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Studying lon Channel Dysfunction and
Arrythmogenesis in the Human Atrium:
A Computational Approach

Sanjay R. Kharche, Phillip R. Law, and Henggui Zhang
The University of Manchester, Manchester, UK

1. Introduction

Human atrial fibrillation (AF) is the most common sustained clinically observed cardiac
arrhythmia causing mortality and morbidity in patients with increasing incidence in the
elderly (Aronow 2009; Wetzel, Hindricks et al. 2009). It is prevalent in the developed world
and a considerable burden on health care services in the UK and elsewhere (Stewart,
Murphy et al. 2004, Aronow 2008a; Aronow 2008b). AF is a heterogeneously occurring
disease often in complex with embolic stroke, thromboembolism, heart failure and other
conditions (Novo, Mansueto et al. 2008; Bourke and Boyle 2009; Roy, Talajic et al. 2009). The
treatment of paroxysmal AF includes pharmacological intervention primarily targeting
cellular ion channel function (Ehrlich and Nattel 2009; Viswanathan and Page 2009).
Persistent AF where episodes last for prolonged periods possibly requires electrical
cardioversion (Wijffels and Crijns 2003; Conway, Musco et al. 2009) or repeated surgical
interventions that isolate focal trigger sites that induce AF (Gaita, Riccardi et al. 2002;
Saltman and Gillinov 2009; Stabile, Bertaglia et al. 2009). A better understanding of the
underlying ion channel and structural mechanisms of AF will assist in design of improved
clinical therapy at all stages of the disease.

The structure of the human atrium is shown in Fig. 1. Mechanisms underlying the genesis of
AF are poorly understood yet. It is believed to be predominantly initiated by focal ectopic
activity in the cristae terminalis of the right atrium, and pulmonary vein ostia in the left
atrium (Haissaguerre, Jais et al. 1998). Spontaneous focal activities in the atrium could also
be generated by intracellular calcium ([Ca2*];) dysfunction (Chou and Chen 2009). The
ectopic activity, under AF conditions, normally leads to a persistent single mother rotor of
re-entrant excitation circuits. Upon interaction with anatomical obstacles along with intra-
atrial electrical heterogeneity, the mother rotor wavefront breaks giving rise to smaller
randomly propagating electrical wavefronts resulting in rapid erratic excitation of the atria
(Moe, Rheinboldt et al. 1964) leading to uncoordinated contractions of the myocardium,
which is reflected in the abnormal P-wave and R-R intervals of clinical ECG (Rosso and
Kistler 2009). Recently a new mechanism, “AF begets AF* (Wijffels, Kirchhof et al. 1995) due
to AF induced electrical remodelling (AFER), has been identified by which rapid excitation of
atrial tissue gives rise to persistent AF AFER produces remarkable reduction in atrial action
potential (AP) duration (APD) and effective refractive period (ERP), which are associated with
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AF-induced changes in electrophysiology of ion channels. Several experimental studies have
studied the effects of AFER on individual ion channels of human atrial myocytes (Bosch,
Zeng et al. 1999; Workman, Kane et al. 2001; Bosch and Nattel 2002; Balana, Dobrev et al.
2003; Ravens and Cerbai 2008), and have identified several ion channels remodelled by
chronic AF (Bosch, Zeng et al. 1999; Workman, Kane et al. 2001) .

Another mechanism underlying the genesis of AF is ion channel dysfunction arising from
genetic mutations. There is growing interest in identifying genetic bases underlying familial
AF following the first study by Chen et al. (Chen, Xu et al. 2003). In the rare but debilitating
cases of familial AF, or lone AF, there is no apparent structural remodelling that precludes
the onset of AF. However, several clinical studies have characterised the familial nature of
several genetic defects that lead to AF (Chen, Xu et al. 2003; Xia, Jin et al. 2005; Makiyama,
Akao et al. 2008; Restier, Cheng et al. 2008; Zhang, Yin et al. 2008; Li, Huang et al. 2009;
Yang, Li et al. 2009). Hormonal imbalance during AF also causes electrical remodelling (Cai,
Gong et al. 2007; Cai, Shan et al. 2009) that facilitates AF, but is not considered in this
Chapter.

