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Abstract

A change in activation sequence by means of pacing in-
duces changes in action potential (AP) morphology and
duration. These changes are caused by electrical remod-
eling of ionic membrane currents and are reflected in the
T wave in the electrocardiogram (ECG). Also the calcium
transient is affected, which leads to changes in cardiome-
chanics. By modeling the cardiac muscle as a single fiber,
we investigated whether electrical remodeling may be trig-
gered by changes in mechanical load. A homogeneous
distribution of electrophysiology in our model resulted in
an inhomogeneous distribution of stroke work. After re-
modeling of the ionic membrane currents, contraction was
more homogeneous and the repolarization wave was re-
versed. These results are in agreement with experimen-
tally observed homogeneity in mechanics and heterogene-
ity in electrophysiology. In conclusion, adaptive modeling
of electrophysiology may improve current models of car-
diac electromechanics.

1. Introduction

Regional variation in action potential (AP) duration
and morphology is related to regional differences in
ionic membrane currents. Transmural heterogeneity in
electrophysiology is related to differences in excitation-
contraction coupling (ECC) and is believed to help syn-
chronize contraction of the heart muscle [1]. In models
of cardiac electromechanics, heterogeneity in electrophys-
iology and ECC should be incorporated to obtain a more
homogeneous mechanical behavior as observed in experi-
ments [2, 3].

In 1982, Rosenbaum et al. [4] observed that longer last-
ing epicardial pacing leads to a change in the T wave of
the ECG. With normal sinus rhythm, concordance of the
T wave reappears after some time. Since it appears that
the cardiac myocytes somehow “remember” their original
state, this phenomenon is known as ”cardiac memory” [4].
The observed changes in the T wave are related to remod-
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eling of ionic membrane currents. Since electrical remod-
eling also involves the calcium transient, it is expected that
the mechanical behavior of the heart muscle is affected.

Recent experimental observations indicate that electri-
cal remodeling is triggered by changes in mechanical load
(mechanoelectric feedback) [5, 6]. In this paper, we hy-
pothesize that electrical remodeling is a way to obtain
a more homogeneous contraction of the heart muscle.
Based on this hypothesis, we propose an adaptive mod-
eling method in which ionic membrane currents adapt to
changes in mechanical load such that a more homogeneous
distribution of stroke work is obtained.

2. Methods

Cardiac electrophysiology and mechanics is modeled by
the Cellular Bidomain Model [7-9]. The heart muscle is
represented as a string of segments that are electrically and
mechanically coupled.

2.1. Cardiac electrophysiology

The electrophysiological state of each segment is de-
fined by the intracellular 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 V,.., = V,, — V...
Exchange of current between the intracellular and extra-
cellular domains occurs as transmembrane current (/,,,),
which depends on ionic current (I,,,) and capacitive cur-
rent according to

AVien
det
where ¥ = 2000 cm ™! is the ratio of membrane area to tis-
sue volume and C,.,, = 1.0 uF/cm? represents membrane

capacitance per unit membrane surface.
To model I, we apply the Courtemanche-Ramirez-
Nattel model [10]. The total ionic current is given by

Iion = INa + IKI + Ilo + IKur + IKr + IKs + IC:A.L
+ ]p.Ca + INaK + INaCa + Ib.Na + Ib,Cen (2)

Itrans = X(anem
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Figure 1. Overview of the cardiac cycle. The numbers

indicate the five phases as follows: 1 filling, 2 isovolu-
mic contraction, 3 ejection, 4 isovolumic relaxation, and
5 isotonic relaxation. The arrows indicate the direction of
time; tg, indicates the time at which filling starts and .,
the time at end of ejection. A cardiac cycle was simulated
with minimum load T, = 0.5 kPa, preload T,,.,.. = 1 kPa,
and afterload T}, = 10 kPa. Strain is defined as A — 1,
where A is the stretch ratio. External stroke work density
(W, is the area indicated by W, and potential work den-
sity (W,,,) is the area indicated by W,,,. Total stroke work
density (W,,) is the sum of W, and W,,.

where I, is fast inward Na™ current, I, is inward rectifier
K™ current, I, is transient outward K™ current, I, is ultra-
rapid delayed rectifier K current, I, is rapid delayed rec-
tifier KT current, I, is slow delayed rectifier K™ current,
I, is L-type Ca®T current, I, is Ca®" pump current,
Iy isNat-KF pump current, Iy, is Nat/Ca®*t exchanger
current, and 1,y, and I,., are background Na' and Ca?*
currents [10]. The model also describes Ca>" handling by
the sarcoplasmic reticulum (SR) and Ca®* buffering me-
diated by troponin, calmodulin, and calsequestrin [10].

