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Abstract

Experimental studies show an increased vulnerability to
atrial fibrillation (AF) in acutely dilated atria. By appli-
cation of a stretch-activated channel (SAC) blocker, vul-
nerability to AF decreases significantly, indicating a role
for SACs in the initiation of AF. Using a computer model
of cardiac electromechanics, we investigate the hypothe-
sis that increased vulnerability to AF may be attributed to
SACs.

In our model, the human atria are represented by a tri-
angular mesh obtained from MRI data. Electrophysiology
is modeled by thirteen ionic membrane currents, includ-
ing the stretch-activated current I, and intracellular cal-
cium handling. Mechanical behavior is modeled by a se-
ries elastic, a contractile, and a parallel elastic element.
The contractile force is related to the intracellular concen-
tration of free calcium as well as to the sarcomere length.
To mimic acute dilatation, overall stretch is applied to the
atria. Due to contraction of some areas, stretch increases
in other areas, leading to a variation in I, conductance.

In the presence of I, the membrane potential depo-
larizes, which causes inactivation of the sodium channels
and results in conduction slowing or block. Inducibility
of AF increases under stretch, which is explained by an
increased dispersion in atrial effective refractory period
(AERP), conduction slowing and local conduction block.
Our observations explain the large differences in intra-
atrial conduction measured in experiments and provide in-
sight in the vulnerability to AF in dilated atria.

1. Introduction

Atrial fibrillation (AF) is characterized by rapid and ir-
regular electrical activity, which results in irregular con-
traction of the atria [1]. Experimental studies indicate an
increased vulnerability to AF in acutely dilated atria [2,
3, 4, 5]. Stretch-induced changes in electrophysiology are
explained by the stretch-activated channel (SAC) hypoth-
esis [6, 7]. In the present simulation study we investigate
the effect of the stretch-activated current (/,,.) on impulse
propagation through the atria. Atrial dilatation was simu-

ISSN 0276-6574

lated by the application of overall stretch. After repetitive
stimulation with stimulation interval 0.6 s, we observed
conduction slowing, an increased atrial effective refrac-
tory period (AERP), and conduction block with increasing
stretch. With 10% stretch, conduction slowing and local
conduction block lead to a reentrant depolarization wave
after 3 s. The path of the reentrant wave changed over time
and the arrhythmia stopped after 14 s. Our results are in
agreement with experimental observations and explain the
vulnerability to AF in acutely dilated atria.

2. Methods

To investigate the effect of stretch on atrial electrophysi-
ology, we apply our discrete bidomain model, the Cellular
Bidomain Model [8, 9]. The model describes active mem-
brane behavior as well as intracellular coupling and inter-
stitial currents, and has been extended to describe cardiac
mechanics [10]. The human atria are modeled by a trian-
gular mesh composed of 7446 triangles created from MRI
data [11, 12].

2.1.  Atrial electrophysiology

In the Cellular Bidomain Model, a distinction is made
between the intracellular domain and the interstitium. The
triangular mesh is refined by subdividing each of the tri-
angles in nine smaller triangles. The electrophysiological
state of each node in the refined mesh is defined by the in-
tracellular potential (V;,), the extracellular potential (V,,,),
and the state of the cell membrane, which is expressed in
gating variables and ion concentrations. The membrane
potential (V,,,,) is defined by

Vien = Vi = Vi D

Intracellular and extracellular currents between adjacent
segments are related to intracellular and extracellular con-
ductivities (g,, and g.,). In the present study, we assume
equal g,, and g, in all directions, i.e., the atrial tissue is
assumed to be isotropic (Table 1).

Exchange of current between the intracellular and extra-
cellular domains occurs as transmembrane current (1),
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Table 1. Model parameters.

Parameter Definition Value

Jint Intracellular conductivity 6.25 mS/cm
ext Extracellular conductivity ~ 6.25 mS/cm
Chrem Membrane capacitance 1.0 ,uF/cm2
X Surface-to-volume ratio 2000/cm
Gl Maximum [, conductance 0.5 nS/pF
E.. Reversal potential for I, 0mV

K. Parameter for I, 100

Q, Parameter for I, 3

sac

which depends on ionic current (/;,,) and capacitive cur-
rent according to

deCﬂ\
dt

where y is the ratio of membrane area to tissue volume
and C,,, represents membrane capacitance. Currents are
expressed per unit of tissue volume in gA/cm?. Assum-
ing C,,., = 1 uF/cm?, ionic current is expressed in pA/pF
and depends on V., gating variables, and ion concen-
trations. To model I,,, we extend the Courtemanche-
Ramirez-Nattel model [13] with the stretch-activated cur-
rent [,.. The total ionic current is given by

I!mns = X(Cmem

+ L), 2

L,

I + I + Lo + T + I + Lo + Lewr
+ Ip,C;\ + INL\K + INaCa + Ib,Nu + Ih,Cu + Ixuca (3)

where I, is fast inward Na™ current, I, is inward recti-
fier K™ current, I, is transient outward K™ current, I,
is ultrarapid delayed rectifier K™ current, I, is rapid de-
layed rectifier K™ current, I, is slow delayed rectifier Kt
current, I, is L-type Ca®" current, I ., is Ca*" pump
current, Iy, is NaT-K™ pump current, Iy, is Na™ / Ca?t
exchanger current, and I, , and I, are background Na™
and Ca®* currents [13].