Fig. 1. 3D anatomical model of the human female atria showing internal structure and
conduction pathways (figure adapted from our previous study (Zhang, Garratt et al. 2009)).
Atrial tissue in the left (LA) and right (RA) atria is homogeneous (translucent blue). The
sino-atrial node (SAN) is the pacemaker wherefrom cardiac electrical excitations originate.
The main atrial conduction pathways, i.e. pectinate muscles (PM), cristae terminalis (CT)
and the Bachman’s bundles (BB), are the tissue types which possess electrical and structural
heterogeneity and contribute to a small proportion of total atrial mass.

Experimental and clinical electrophysiological studies are vital to improve our
understanding of AF and its underlying mechanisms. Such studies, however, require vast
resources and involve ethical considerations. In addition, the effects of cellular level
electrophysiological remodelling at multi-scale levels of cellular and spatially extended
tissues is practically impossible in a clinical or physiology laboratory environment. Recently
powerful biophysically detailed mathematical models of cardiac cells (Courtemanche,
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Ramirez et al. 1998; Nygren, Fiset et al. 1998; Zhang, Holden et al. 2000; Pandit, Clark et al.
2001; ten Tusscher, Noble et al. 2004) and spatially extended tissues have been developed.
Such biophysically detailed models of cardiac cells and tissues offer cost effective
alternatives to experimental studies to investigate and dissect the effects changes in
individual ion channels on cellular AP (Zhang, Garratt et al. 2005; Zhang, Zhao et al. 2007;
Salle, Kharche et al. 2008) and tissue conduction properties (Kharche, Garratt et al. 2008;
Kharche and Zhang 2008; Keldermann, ten Tusscher et al. 2009). With the ready availability
of vast computational power, simulation offers an excellent complimentary method of
studying AF in silico (Kharche, Seemann et al. 2008; Reumann, Fitch et al. 2008; Bordas,
Carpentieri et al. 2009).

In this Chapter, we present a review of some of our recent works on studies of AFER and
gene mutations in genesis and maintenance of AF. Comprehensive computational
techniques for the quantification of the effects of AFER at cellular and tissue levels are
described. Our simulation data at a multi-scale tissue level supported the “AF begets AF”
hypothesis (Zhang, Garratt et al. 2005; Kharche, Seemann et al. 2007; Kharche, Seemann et
al. 2008; Kharche and Zhang 2008), and demonstrated the dramatic pro-fibrillatory effects of
Kir2.1 V93I gene mutation on the human atrium computational study (Kharche, Garratt et
al. 2008). Techniques of high performance computing and visualisation of the
computationally intensive 3D simulations are discussed.

2. Multi-scale simulation of the effects of AFER and lone AF

In our studies of human atrial AF, we choose the widely used biophysically detailed cell
model for human atrial AP developed by Courtemanche et al. (Courtemanche, Ramirez et al.
1998) (CRN). This 21 variable electrophysiological model consists of several sarcolemmal ion
channel currents, pumps and exchanger currents, along with a sufficiently detailed
intracellular ionic homeostasis mechanism. The model is able to reproduce human atrial AP
accurately. Electrophysiological changes due to AFER and Kir2.1 V93I gene mutation can be
immediately incorporated into this model allowing ready simulation of the resulting AP and
[Ca2*]; transients. Further, as described later in this section, the cellular models can be
incorporated into multi-cellular tissue models using reaction diffusion formulations to
simulate conduction propagation behaviour. To quantify the effects of AFER and Kir2.1
V93l gene mutation, a series of experimental protocols are computationally emulated
quantifying their effects on atrial excitation at cellular and 3D anatomically detailed models.

