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Abstract

Introduction—Reflection is a special type of reentry in which an electrical wave front travels in
a forward direction through tissue that is then re-excited by a wave front that propagates
backward. This type of reentry has been studied computationally in one-dimensional fibers and
verified experimentally. Different hypotheses explaining reflected reentry have been proposed
based on the structure and heterogeneity of the tissue properties, but the mechanism remains
uncertain.

Methods and Results—We used the bidomain model to represent cardiac tissue and the Luo-
Rudy model to describe the active membrane properties. We consider an ischemic region in a
volume of ventricular myocardium. Our results show that a slow depolarization in the ischemic
border zone caused by electrotonic coupling to depolarized tissue in the normal region creates a
delay between proximal and distal regions that produces enough electrotonic current in the distal
region to re-excite the proximal region.

Conclusion—Our simulation shows that an early after depolarization (EAD) is not the source of
the reflection. It depends on the pacing interval and stimulus strength necessary to maintain
enough time delay between proximal and distal regions.
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Introduction

Reentry is a self-perpetuating circulating wave front that underlies dangerous arrhythmias
such as ventricular tachycardia and ventricular fibrillation. Often reentry is conceptualized
as occurring around an anatomical barrier, yet functional reentry does not require any
barrier. For instance, spiral wave reentry occurs in tissue with no anatomical obstacles?.

Sometimes reentry initiates by a mechanism similar to a one-dimensional behavior known as
reflection, a term coined by Wit et al.2. Reflections may be responsible for premature
cardiac contractions® and may initiate fatal cardiac arrhythmias®. Their mechanism,
however, is not clear. Antzelevitch et al.° performed an experiment using a Purkinje fiber
having two excitable regions separated by an inexcitable gap. When the proximal end was
stimulated a wave front propagated toward the center. Because the central region was
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inexcitable it could transmit only electrotonic currents. These slow currents brought the
distal region to threshold and fired an action potential, which in turn generated electrotonic
currents that propagated in the retrograde direction over the same inexcitable gap and re-
exited the proximal region. Subsequent experiments analyzing reflection were performed in
Purkinije fibers®8, ventricular muscle®, and atrial musclel®.

Reflected reentry was first explored computationally by Cabo and Barrll. They coupled two
excitable segments of a one-dimensional fiber by an external resistance. Neither early after
depolarizations (EADSs) nor diastolic depolarization (automaticity) was required for
reflection. Instead, the delay between proximal and distal regions had to be long enough for
the proximal region to recover from refractoriness, so the distal tissue could re-excite it.

In this paper, our goal is to analyze two-dimensional reentry at the border of normal and
ischemic regions in cardiac tissue. The reentry we observe is not anatomical (there is no
obstacle that determines where in the border zone it originates), but it is not a spiral wave
either, at least initially. Its initiation can best be described as a reflection. Using numerical
simulations, we examine the nature of this type of reentry, which may be responsible for the
induction of deadly cardiac arrhythmias.

Methods

We use the bidomain model®? to represent the electrical properties of cardiac tissue. The
bidomain model is the state-of-the-art mathematical description of cardiac tissue, which
represents the intracellular space as one domain and the extracellular space as another. This
model is a continuum; it represents an average over the complex cellular and subcellular
architecture. The electrical conductivity of the tissue is anisotropic but homogeneous in each
domain (Table 1).

The current across in the cell membrane is governed by the dynamic Luo-Rudy (LRd)
model!3. This model describes the tissue excitability and refractoriness using several ion
channels, including sodium, potassium, and calcium channels as well as the kinetics of
intracellular stores of calcium. In our calculations, two factors can change the
transmembrane potential: the membrane current through ion channels governed by the Luo-
Rudy model, and electrotonic current caused by voltage gradients in the intracellular and
extracellular spaces governed by the bidomain model4.

To investigate the effect of a localized heterogeneity, we consider an ischemic region in a
volume of ventricular myocardium. The extracellular potassium concentration [K], is raised
on the right to 12 mM compared to the normal 4 mM on the left. Figure 1 depicts the spatial
distribution of the resting transmembrane potential.

The tissue is stimulated through a 1 mm long, 0.4 mm diameter cylindrical electrode, placed
in the center of a 20 mm long and 16 mm diameter cylinder of cardiac tissue. Because of the
symmetry, our calculations involve only a quarter of the tissue (z > 0 and p > 0). Our
implementation of the bidomain model is the same as we described in our earlier study??.
The time step is 5 or 10 ps depending upon the calculation, and the space steps along zand p
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axes are 0.1 and 0.04 mm, respectively. The number of grid points used in zand p directions
are 101 and 201, respectively.

We apply stimuli at different pacing intervals, gradually decreasing from 210 to 150 ms.
Each stimulus has a duration of 4 ms and its strength is adjusted to be three to four times the
diastolic threshold of excitation.

