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A Simulation Study
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Abstract

Atrial fibrillation (AF) induces variations in channel
characteristics of human atrial myocytes. Data from ex-
perimental AF studies was incorporated in a computa-
tional model. It was used to investigate the effects of
electrophysiological remodeling on myocardial behavior.
This model was integrated in a schematic 2D model of
human right atrium including the sinoatrial node, crista
terminalis, pectinate muscles, and the atrial working my-
ocardium. Heterogeneous, anisotropic conduction was re-
constructed with the monodomain approach.

In both normal and pathological case, the models were
excited with 68 bpm by the sinoatrial node depolarizing
spontaneously. A slightly decreased conduction velocity
was reconstructed in the remodeling case. The repolariza-
tion period was abbreviated from physiologically 325 ms
to 145 ms. A shortened effective refractory period (ERP)
and an attenuated ERP-rate relationship were identified.
Both factors provide a substrate for AF recurrence.

1. Introduction

Atrial fibrillation (AF) is an unphysiological rapid ac-
tivation of the atria resulting in loss of contractility. The
atrial rate normally given by the activation of the primary
pacemaker, i.e. the sinoatrial node (SAN), with approxi-
mately 70 beats per minute (bpm) in rest is fastened to
400-600bpm due to e.g. re-entry mechanisms [1]. Po-
tential consequences of chronic AF are e.g. severe conges-
tive heart failure, thromboembolism and sroke, cardiomy-
opathy, and ventricular arrhythmia. Furthermore, clini-
cal studies suggested that AF causes electrophysiological
modifications, facilitating the progression of AF [2], i.e.
electrophysiological remodeling [3]. The action potential
duration (APD) in electrophysiological remodeled atrial
tissue is very short already at slow rates associated with
almost no further shortening for higher rates. Thus, AF in-
duced remodeling increases the vulnerability to AF itself
(“AF begets AF”) [1].
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2. Materials and methods

The experimental data of AF induced variations in ionic
channel conductance and kinetics of human atrial my-
ocytes reported in [4] consists of several electrophysiolo-
gical changes. These changes have been incorporated in
the Courtemanche-Ramirez-Nattel (CRN) [5] model to re-
produce the behavior of human atrial myocytes of patients
with chronic AF after cardioversion [4, 6].

In order to achieve this remodeling, several parameters
were changed in the model: The conductance for Ix was
increased by 250 %. The pathological behavior for I, 1,
includes that the channel conductance was decreased by
74 % and the time constant of the fast inactivation variable
was increased by 62 %. The channel conductance for Iy,
was decreased by 85 % and the activation curve was shifted
by +16 mV. Finally, a shift of the inactivation curve of
Ing by +1.6 mV was reconstructed.

The resulting action potential (AP) of a remodeled cell
arosen from the synergetic interaction of all abnormal con-
figured currents is compared with the physiological AP
in fig. 1. The simultaneous reduction in atrial I;,, Ioar,
and increase in I fully accounted for the acceleration of
repolarization and the marked abbreviation of APD from
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Figure 1. Simulated APs for a physiological cardiomy-
ocyte and a cell with electrophysiological remodeling [6].
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305ms to 112ms. The loss of plateau was partly due
to the reduction in I¢,y,. The enhanced Ig contributed
to the decrease of the resting potential from —80mV to
—85mV. The vanished notch in the remodeling case was
caused by the reduced I;,. Experimental recordings of AP
in case of sinus rthythm and remodeling [7], in which the
reduction of APD from 350 ms to 120 ms was reported,
were comparable with the simulated results.

The electrophysiological remodeled description of the
atrial working myocardium (AWM) was integrated in the
geometrical model shown in fig. 2 A. This anatomical
model was a two-dimensional schematic representation of
a part of the right atrium consisting of the heterogeneous
SAN, fast conducting bundles, i.e. crista terminalis (CT)
and pectinate muscles (PM), and the AWM itself. In con-
trast to the AWM, the other tissue classes were consid-
ered to be physiologic. In order to set the tissue specific
electrophysiological properties of SAN, CT, and PM, the
CRN model was adopted in a previous work [8]. The
SAN model comprised central, transitional, and peripheral
cells with different electrophysiological parameters. Cen-
tral SAN cells developed a slower frequency of autorhyth-
mic activity of 75 beats per minute (bpm) compared to
the periphery with 86 bpm [8]. The electrophysiological
properties of the conduction bundles were changed based
on measured data by adjusting maximum conductances of
ion channels. Cells in the CT had a prolonged APD and
an enlarged plateau voltage compared to the physiological
AWM. The APD of PM cells was similar as in the original
CRN model but the plateau voltage was lower [8].

Anisotropic coupling of cardiomyocytes was achieved
with the monodomain model of electrical current flow.
Transversal to longitudinal ratio of conductivity for the
conduction bundles was set to 1:9 with the longitudinal
direction being parallel to the main axis of the bundles.
AWM and SAN were assumed to be isotropic in conduc-
tion. The transversal conductivity was set to 0.15.5/m
for AWM and CT, and to 0.11.5/m for PM. In the SAN,
the electrical coupling between the cells was linearly re-
duced from peripheral (0.11 S/m) towards central cells
(0.05.5/m) [8].

The effective refractory period (ERP) was determined in
the schematic right atrial model by applying 5 beats with
1 Hz followed by one premature beat. ERP is defined as the
shortest time at which the excitation from the premature
beat was able to produce an excitation conduction [9].

3. Results

The activation sequence in the simulated schematic right
atrium for the physiological case is shown in fig. 2 B-D.
Due to the electrical interaction with adjacent tissue having
a lower resting potential, the frequency of peripheral SAN
cells was decreased and the activation started in central
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Figure 2.
atrium. (B—D) Transmembrane voltage distribution during
depolarization at (B) 100 ms, (C) 200 ms, and (D) 230 ms
after begin of activation in the SAN center. Light color
indicates +10mV, dark color —80mV .