2.1 Single cell modelling: electrophysiological changes due to AFER and monogenic AF
AFER and Kir2.1 V931 mutation both alter the biophysical properties of sarcolemmal ion
channels underlying human atrial AP. Changes in ion channel current densities, time
kinetics and steady state properties of ion channels have been quantified by experimental
and clinical studies. The experimental data regarding AFER was obtained from two
extensive studies wherein the effects of chronic human AF on atrial ion channels properties
were studied. The study by Bosch et al. (Bosch, Zeng et al. 1999) considered patients with AF
episodes lasting for more then 1 month (AF1), while the study by Workman et al
(Workman, Kane et al. 2001) considers patients with AF episodes lasting for more than 6
months (Workman, Kane et al. 2001) (AF2). In brief, remodelling in AF1 includes a 235%
increase of the maximal conductance of the inward rectifier potassium current Ixi, 74%
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reduction of the conductance of the L-type calcium current Ic,r, 85% reduction of
conductance of the transient outward current (I,), a shift of -16 mV of the I;, steady-state
activation, and a -1.6 mV shift of sodium current (In.) steady state activation. Fast
inactivation kinetics of Ic, 1 is slowed down, and was implemented as a 62% increase of the
voltage dependent inactivation time constant. Remodelling in AF2 includes a 90% increase
of Ix1, 64% reduction of Ic,1, 65% reduction of I, 12% increase of the sustained outward
potassium current (Ixsus), and a 12% reduction of the sodium potassium pump (Inax). Both
AF1 and AF2 data have been incorporated into the CRN model in our previous study
(Zhang, Garratt et al. 2005).

Simulation of Kir2.1 V93I gene mutation was based on the recent clinical data from Xia et al.
(Xia, Jin et al. 2005) who examined several generations of a large family with hereditary AF
associated with Kir2.1 V93I gene mutation. The Kir2.1 gene primarily regulates the Ix:
channel current, which is modelled as

Iy :gKl(V_EK) (1)
1- )
gKl = agklmax + (1 +Z)bg‘l/l<l£ndx (2)

where V is the cell membrane potential; Ex the reversal potential of the channel; gkimax the
maximal channel conductance; “a” is the fraction of the channel conductance that is voltage-
independent, (1-a) is the fraction of the channel conductance that is voltage-dependent, “b”
the steepness of the gki-V relationship; “c” is the half point of the gx;-V relationship. In
simulations, we considered different conditions of the mutation from Control (Con), to
heterozygous (Het) to homozygous (Hom) cases. Parametric values of equations 1 and 2 for
different conditions of Kir2.1 V93I gene mutation are listed in Table 1, which were based on
the experimental study of Xia et al. (Xia, Jin et al., 2005).

Experimental data sets of AFER and Kir2.1 V931 gene mutation as described above were
then incorporated into the CRN human atrial AP model to simulate their effects on human

atrial excitation at cellular and tissue models. A quantitative summary of all results is given
in Table 2.

2.2 Quantifying the effects of AFER and Kir2.1 V93l gene mutation on atrial APs at
cellular level

We first quantify the functional effects of AFER and Kir2.1 V931 mutation on atrial cellular
APs. Excitable models, including human atrial cell models, are usually at resting state far
away from the oscillating state and show rate dependent adaptation upon periodic pacing,
similar to those seen experimentally (Workman, Kane et al. 2001; Cherry, Hastings et al.
2008). Therefore, the models have to be conditioned with several pulses before stable
excitations can be elicited. In case of the CRN model, it was found that 10 pulses at a pacing
cycle length (PCL) of 1 s was sufficient conditioning. Upon simulation, characteristics of AP
profiles were quantified by measuring the resting potential and APD at 90% repolarisation
(APDy), the overshoot and the maximal upstroke velocity, dV/dtmax. APDyg reflects the
overall changes in ion channel function during AP. dV/dtmax on the other hand, not only
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Quantity Con Het Hom
gkimax (NS/ pF) 0.09 (100%) 0.13 (141% 1) 0.16 (173% 1)
a 0.0 0.0355 0.0575
b (mV-1) 0.070 0.156 0.232
¢ (mV) -80.0 -60.1 -54.7

Table 1. Parameters of Ix; equations (1-2) for various Kir2.1 V93I gene mutation conditions.
Values were determined based on experimental data of Xia et al. (Xia, Jin et al. 2005) under
Con, Het and Hom conditions.