Results

The resting potential is depolarized to about -57 mV in the ischemic area (on the right in
Fig. 1) as a consequence of [K]e being set to 12 mM. Before applying the first stimulus we
run the simulation for 100 ms to ensure the tissue is in steady state. The resting potential
varies over a border zone several length constants (about 1 mm) thick.

The electrode in the lower left corner of the tissue is first stimulated with a cathodal stimulus
of strength 0.25 mA at time 100 ms. This stimulus excites an action potential that propagates
outward from the electrode. A second stimulus is applied at 310 ms and has a strength of 0.6
mA. The third stimulus (S3), the last before reentry begins, is applied at 460 ms with a
strength of 0.6 mA. Figure 2 displays the evolution of reentry during and following the last
stimulus. Each panel in the figure shows the spatial distribution of transmembrane potential
representing the electrical state of the tissue at selected times, labeled in the upper right hand
corner of each panel. (To observe this simulation in more detail, see the video included in
the Supplementary information.) As soon as the third stimulus ends the wave front
propagates along the z-axis in the normal region (cathode break excitationl®), and is then
blocked by refractory tissue in the border zone but continues to propagate rapidly
perpendicular to the border zone (in the p direction). At 520 ms, a bulge appears in the
border zone a distance behind the quickly propagating normal wave front, which triggers an
action potential that propagates through the ischemic area. The lower end of this wave front
forms a spiral wave that reenters the normal tissue around the stimulus electrode (600 ms),
and makes one full rotation before being extinguished when the spiral wave tip collides with
the upper boundary (680 ms).

Figure 3 illustrates the mechanism of reentry shown in Fig. 2. Figure 3a compares the
transmembrane potential at different values of p at z=6 mm. The delayed depolarization
starts at z= 6 mm, p =2 mm (the red curve in Fig. 3a). The rise time of this depolarization is
extremely slow (40 ms) and is caused by electrotonic coupling to the excited normal tissue.
This delay in the depolarization upstroke and propagation allows surrounding tissue to
recover excitability, ultimately initiating a more rapid wave front (blue curve in Fig. 3a) that
propagates in the retrograde direction. To find the cause of the delayed depolarization at z=
6 mm and p=1 mm, we measure the sodium current (Inq; red curve), electrotonic current
(letec; green curve), and calcium current (ljc5; purple curve) in the normal (3 mm, 1 mm),
border zone (6 mm, 1 mm), and ischemic (9 mm, 1 mm) regions. These positions are
denoted by the white dots in Fig. 1. On comparing these three curves it is clear that the
electrotonic current is responsible for the generation of delayed depolarization; during the
critical few milliseconds before the action potential begins (500-550 ms in Fig. 3c), the
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green electrotonic current is the only current causing depolarization; the sodium and calcium
currents are zero.

The location where reentry begins depends on the tissue refractoriness, which is determined
in part by the h-gate of the sodium channel3. Figure 4 shows a plot of the h-gate
distribution at several times following the final stimulus. In refractory tissue h is nearly zero
(cyan), but a region of excitable tissue exists in the ischemic area (dark blue) just as the
reentry begins (t = 520 ms). This gradient of refractoriness in the high-potassium region is
not obvious from the plots of transmembrane potential in Fig. 2. The variation in h at t = 520
ms is an example of post-repolarization refractoriness.

Figure 5 shows the activation map following the last stimulus. The slow propagation in the
rightward direction and the region of block located in the distal segment (denoted by the
star) provides more time for tissue in the proximal region to recover excitability and to
finally re-excite a wave front that propagates in the clockwise direction.

Cabo and Barr!! simulated a one-dimensional fiber of length 4 mm attached to another fiber
of the same length by a resistor of various magnitudes. For a particular resistor, they found
the wave front first propagated in the forward direction and was then reflected. Similar to
their calculation, we calculated the transmembrane potential at different positions close to
the border at p=1 mm. This is the point where we found delayed depolarization at 1 mm
away from the border in the ischemic region (Fig. 3a). In all simulations, we applied the
same magnitude of last stimulus S3 (0.6 mA) at different pacing intervals.

If S3 is applied late (470 ms) the surrounding tissue is at rest (left column of Fig. 6), the
wave front propagates rapidly, and enters directly into the ischemic region. The short PD
delay (time taken to reach distal region from the proximal region) is not enough to allow the
proximal segment to recover excitability. No reflection occurs.

If S3 is applied early (458 ms), the surrounding tissue is more refractory (right column of
Fig. 6), and the wave front propagates slowly and decrementally as it enters the ischemic
region. As in Fig. 2, a delayed depolarization occurs in the border zone that triggers an
action potential in the ischemic region, resulting in a long PD delay that allows more time
for tissue in the proximal region to recover excitability. The PD delay, however, is not long
enough to cause reentry because the proximal tissue is still refractory. If S3 was even earlier
(e.g., 450 ms) the wave front in normal tissue would not penetrate the border zone because it
is refractory, and no action potential would excite in the ischemic region.