(A) Schematic model of a part of the right

SAN cells (fig. 2B). Central SAN cells activated periph-
eral cells due to heterogeneous coupling in the SAN [10].
The depolarization was conducted preferentially from pe-
ripheral SAN cells into the CT (fig. 2C) and from there
into the PMs (fig. 2 D). Both conducting bundles were ac-
tivating the AWM. The differences in activation sequence
for the physiological model and the remodeling one were
very small. Both models were excited by the SAN with a
frequency of approximately 68 bpm. The activation time
being the time to complete activation of the model was
73 ms in the physiological case and not significantly pro-
longed in the remodeling simulation. A slightly decreased
conduction velocity (tab. 1) was simulated in the remodel-
ing case presumably due to the Na™ channel changes and
the more negative resting potential.

Table 1. Simulated conduction velocity (CV) of different
tissue types under physiological and remodeling condition.
The differences are only due to changed electrophysiolo-
gical parameters and not because of changed coupling.

tissue  physiological CV (m/s) remodeling CV (m/s)
AWM 0.53 0.5-0.51

CT 1.18-1.2 1.16—1.18

PM 1.54-1.58 1.52-1.56
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Figure 3. Progression of repolarization in the physiological (top) and electrophysiologically remodeled right atrium (bot-
tom) [6]. Transmembrane voltage distribution is color coded as in fig. 2 at (a) 100 ms, (b) 150 ms, (c) 225 ms, (d) 275 ms

after activation of the CT.

Fig. 3 shows the repolarization process in both models.
The significantly abbreviated time to complete repolariza-
tion reflects the shortening of the APD in the remodeled
case. While the physiological right atrium was still in the
plateau phase (fig. 3 a) the pathological started to repolar-
ize beginning with AWM. When the repolarization process
vanished in the remodeled AWM, CT, and PM, the physi-
ological model just started to repolarize in the SAN center
(fig. 3b). The physiological right atrium began to repo-
larize, as the entire repolarization process was finally pro-
ceeded in the remodeling case (fig. 3 ¢). The repolarization
was more homogeneous in the physiological model. The
AWM in the remodeling case was completely repolarized
after 145 ms. The physiological model repolarized com-
pletely after 325 ms (fig. 3d).

Critical components for patients with chronic AF were
the markedly abbreviated ERP and the attenuated ERP
rate dependency, which were also observed in patients af-
ter cardioversion [11, 12]. Fig. 4 depicts for the simula-
tions the remarkably abbreviated ERP at any cycle length,
and the attenuated ERP rate dependency in the remodeling
case. As the cycle length increases from 200 to 600 ms, the
slope of ERP restitution in the physiological case is much
steeper than in the remodeling case. The ERP is largely
influenced by the duration of final repolarization of cells
in the pacing site and the electric coupling to surrounding
tissue [13].
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Figure 4. Effective refractory period of AWM in control
(circles) and chronic AF group (squares) plotted against
various cycle lengths [6].

4. Discussion and conclusions

A short refractory period and its small adaptation to
heart rate are viewed as the electrophysiological milieu
for AF recurrence, which results in a shorter wavelength
of the atrial activity. This allows more multiple cir-
cuits coexisting in the given tissue, and the vulnerability
for AF increases. AF recurs in patients after cardiover-
sion, if the triggers, e.g. ectopic beats, encounters in the



atrium. Chronic AF is associated with electrophysiological
changes, which induce the pronounced reduction of the
ERP. Thus, the decreased wavelength is determined. The
alteration facilitates the maintenance and perpetuation of
AF. This mechanism of “AF begets AF” was reconstructed
in the simulations.

The simulated APDs and ERPs for the normal and
remodeled case were consistent with experimental find-
ings [7, 14]. The same heart rate in the physiological and
pathological case with 68 bpm was not expected. The fre-
quency of the sinoatrial node (SAN) should decrease due
to the coupling to the AWM with more negative resting
potential in the remodeled case. This disadvantage of the
model can be overcome, if the remodeling condition is in-
corporated not only in the AWM, but also in CT and PMs.
Since the CT was the first tissue to be activated (fig. 2 C)
and directly joined with the SAN, the remodeling in CT
will have a great impact on the frequency of the SAN.

The slightly decreased conduction velocity (CV) shown
in tab. 1 indicates that changed electrophysiological prop-
erties were unessential factors to induce the measured de-
creased CV [11, 12]. This reduction is occurring in AF
patients after cardioversion. A reduced Iy, is able to
decrease the steepness of the upstroke in depolarization
phase. But the altered Iy, in the remodeling case had
only small influence on the AP. Thus, in this simulation
the decrease in CV in AWM was explained by the more
negative resting potential. Therefore, it takes longer for
the myocytes to reach the threshold and to depolarize. An-
other factor determining the CV is the coupling. In sev-
eral studies, the effects of AF on the expression of atrial
gap junctions influencing myocardial conduction were in-
vestigated [7]. A reduced electrical coupling between car-
diomyocytes through gap junctions were considered as es-
sential factors for the decreased CV [11, 15]. In future
work, the reduced electrical coupling between cardiomy-
ocytes during electrophysiological remodeling needs to be
incorporated in detail.

In summary, the model reconstructed mechanisms of
electrophysiological remodeling caused by AF in tissue. In
future, effects of other pathologies like mutations in atrial
cells [16] on the behavior of the right atrium will be inves-
tigated. The model will be used to verify the mechanisms
of AF initiation and perpetuation and will be enhanced by
considering realistic atrial shape in order to understand the
influence of individual geometry on atrial activity.
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