influences cellular behaviour, but also the conduction properties at tissue level (Biktashev
2002). Due to the large increase in repolarisation potassium currents and reduction in
depolarising currents, the AP profiles show large abbreviation in APDgy under AFER and
Kir2.1 V93I gene mutation conditions. APD abbreviation under AFER conditions is due to a
integral actions of remodelled ion channels. However, in the gene mutation condition, such
an abbreviation is caused by gain-in-function of the Ix; channel. The effects of AFER and
Kir2.1 V93I gene mutation on AP profiles are shown in Fig. 2.

A B
40 - 40 +

(0.0 0.2 (0.4
t(s)

Fig. 2. AP profiles under AFER (A) and Kir2.1 V93I gene mutation (B) conditions. AFER and
the mutation cause a dramatic abbreviation of APD.

APD restitution (APDr) measures the excitation behaviour of atrial cells subjected to
premature pulses immediately after a previous excitation (Franz, Karasik et al. 1997; Qi,
Tang et al. 1997; Kim, Kim et al. 2002; Burashnikov and Antzelevitch 2005; Cherry, Hastings
et al. 2008). Recent experimental and modelling studies have shown the correlation between
the maximal slope of APDr greater than unity and instability of re-entrant excitation waves
in 2D and 3D tissues (Xie, Qu et al. 2002; Banville, Chattipakorn et al. 2004; ten Tusscher,
Mourad et al. 2009). In our study, APDr is computed using a standard S15S2 protocol. A train
of ten conditioning stimuli (S1) at a physiological PCL were applied before the premature
pulse (S2) was applied. The time interval between the final conditioning excitation and onset
of the premature excitation emulates atrial diastolic interval (DI), or the time the atrial organ
has for recovery from the previous excitation. In the CRN model, S1 and S2 have stimulus
amplitude of 2 nA and duration of 2 ms. A plot of the DI against APDy gives APDr, as
shown in Fig. 3 for Control, AFER and Kir2.1 V93I gene mutation conditions. At large DI,
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APDr curves have negligible slopes and show AP profiles under physiological rates of
pacing. At low DI, however, the slopes are noticeable. Under AFER conditions, the
computed APDr slopes under various conditions are much greater than under Control
conditions (Table 2).

A B
s Con Con
£ 300 300
0150 A2 450
= AF1 Hom
'j L] L L} {.-] L | L] L}
0.0 0.5 1.0 0.0 0.5 1.0
DI (s) DI (s)

Fig. 3. APDr profiles under AFER (A) and Kir2.1 V931 gene mutation (B) conditions. At large
DI, APDr curves reflect the changes in APDgy under Control (Con) and AF (AF1, AF2, Het
and Hom) conditions. At low DI, the maximal slopes of APDr curves indicate the
instabilities in 2D and 3D simulations. Quantitative details are given in Table 2.

400 A Con 400 H
_ B aaila /_QJJ—
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& L7 &~ Hom
0 . v 0 , ,
0.0 0.5 1.0 0.0 0.5 1.0
PCL (s) PCL (s)

Fig. 4. ERP restitution curves under AFER (A) and Kir2.1 V93I gene mutation (B) conditions.

Shortening of atrial APD and effective refractory period (ERP) are well recognised features
of atrial electrical activities during AF. ERP is generally measured by using cellular or tissue
preparations (Workman, Kane et al. 2001, Laurent, Moe et al. 2008). In our studies, we
adopted the cell based experimental protocol as described by Workman et al. (Workman,
Kane et al. 2001) where the cell was stimulated 10 times at various PCLs. A premature
stimulus S2 was then applied. The maximal time interval between S1 and S2 where the final
excitation has AP amplitude of 80% as compared to the premature pulses is defined as the
ERP. Due to the rate dependent adaptability of atrial AP, we usually compute ERP at several
PCL values to obtain an ERP restitution curve. Results are shown in Fig. 4. It can be seen
that AF reduces ERP (Table 2). Such a reduction is in qualitative agreement with
experimental observations and clinical data (Workman, Kane et al. 2001; Li, Hertervig et al.
2002; Oliveira, da Silva et al. 2007).
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2.3 1D and 2D tissue modelling