I, is modeled as a nonselective cation current with a
linear current-voltage relation. The current size depends
on the membrane potential V,,, and stretch ratio A by

Gmc (‘/mcm - Esuc)

I =
1 + Kac eXp(_asac()\ -

sac

oy @
where G, is the maximum membrane conductance, E,
is the reversal potential, K, is a parameter to define the
amount of current when A = 1.0, and «,, is a parameter
to describe the sensitivity to stretch. Parameters K, and
«,. are from Zabel et al. [14] (Table 1). The influence of
1. on intracellular Na™, K* and Ca®*t concentrations is
modeled as described in Ref. [10].

In Figure 1 the effect of stretch on the propagating ac-
tion potential is shown. For increasing A, the action po-

tential duration (APD) increases, while I, decreases. The
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Figure 1. Effect of stretch on the action potential (AP) and
impulse propagation. Left: membrane potential (V,,,) and
stretch-activated current (I,.). Right: V., and fast Na™
current (Iy,) during AP upstroke. A stimulus current was
applied at 100 ms. Data are plotted for stretch ratios 1.00,
1.10 and 1.20 for a segment located 0.5 cm from the stim-
ulation site.

reduced Iy, is explained by inactivation of sodium channels
as a consequence of the increased V,,,, during diastole [10].
As can be observed in Figure 1, the smaller Iy, current size
leads to a lower maximum upstroke velocity and a reduced
impulse propagation.

2.2.  Atrial mechanics

The mechanical behavior of a single segment is mod-
eled by a series elastic, a contractile, and a parallel elastic
element [10]. Active force generated by the contractile el-
ement is described by Model 4 of Rice et al. [15] and is
related to intracellular Ca®>" concentration and sarcomere
length (see Ref. [10] for details).

To simulate atrial dilatation, it is assumed that the same
amount of force is applied to each segment. During the
simulation, the amount of force applied to the atria is ad-
justed, such that the overall stretch ratio remains constant
(isometric simulation). Contraction of early activated re-
gions may thus lead to increased stretch ratios in late ac-
tivated regions. To incorporate bundles, thickness of the
tissue is varied as shown in Figure 2. Since thicker tis-
sue is harder to deform, variation in thickness will lead to
differences in local stretch and, hence, influences 1.

sac*

3. Results

Simulations were performed with overall stretch var-
ied between 0% and 20%. The atrial tissue was stimu-
lated near the pulmonary veins with a stimulation inter-
val of 0.6 s. With increasing stretch, conduction veloc-



Figure 2. Thickness variation in atrial geometry. Red is
thick tissue, green is tissue of medium thickness, and blue
is thin tissue.

ity decreased, while the refractory period increased. In
Figure 3, depolarization of the atria is shown after the
fourth stimulation without stretch, with 10% stretch, and
with 12% stretch. While conduction was normal with-
out stretch, conduction slowing and local conduction block
was observed with 10% stretch. With 12% stretch, con-
duction was normal after the first, third and fifth stimula-
tion, while conduction was blocked after the second and
fourth stimulation due to the increased refractory period.
Conduction was completely blocked with 20% stretch (not
shown). Due to conduction slowing and local conduction
block with 10% stretch, a reentrant depolarization wave
developed after 3 s. The path of the depolarization wave
changed over time and the arrhythmia stopped after 14 s.

4. Discussion and conclusions

Atrial dilatation is simulated by application of over-
all stretch to the atria. Contraction of early activated ar-
eas leads to increased stretch in late activated areas and
influences impulse propagation, action potential duration
(APD), and atrial effective refractory period (AERP). Dis-
persion in APD and AERP is further enhanced by varia-
tions in atrial thickness.

Conduction slowing and block in our model is ex-
plained by a decreased membrane excitability caused by
the stretch-activated current /.. In an experimental study,
Eijsbouts et al. [5] reported a decreased conduction veloc-
ity and local conduction block when the right atrium of a
rabbit was acutely dilated. Satoh and Zipes [2] measured
an increased AERP both in the thin atrial free wall and in
the crista terminalis under stretch. The AERP of the thin
free wall was increased more than the AERP in the thicker
crista terminalis, which they explain by the assumption
that the thin free wall is more stretched compared to the
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thicker bundles [2]. These experimental observations are
in agreement with our simulation results and explain the
vulnerability to AF under acute stretch. Bode et al. [3]
report that SAC blocker gadolinium reduces the stretch-
induced vulnerability to AF, confirming that I, plays a
significant role in the vulnerability to AF in acutely dilated
atria.

In conclusion, conduction slowing and block is related
to the amount of stretch and is enhanced by contraction of
early activated areas and inhomogeneity in the atrial wall.
Variation in thickness increases the dispersion in refrac-
tory period and is proarrhythmic. Our observations are in
agreement with experimental results and provide an expla-
nation for the increased inducibility of atrial fibrillation ob-
served in acutely dilated atria.
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