2.2. Cardiac mechanics

The mechanical behavior of a single segment is modeled
by a series elastic, a contractile, and a parallel elastic ele-
ment. In the undeformed state, all segments have the same
length (0.1 mm) and cross-sectional area (0.01 mm?). Ac-
tive force generated by the contractile element is described
by Model 4 of Rice et al. [11] and is related to intracellular
Ca®* concentration and sarcomere length [7,9]. It follows
from mechanical equilibrium that the tension generated by
each segment must be equal to the tension applied to the
fiber.

To simulate the cardiac cycle, we distinguish five phases
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as indicated in Figure 1. During filling, ejection, and iso-
tonic relaxation, the load applied to the cardiac fiber (73,,)
is set as a boundary condition, whereas during isovolumic
contraction and isovolumic relaxation, the stretch ratio of
the fiber (A, is a boundary condition. To initiate con-
traction, the first segment is electrically stimulated at the
beginning of isovolumic contraction.

2.3. Electrical remodeling of /.,

After three weeks of epicardial pacing, Plotnikov et
al. [12] observed a more positive activation and slower in-
activation of I, in epicardial myocytes. To incorporate
these observations in our model, I, kinetics are adapted
by shifting the voltage-dependency of the activation gating
variable with at most 10 mV. Adaptation of I, is repre-
sented with parameter p, which ranges between —1.0 (—10
mV shift) and 1.0 (410 mV shift). The reference situation
is represented by p = 0.0 (no shift). A positive value of p
results in a slower decrease of I,; during the plateau phase
of the AP and leads to an increased APD and Ca®" tran-
sient. A negative value of p results in a faster decrease of
I, and a decreased APD and Ca’" transient [9].

Based on the assumption that electrical remodeling is
triggered by changes in mechanical load, we use stroke
work per unit of tissue volume as a feedback signal to de-
termine the remodeling parameter p. We distinguish be-
tween external stroke work density (W) and fotal stroke
work density (W,,). W, is defined as the area enclosed
by the stress-strain loop during the cardiac cycle and W,
is W, extended with potential stroke work density (W,,)
(Figure 1).

For each segment n, the remodeling parameter is de-
noted by p,,. The parameters p,, are determined such that
stroke work is homogeneously distributed over the fiber.
As reference, we use stroke work generated by the seg-
ment in the center of a homogeneous fiber (p,, = 0.0 for
all segments). The p,, are then found by iteratively com-
puting stroke work for each segment followed by adapting
the p,, until the p,, no longer change. Initially, p,, = 0.0
for each segment n. Each time a new cardiac cycle starts,
pn 1s adapted by

pn+0.01 ifW, <0.99- W, and p, < 1.0
Pn— § pn— 001 if W, >1.01-W,andp, >—1.0
Pn otherwise

where, W, represents either W, or W, of segment n, and
W represents the reference value of W, or W,,.

2.4. Simulation set-up

Electrical remodeling was simulated using a cardiac
fiber with a reference length of 1 cm. With stimulation
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Figure 2. Effect of electrical remodeling of I, on the
cardiac fiber. Left: external stroke work density (W),
total stroke work density (W,,), and parameter p. Right:
time of depolarization (%,,,), action potential duration
(APD_4,v), and time of repolarization (%,,,). Solid line:
no remodeling. Dash-dotted line: remodeling controlled
by W, Dashed line: remodeling controlled by W,,. A
stimulus current was applied to the first segment at 0 ms.

rate 1 Hz, a depolarization wave was generated by electri-
cal stimulation of the first segment. Depolarization of the
entire fiber took 32 ms (conduction velocity 0.32 m/s). The
cardiac cycle was simulated with T}, = 0.5 kPa, T}, j.a = 1
kPa, and Ty« = 10 kPa. Electrical remodeling was
controlled either by W,, (W, = 0.93 kI/m?) or W,
(W = 1.43 KJ/m3). In both cases, a final distribution
of the p,, was reached in at most 140 cardiac cycles. By
simulating 150 cardiac cycles, it was ensured that steady-
state was reached.