Human atrial tissue is spatially and electrically homogeneous tissue (Jalife 2003; Seemann,
Hoper et al. 2006). The primary sources of heterogeneity in the human atrium are the
conduction pathways as shown in Fig. 1, which contribute only a small fraction to total atrial
mass. Therefore, it is reasonable to take human atrial tissue as homogeneous in simulations
of the effects of AFER and Kir2.1 V93I gene mutation on atrial excitations (Kharche, Garratt
et al. 2008; Kharche, Seemann et al. 2008).

To simulate atrial excitation at the tissue level, the CRN atrial cell AP model is incorporated
into tissue models using a mono-domain reaction diffusion partial differential equation,

T DV ()41, 0) ®)

where D is the homogeneous diffusion constant mimicking the intracellular gap junctional

coupling, VZis the Laplacian operator and I, is the total reactive current at any given
spatial location 7 in the tissue associated with the ion channels of the atrial cell at r. We take
D to be 0.03125 mm?2/ms to give physiological value of conduction velocity (CV) of 0.265
mm/ms, which falls in the range of physiological measurements. Such a formulation is
sufficient for our purposes as we do not consider any extracellular potentials, fluids or
indeed mechanical activity, for which more complex bi-domain formulations have to be
adopted (Potse, Dube et al. 2006; Whiteley 2007; Vigmond, Weber dos Santos et al. 2008;
Linge, Sundnes et al. 2009; Morgan, Plank et al. 2009).

To quantify the functional effects of AFER and Kir2.1 V93l gene mutation on atrial CV
restitution (CVr) and temporal vulnerability (VW), models of 1D homogeneous atrial strand
were used. CVr is computed by conditioning the 1D strand (S1) after which a premature
pulse is applied. The CV of the second propagation as a function of the inter-pulse duration,
or PCL, is termed as CVr. CV of propagations is computed from the central region of the
strands as shown in Fig 5A. CVr for AFER and the gene mutation conditions are shown in
Fig. 5, B and C, where the stimulation protocol is also illustrated. As can be seen, AF reduces
solitary wave CV, i.e. CV at large PCL, or low pacing rates. Such CV reduction is not due to
any changes in the inter-cellular coupling in the tissue, but solely due to the changes of atrial
cell AP profiles. Our simulation data revealed that atrial tissue has better ability to sustain
atrial conduction at fast pacing rates under AFER or gene mutation conditions than under
Control conditions.
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Fig. 5. (A) Electrical waves in a 1D strand where the first wave conditions the tissue, whilst
the second wave is initiated after an interval S2. CV is computed according to when the
second wave is at x1 (t1) and x2 (t2). (B) CVr under AFER conditions. (C) CVr under Kir2.1

V93I gene mutation conditions.
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Fig. 6. Atrial excitation wave evoked by a S2 stimulus, applied at a time delay after the
conditioning excitation wave, can be either bi-directional blocked (Ai) if the time delay is too
soon, or bi-directional conduction (Aii) if the time delay is too late, or uni-directional
conduction block (Aiii) if the time delay falls in the VW. Computed VW under AFER
conditions (B) and Kir2.1 V93I gene mutation conditions (C).
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Fig. 7. Computed SVW from 2D tissue models by applying a premature stimulus in the
repolarisation tail of a conditioning pulse so as to evoke a figure of 8 re-entry (Ai, Aii and Bi,
Bii). The minimal length of the premature stimulus such that the evoked reentry sustains is
termed as SVW. (C) SVW under AFER conditions. (D) SVW under Kir2.1 V93I gene
mutation conditions. AFER and the gene mutation cause a dramatic reduction of SVW
allowing the tissue to sustain re-entry with reduced substrate size.

