+ silencing following RAP remodeling. However,
our results indicate that reduced ICaL, rather than increased Ca2+ buffering
strength, may be the main effector of Ca2+ silencing. Ca2+ alternans were only
observed in two of the remodeled populations (Imax

NaCaand Serca2a density), and in
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a fairly low percentage of the models. This low occurence of alternans suggests
that they are the result of more drastic changes in cellular mechanisms, which
were not captured in the remodeled populations constructed here. Overall, the
results presented here provide insight into the possible mechanisms of Ca2+

silencing in rabbit atrial CMs.
The approach used here to quantify the effects of changing model parameters

on model behavior differs from the more traditional approach where a single
model is used to represent a certain region of the heart, animal species, or
genotype. In contrast, we opted to use a small population of 16 models, obtained
by calibrating a population of 3000 models to experimentally measured rabbit
electrophysiological parameters. The advantage of the population approach over
a single model approach is that it allows to incorporate natural inter- and intra-
regional variability observed in the atria. Therefore, this approach provides a
more robust analysis of the effects of incorporating electrical remodeling into the
model, and how these changes may be related to observed Ca2+ wave patterns.

As with any modelling study, the approach developed here has its own
limitations and assumptions. We note that, although the approach proposed here,
whereby variability in maximum ionic conductances is taken into account, can
improve robustness and reliability of simulation results, the control population
used in this study is only an abstraction for a real population of myocytes obtained
from different specimens and varying regions of the heart. The control population
was produced by experimentally calibrating a population of 3000 models against
rabbit APs and CaTs characteristics [25], and thus the variation in maximum
conductances introduced in the population cannot be verified experimentally
as of this point due to the lack of data. A more holistic approach would be to
take into account experimental variability in ionic channel expression levels, for
instance, and calibrating the simulated population accordingly. However, we also
note that this does not invalidate the results presented here in that the control
models are still valid representations of healthy rabbit atrial CMs. Furthermore,
the methods presented here can be equally applied to other populations and
remodeling case scenarios. The population can also be expanded via re-sampling
of the maximum conductances, such as introducing perturbations around the
baseline values, and recalibrating. Additionally, we also note that the work
developed here can be further extended by incorporating variability in the RyR
parameters, and Jmax

up , and Buff_factor as well, thereby producing a population
that more reliably captures the full spectrum of Ca2+ wave propagation patterns
that result from RAP remodeling.

IV.5 Conclusions

This study proposed an approach for analysing the effects of RAP-induced
remodeling in a population of healthy rabbit atrial CMs. The remodeling
changes were implemented on the population one-by-one to dissect the effects of
each remodeled component individually, and simultaneously to reproduced the
experimentally observed array of changes.
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The results indicate that reduced ICaL was the main determinant of the
occurrence of Ca2+ silencing, with decreased Imax

NaCa, increased Imax
NaK, double RyR

open probability, and reduced RyR density also resulting in some cases of Ca2+

silencing. Reduction in INCX, and in Serca2a density also resulted in Ca2+

alternans in a small percentage of instances. Furthermore, changes in RyR
density largely resulted in unphysiological Ca2+ transients. This paper offers
some insight on the mechanisms of altered Ca2+ wave propagation patterns in
rabbit atrial CMs, and provides a framework for assessing effects of cellular
remodeling in a cohort of healthy models.
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