If S3 is applied at the intermediate time of 460 ms, we have the case shown in Fig. 2 (middle
column of Fig. 6). A small region of the tissue at the border (represented by the black star in
Fig. 5) is refractory and the initial wave front fails to penetrate the ischemic region.
However, electrotonic current causes a slowly rising depolarization, which then generates a
full blown action potential in the distal region that propagates to the left. After a delay, it
depolarizes the proximal region and re-excites it. This behavior is mechanistically similar to
the reflection observed by Cabo and Barrll,
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To determine if this type of reentry occurs only for a small range of stimulus parameters, we
reduced the stimulus duration from 4 to 1 ms and increased the stimulus strength, and found
the same behavior (see the video in the supplementary material). The behavior appears to be
sensitive to the timing of the stimulus, but not to its duration.

Discussion

Our observation of a reflection reentry is similar to that observed in calculations using a one-
dimensional cable model. Cabo and Barr!! divided a fiber into proximal and distal segments
connected by a resistor and applied a stimulus to the left end of proximal segment. For one
particular resistance, a wave front that propagated in the forward direction was reflected. We
see analogous results in our calculation, and our Fig. 6 is similar to Cabo and Barr's Fig. 1.
Some significant differences between their simulation and ours are: 1) we consider a three
dimensional volume of cardiac tissue rather than a simple one-dimensional fiber, 2) we
create a transition between normal and ischemic regions by increasing the extracellular
potassium ion concentration from 4 mM (normal) to 12 mM (ischemic) to obtain reflection,
whereas they placed a high resistance between two normal segments of the fiber, and 3) we
represent active properties of the cell membrane using the Luo-Rudy model?3 rather than the
DiFrancesco-Noble model.

Auerbach et al.1” found that the structural heterogeneity created by connecting two wide
regions by a narrow isthmus is a necessary condition for premature re-excitation and
reflection. Tung!8 called this behavior “expansion type reflection.” In expansion type
reentry, the convex outward pattern of the wave front originating from the junction of the
isthmus and the distal region helps in the formation of an early after depolarization (EAD),
which provides delayed retrograde propagation along the same path. We see a convex
outward pattern of wave front propagation (Fig. 2, 560 ms) similar to that observed by
Auerbach et al.}7. They obtained expansion type reentry when a wave front propagated
through different structural heterogeneous regions in the absence of impaired conduction. In
our case, we created two regions having different concentrations of [K], and found that the
initiation of reentrant activity in the heart requires a zone of slowly conducting tissue and a
region of unidirectional block.

In contrast to the observation by Aubarach et al.1?, an early afterdepolarization never occurs
in the distal region of our simulation, so it never acts as the source of the reflection. In our
case, the delayed depolarization in the distal region provides enough time to generate an
action potential in the proximal region, and hence acts as the source of reflection. Himel et
al.19 suggested that electrotonic interaction between myocytes in the neonatal rat ventricular
monolayer suppressed EAD formation. They also conducted two-cell simulations and
confirmed the suppression of EAD.

The incidence of reflection depends upon the pacing interval and occurs only in a narrow
window of intervals. This may explain why this type of reentry has not been observed
previously.
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We investigated the mechanism of reentry in Fig. 3 and found that the electrotonic current is
responsible for the generation of reentry. Janse et al. 20 studied the patterns of excitation
during early ventricular arrhythmias in acute regional myocardial ischemia. They found that
the flow of injury current (electrotonic current in our context) between normal and ischemic
myocardial tissue induced ectopic activity. Our result is consistent with their experimental
findings.

In the bidomain model, the different electrical anisotropy in the intracellular and
extracellular spaces (unequal anisotropy ratios, Table 1) influences how tissue responds to
electrical stimulation. In this calculation, unequal anisotropy ratios does not play a direct
role in the initiation of the reentrant wave front. However, to obtain this type of reentry the
tissue must be driven at such a fast rate that break excitation!® is required. Break excitation
from a unipolar electrode results from unequal anisotropy ratios. Therefore, unequal
anisotropy ratios does have an indirect role in producing this type of reentry.