Uni-directional conduction block in atria can lead to genesis of re-entrant excitation waves.
Temporal vulnerability or vulnerability window (VW) measures the vulnerability of cardiac
tissue to genesis of uni-directional conduction block. VW is computed by allowing a single
solitary wave to propagate from one end of the 1D tissue to the other. After certain duration
and in the repolarisation phase in the middle of the tissue, a premature pulse is applied. The
time window during which the premature pulse elicits uni-directional propagation block is
termed as the VW. Fig. 6 illustrates the protocol and also shows the measured VW under
AFER and Kir2.1 V93I gene mutation conditions.

The effects of AFER and the Kir2.1 gene mutation on atrial tissue’s spatial vulnerability are
quantified by using 2D homogeneous models of human atrial tissue. Spatial vulnerability
(SVW) is computed as the minimal atrial substrate size that can sustain re-entrant waves. To
this end, a sufficiently long pulse as shown in Fig. 7 is applied in the repolarisation tail of
the conditioning pulse, giving rise to a figure of “8” re-entrant waves. The minimum length
that sustains such re-entry is termed as SVW. The results for AFER and gene mutation
conditions are given in Fig. 7.

Effects of the AFER and Kir2.1 VI93I gene mutation on the dynamical behaviours of re-
entrant excitation waves are also studied. In 2D tissues, re-entrant wave simulations are
performed in a tissue with a size of 37.5 cm x 37.5 cm. In simulations, re-entrant waves are
initiated by using a cross-field stimulation protocol. After allowing a planar wave to
sufficiently propagate through the 2D sheet, a cross-field stimulus is applied so as to initiate
re-entry (Kharche, Seemann et al. 2007). Upon initiation of a re-entrant wave in the middle
of the tissue, the re-entrant waves are allowed to evolve for several seconds. Results are
shown in Fig. 8. Under Control conditions, the 2D re-entrant waves self-terminate.
However, under AFER and Kir2.1 V93I gene mutation conditions, re-entrant waves become
persistent. During the simulation, time series of APs from representative locations were also
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recorded to allow analysis of dominant frequency of the re-entry. It is shown that the rates
of atrial re-entrant excitation waves increased markedly from Control conditions to AF ER
and gene mutation conditions. Traced trajectory of the core tips of re-entrant excitation
illustrated the increased stability and persistence of the re-entrant waves under AFER and
gene mutation conditions. These results are shown in Fig. 9.

2.4 Simulation of re-entrant waves in a 3D realistic geometry

The 3D anatomically detailed spatial model of human female atria as shown in Fig. 1 was
developed in a previous study (Seemann, Hoper et al. 2006). It is based on the anatomical
geometry of the human atria reconstructed from the visible human project (Ackerman, 1991;
Ackerman and Banvard 2000). The anatomical model consists of electrically homogeneous
atrial tissue, the SAN and conduction pathways. The SAN is the main pacemaker
wherefrom cardiac electrical excitation originates. The conduction pathways are electrically
and structurally heterogeneous and assist in normal conduction of electrical excitation in the
human atrium. In our studies, we however study re-entrant waves and therefore do not
consider SAN electrical activity, nor the heterogeneity associated with the conduction
pathways. All cells in our 3D anatomical model simulations are considered to be electrically
homogeneous.
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Fig. 8. Representative frames at regular intervals from 2D homogeneous re-entrant waves
simulations under Control, AFER and Kri2.1 V93I gene mutation conditions. Re-entry self-
terminates under Control conditions (top row), but becomes persistent under AFER and
gene mutation conditions.

Re-entrant waves were initiated and allowed to propagate through the electrically and
anatomically homogeneous model under Control, AFER and gene mutation conditions. The
re-entrant waves were initiated using a protocol similar to the 2D case at a place in the right
atrium to reduce boundary effects and interference from anatomical obstacles. The right
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atrium was chosen to be ideal as it offers minimal anatomical defects interfering with the
initial evolution of the re-entrant waves. Results from the 3D simulations under Control and
AFER and gene mutation conditions are shown in Fig. 10.