3. Results

In Figure 2, W.,,,, W,,, parameter p, time of depolariza-
tion (Z401); APD 0.y, and time of repolarization (%) are
presented for each location along the fiber with and with-
out remodeling. Here, APD_ 4,y = t.po — tapa 1S defined
as the time during which V,,, is larger than —60 mV. With-
out remodeling, W, and W, are small for early-activated
segments and larger for later-activated segments. With
remodeling, both W, and W,, are increased for early-
activated segments and decreased for later-activated seg-
ments, such that a more homogeneous distribution is ob-
tained. In the case that remodeling is controlled by W,
the reference value (W, = 1.43 kJ/m?) is not reached
for early-activated segments, while parameter p reaches its
maximum value of 1.0. Electrical remodeling has no effect
on t4,., 1.., the conduction velocity is not affected. On
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Figure 3. Effect of electrical remodeling of I.,, on indi-
vidual segments. Membrane potential (V/,,,), intracellular
Ca®* concentration ([Ca2+]i), and normalized contractile
force (F,..) are plotted for segments located at 0.1, 0.5,
and 0.9 cm. Left: without remodeling. Center: remodeling
controlled by W, (W = 0.93 kJ/m?). Right: remodel-
ing controlled by W, (W,..c = 1.43 kJ/m?). A stimulus
current was applied to the segment at 0.0 cm at 0 ms.

the other hand, t,,, is significantly changed with remod-
eling due to the increase in APD_g,,, for early-activated
segments and the decrease for later-activated segments.
A consequence of these changes is that the repolarization
wave is reversed.

In Figure 3, the effect of electrical remodeling on the
membrane potential (V,,,,), intracellular Ca®" concentra-
tion ([Ca2+],), and the normalized contractile force (F,,.)
is illustrated for the segments located at 0.1, 0.5, and 0.9
cm. Without remodeling, the APs and Ca’T transients
have similar morphology and duration. With remodel-
ing, the AP and Ca®" transient of the segment at 0.1 cm
envelops the APs and Ca®" transients of the other two
segments. In addition, F,,, is increased for the early-
activated segment and decreased for the later-activated seg-
ment, which is related to the more homogeneous distribu-
tion of stroke work (Figure 2).

In Figure 4, the effect of electrical remodeling on stress,
strain, and the stress-strain loop is illustrated for the seg-
ments located at 0.1, 0.5, and 0.9 cm. With remodeling,
shortening increases for early-activated segments and de-
creases for later-activated segments. The overall effect is a
more homogeneous shortening of the fiber during ejection.
The more homogeneous distribution of W,,, with remodel-
ing is reflected by the fact that the areas enclosed by the
stress-strain loops are about the same size with remodel-

ing.
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Figure 4. Effect of electrical remodeling of I, on the
stress-strain loop for individual segments. Stress, strain,
and stress-strain loops are plotted for segments located at
0.1,0.5,and 0.9 cm. Left: without remodeling. Center: re-
modeling controlled by W, (W, ... = 0.93 kJ/m?). Right:
remodeling controlled by W,,, (W« = 1.43 kI/m?). A
stimulus current was applied to the segment at 0 ms. Be-
gin and end of ejection are indicated with be and ee, re-
spectively.

4. Discussion and conclusions

With homogeneous electrophysiology, stroke work was
small in early-activated segments and large in later-
activated segments. By adapting I.,, to homogenize stroke
work, a more homogeneous muscle contraction was ob-
tained. In addition, AP duration was increased in early-
activated and decreased in later-activated segments, which
lead to a reversed repolarization wave. These results are in
agreement with experimental observations in animals with
long-term asynchronous activation [3, 12]. Our findings
suggest that the abnormal electromechanics in paced ven-
tricles leads to adaptation through mechanoelectric feed-
back. An effect of this adaptation is the reversal of the
repolarization wave, which affects the T wave in the ECG
and is consistent with experimental findings [4]. In addi-
tion, the large regional differences in mechanical workload
are somewhat reduced.

In conclusion, adaptive modeling of electrophysiology
may lead to better predictions of cardiac electrophysiology
and mechanics in coupled models of cardiac electrome-
chanics. As the Ca®" transient and the plateau phase of
the AP are determined by a balance between the depolar-
izing I.,, and the repolarizing K™ currents, a possible im-
provement of our model is to take the effect of electrical
remodeling of the K™ currents into account.
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