We refer to the type of reentry shown in Fig. 2 as a reflection. When reentry occurs in two or
three dimensions, distinguishing a reflection from spiral wave reentry can be difficult. In our
case, the wave front does not begin as a spiral wave, but quickly becomes one. Our results in
Fig. 6 bear a striking resemblance to Cabo and Barr's Fig. 1. However, our Fig. 2 indicates
that the wave front propagating in the retrograde direction in our case is eventually part of a
spiral wave (600 ms) that rotates clockwise at a slightly smaller value of radial distance p
than did the antegrade propagation (560 ms). One of the surprising features of Fig. 2 is that
the bulge and subsequent action potential in the ischemic region (540 ms) does not appear to
be caused by reentry; the initial wave front in the normal region does not form a spiral wave
that rotates into the ischemic tissue. Rather, the wave front in the normal region propagates
quickly, and then in its wake a delayed depolarization caused by electrotonic current
initiates an action potential in the ischemic region. This excitation after a delay, resulting in
sufficient time for the proximal region to become reexcitable and leading to reentry, is the
primary reason why we call this excitation a reflection rather than merely an example of
spiral wave reentry.

Our model has several limitations. We consider an abrupt transition between the two
extracellular potassium ion concentrations in the normal and ischemic regions. During
myocardial ischemia, there is a gradual transition from normal to ischemic regions.
Myocardial ischemia is often due to occlusion of a coronary artery resulting in insufficient
blood supply to the heart cells. As a result these cells could not meet the metabolic demands
of the tissue. Hence, to represent the ischemic tissue more accurately, we should consider
metabolic and electrophysiologic changes in addition to extracellular potassium
accumulation. This includes changes in ATP concentration, a decline in oxygen level, and a
decrease in pH values. For a complete model, the ATP-activated K* current (I atp),
transient outward current (ly,), acidosis and hypoxic current should be incorporated into the
mode|21,22,23_
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Conclusion

We create a sharp transition between normal and ischemic regions by increasing the
extracellular potassium ion concentration from 4 mM (normal) to 12 mM (ischemic) to
obtain reflection. Our simulations show that the sub-threshold depolarization originated
from the normal side of the ischemic border and creates the delay between proximal and
distal region, producing enough electrotonic current in the distal region to re-excite the
proximal region. Hence, electrotonic current is responsible for the generation of reentry. An
EAD is never formed at the distal region of our simulation and it never acts as the source of
the reflection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The spatial distribution of resting transmembrane potential. The tissue has [K]¢=4 mM and a

resting potential of -93 mV (normal) on the left, and [K]c=12 mM and resting potential -57
mV (ischemic) on the right. The white dots show the positions where transmembrane
potential and different currents are calculated in Fig. 3. The black rectangle in the lower left
represents the size and position of the stimulating electrode. Only one quadrant of the z-p
plane is shown. The size of the tissue is 20 mm by 16 mm. Fibers are oriented parallel to the
z axis.
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Figure 2.
The evolution of reentry during and following three cathodal stimuli. The third stimulus (S3)

is applied starting at 460 ms. The transmembrane potential is plotted versus p (vertical) and
z (horizontal). The time (in ms) is labeled in the upper right corner of each frame.
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Figure 3.

a) The transmembrane potential as a function of time calculated at p = 0.4 (black), 0.8
(green), 1 (blue), 1.2 (purple), 1.6 (orange), and 2 (red) mm and z = 6 mm. The
transmembrane potential (V, (mV), blue), and the sodium (I, (A/m?), red), electrotonic
(letec (A/m?), green), and calcium (l;c; (A/m?2), purple) currents are calculated in the b)
normal (z = 3 mm), c) border zone (z = 6 mm), and d) ischemic (z = 9 mm) regions, at the
locations shown by white dots in Fig. 1 (0 =1 mm).
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Last Stimulus 462 ms 620 ms

.

Figure 4.
Plots showing the h-gate distribution during and following third (last) stimulus. h gate is

plotted versus p and zin vertical and horizontal direction, respectively. The time (in ms) is
labeled in the upper right corner of each frame.
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Z 2 mm

Figure5.
The activation map during reentry. The wave front that could not propagate initially from

the small zone of the distal region (represented by black star) is re-excited in the clockwise
direction. The color bar represents different times after the last stimulus.
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Results corresponding to Fig. 1 of Cabo & Barr!L, This figure shows the transmembrane
potential in a 3-D cardiac tissue at z = 4, 4.5, 5.0, 5.5, and 6.0 mm at p = 1 mm when the last
stimulus of strength 0.6 mA was applied at 470 ms (left column), 460 ms (middle column),
and 458 ms (right column).
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Table 1
Bidomain parameters used in the calculation.
Parameter Symbol | Roth (1988)
Intracellular conductivity parallel to the fibers (S/m) Oiz 0.1863
Intracellular conductivity perpendicular to the fibers (S/m) Gip 0.0179
Extracellular conductivity parallel to the fibers (S/m) Oez 0.1863
Extracellular conductivity perpendicular to the fibers (S/m) Oep 0.0894
Cell membrane capacitance (uF/cm?) Cnm 1
Surface-to-volume ratio (1/um) B 0.3
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