Under Control conditions, re-entry self-terminated at around 4.2 s. AFER however rendered
re-entry to be persistent. Again, if we study representative AP profiles during the
simulation, we can see that AF increases the dominant frequency. The dominant frequency
of oscillations in Control case is low at less than 3 Hz. In contrast, under AFER conditions,
the re-entry is persistent with rapid excitation rate. AFER increases stability of the mother
rotor under AF2 conditions. Due to the anatomical defects, the mother rotor degenerates
into smaller persistent erratic propagating wavelets, with a dominant frequency more than
10 Hz. Similar results were obtained under the Kir2.1 V93I gene mutation conditions as
shown in Fig. 11.

AT il pmwer spwinam

Fig. 9. Dynamical behaviours of 2D re-entrant waves as shown in Fig. 8 with core tip traces
(left column), representative AP profiles (middle column) and dominant frequency of the
AP profiles (right column) under various AFER and gene mutation conditions. Re-entrant
waves are more stable and cause high rate of atrial tissue excitation under AFER and gene
mutation conditions.

Our simulations have also shown another important mechanism by which re-entry becomes
persistent without effects of AFER or gene mutation. Upon initiation of re-entry close to a
blood vessel ostium, the electrical wave readily becomes anchored, as seen in Fig. 12. Such
anchoring of an electrical propagation also gives rise to persistent and rapid excitation of
atrial tissue.

2.5 Numerical considerations, algorithms and visualisation

Time integration of the CRN cellular models was carried out at a constant time step of 0.005
ms as given in the original CRN model. In the spatial 1D and 2D models, a space step of 0.1
mm was used in an explicit central Euler spatial integration scheme. The inter-node distance
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of 0.1 mm represents human atrial size which is close to physiological values. In the 3D
models, the space step was taken to be 0.33 mm, which allowed use of a time step of 0.5 ms.
These choices gave stable solutions independent of integration parameters.

The 2D and 3D spatial models are large with 140625 and more than 26 x 10° nodes
respectively. Parallelisation is therefore an important part of cardiac simulations. Solvers that
used shared memory parallelism (OpenMP) and large distributed memory parallelism (MPI)
were developed in our laboratory. Scaling of the solvers is shown in Fig. 13. In addition to
parallelisation, novel cardiac specific algorithms that exploit peculiarities of the model were
developed (Kharche, Seemann et al. 2008). The full geometrical model demands very large
amounts of contiguous memory. 3D Atrial tissue geometry occupies about 8% geometry of the
total data set, due to atrium being thin walled with large holes of atrial chambers and vena
caves. We re-structured the computer code such that only atrial nodes, i.e. only 8% of the total
26 million nodes and related information are stored in the computer memory. This improved
efficacy of memory usage. By re-numbering the real atrial nodes we are not storing any data
points that are not atrium. The memory required is reduced to less than 10 GB in the 3D case,

and the required computer floating point operations (flops) are also reduced.
=300 1= 175 £ = 3000 L= 4375

Cion

MAF

AF2

Fig. 10. 3D re-entry under Control (top panels), AF1 (middle panels) and AF2 (bottom
panels). Re-entry self-terminates under Control conditions in 4.2 s. Under AF1 conditions,
the narrow wavelength re-entrant wave breaks up due to interaction with anatomical
obstacles and gives rise to rapid erratic electrical propagations which are persistent. AF2
caused the re-entrant rotor to be stable and gave rise to a mother rotor.

The 3D simulations produce large data sets of more than 30 GB. Traditionally this output is
then post-processed to obtain measures quantifying the simulation, e.g. scroll wave filament
meander, and to visualise the dynamics of the electrical propagations. Each output file
consists of a binary data file of approximately 150 MB size. Efficient visualisation of the 3D
data shown in Figs. 10 and 12 was carried using the RAVE package (Grimstead, Kharche et
al. 2007) developed elsewhere. We have also developed visualisation techniques based on
the visualisation package Advanced Visualisation System (AVS) developed by Manchester
Visualisation Centre. This is versatile high level graphical software with a high level of
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functionality. Images in Fig. 11 were produced using diamond shaped glyphs, each of which
was colour coded with a scalar value, namely the value of voltage at that location.

For smaller visualisation jobs, e.g. 2D visualisation, we have used MATLAB due to its
functionality and transparent scripting. Development of visualisation scripts using
MATLAB is relatively straightforward with a high level of functionality. MATLAB is also
available to our laboratory locally. Having successfully developed 2D visualisation pipelines
using MATLAB, AVS as a high level visual programming environment is also versatile and
the results obtained using MATLAB can be replicated by AVS.

P S00 mes = ATHD ms P00 s =435

Fig. 11. 3D re-entry under Control (top panels), various Kir2.1 V93l gene mutation
conditions (Het, middle panels; Hom, bottom panels). With Kri2.1 V93l gene mutation,
condition, the re-entry became erratic leading to rapid excitation of atrial tissue.

e

3@

Fig. 12. Anchoring of re-entrant wave to pulmonary vein (PV). Location of PV is marked by
the arrow in the first panel of the second column.
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Model Quantity Con AF1 AF2 Het Hom
Resting
potential (mv) 505 -85.2 838  -8459  -85.07
APDg (ms) 313.0 1085 147.6 196.2 137.2
Overshoot 22.9 24.6 25.0 243 24.1
(mV)
Cell dV/ dtimax 147.2 86.5 97.2 113.4 98.1
(mV/ms)
SR 0.91 4.63 1.56 2.2 0.46
maximal slope
ERP (ms)
(stimulus 318.0 142.0 192.0 232.0 150.0
interval ~ 1 s)
CV (mm;/ms) 0.27 0.25 0.26 0.26 0.25
VW (ms) 15.4 14.8 14 13.1 12.9
1D Wavelength
aveleng 84.51 27.13 38.22 67.3 56.5
(mm)
LS (s) 1.8 >10 >10 >10 >10
DF (Hz) <3.0 10.0 7.0 8-15 12
2D Tip meander 5, 48.0 72.0 101.2 76.1
area (mm?)
SVW (mm) 99.1 20.5 34.7 26.2 17.0
D LS (s) 42 >6 >6 >6 >6
DF (Hz) 3.0 6.7 6.1 10.2 135

Table 2. Quantitative summary of the effects of AFER and Kir2.1 V93I gene mutation on
atrial excitations.

3. Conclusions and future work

Our simulation results have shown that both the AFER and Kir2.1 V93I mutation shortened
atrial APD and increased the maximal slopes of APDr. They reduced atrial ERP and the
intra-atrial CV, all of which facilitated high rate atrial excitation and conduction as observe
d experimentally and clinically in AF patients. Due to the large increase in repolarisation
currents, the both the AFER and Kir2.1 V93I gene mutation reduced tissue’s temporal VW.
However, they also reduced the minimal substrate size required to sustain re-entry.
Collectively of all these suggested the pro-arrhythmic effects of AFER and Kir2.1 gene
mutation. Our results also showed AFER and the gene mutation increased the stability of re-
entry, leading them to be persistent.
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Fig. 13. (A) Scaling of the shared memory (OpenMP) solver. (B) Scaling of the distributed
memory (MPI) solver.

These data have provided the first evidence in support of the hypothesis of “AF begetting
AF”. The methods described above characterise several aspects of the AFER and Kir2.1 gene
mutation on generating and sustaining AF. Future studies may consider mechanism
involving malfunctioning of intracellular [Ca2*]; handling (Hove-Madsen, Prat-Vidal et al.
2006), spontaneous firing at atrial blood vessel ostia, interaction between SAN and atria. In
addition to macro re-entrant waves, micro re-entry is also an important factor responsible
for AF (Markowitz, Nemirovksy et al. 2007). Inclusion of the electrical and spatial
heterogeneities in the various tissue sub-types in the atrium will further our understanding
the genesis of AF, especially the micro-entry due to heterogeneity boundaries.
Computational methods and algorithms can be further improved. This is especially relevant
for patient specific simulations where real time results are vital. An immediate aspect of the
current simulation-visualisation pipeline that can be addressed is that of incorporating the
visualisation, at least partly, into the simulation process. This will enormously improve
efficacy of the 3D simulations.
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