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Abstract

Introduction—Cardiac tissue can be entrained when subjected to sinusoidal stimuli, often
responding with action potentials sustained for the duration of the stimulus. To investigate
mechanisms responsible for both entrainment and extended action potential duration, computer
simulations of a two-dimensional grid of cardiac cells subjected to sinusoidal extracellular
stimulation were performed.

Methods and Results—The tissue is represented as a bidomain with unequal anisotropy ratios.
Cardiac membrane dynamics are governed by a modified Beeler-Reuter model. The stimulus,
delivered by a bipolar electrode, has a duration of 750 to 1,000 msec, an amplitude range of 800 to
3,200 Alcm, and a frequency range of 10 to 60 Hz. The applied stimuli create virtual electrode
polarization (VEP) throughout the sheet. The simulations demonstrate that periodic extracellular
stimulation results in entrainment of the tissue. This phase-locking of the membrane potential to
the stimulus is dependent on the location in the sheet and the magnitude of the stimulus. Near the
electrodes, the oscillations are 1:1 or 1:2 phase-locked; at the middle of the sheet, the oscillations
are 1:2 or 1:4 phase-locked and occur on the extended plateau of an action potential. The 1:2
behavior near the electrodes is due to periodic change in the voltage gradient between VEP of
opposite polarity; at the middle of the sheet, it is due to spread of electrotonic current following
the collision of a propagating wave with refractory tissue.

Conclusion—The simulations suggest that formation of VEP in cardiac tissue subjected to
periodic extracellular stimulation is of paramount importance to tissue entrainment and formation
of an extended oscillatory action potential plateau.
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Introduction

The life-threatening loss of cardiac output caused by ventricular fibrillation (VF) is treated
by the timely delivery of strong electrical shocks to the heart, termed electrical defibrillation.
Despite the widespread use of traditional monophasic and biphasic shocks, there remain
many substantial problems with DC defibrillation, such as damage to the heart caused by the
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strong electric current (electroporation), uncertainty of success, necessity of stronger shocks
following an initial failed shock, and cost of producing a DC defibrillation device. Further,
DC shock waveforms are based on estimations of whole-heart membrane time constants!
and the hardware design of defibrillators? and not on the underlying mechanisms of
fibrillation and defibrillation. Presumably, a waveform based on a mechanistic
understanding of fibrillation, including wave dynamics in the heart, may lead to improved
methods of defibrillation.

Previous research has examined alternating current (AC) field stimulation as a means of
defibrillation.3~10 The 60-Hz AC waveforms were used clinically to defibrillate until the
early 1960s. Use of this mode of defibrillation waned for a variety of reasons, including high
energy requirements, induction of atrial fibrillation, prolonged muscle contraction, risk of
shock to the operator, and prohibitive size of the device.ll Recent experiments have
developed new interest in the potential of defibrillation via AC field shocks, using the
hypothesis that low-frequency periodic waveforms near the dominant frequency of VF (10
Hz) may lower the energy required to defibrillate the heart.12:13 Using intact rabbit hearts,
Gray et al.12 demonstrated that AC field stimulation can stop VF. These experiments
showed that a periodic field can entrain cardiac tissue both at rest (in diastole) and during
VF.12 Often entrainment was associated with the generation of prolonged action potentials
(APs), the plateau of which oscillated with the stimulus.

However, the mechanisms underlying AC entrainment and the formation of extended APs
are not easily identified. A greater understanding of these phenomena can be gained by
examining tissue-field interactions. Our previous study using a computational model of a
single cardiac cell showed that AC field stimulation can result in sustained oscillatory
plateau of the AP.14 Formation of this prolonged plateau is due to excitation of a portion of
the cell by the depolarizing field stimulus and deexcitation of another portion of the cell by
the hyperpolarizing stimulus. Deexcitation allows the crucial transmembrane sodium current
to reset, permitting the cell to depolarize again when the polarity reverses.14

Although major characteristics of the AP induced by the AC stimulus were reproduced by
the single-cell model, additional phenomena documented in whole-heart animal experiments
were not.12:13 For example, the cell model displayed oscillations along the plateau of the
extended AP entrained only at 1:2 ratio with the oscillating stimulus, whereas in the
experiment, 1:1 and 1:4 entrainment also was observed. Consideration of multicellular
preparations where the spatial interactions between cells contribute to tissue behavior may
be the key to explaining these other modes of entrainment.

To examine AC stimulation of tissue, a model that properly accounts for the distribution of
externally applied current between the intracellular and extracellular spaces in the tissue is
required; this condition is met by the bidomain model. Recent studies using the bidomain
model have been instrumental in understanding the formation of virtual electrode
polarization (VEP) patterns.1®18 VVEP regions, areas of strong positive and negative
membrane polarization adjacent to each other, have been implicated in defibrillation and
arrhythmogenesis.1’~19 Thus, it is possible that the response of tissue to sinusoidal
extracellular stimulation is largely determined by the shock-induced VEP, much like the
opposite polarization at cell ends determines the response of a single cell to AC stimulation.
14

The goal of this study was to examine sinusoidal stimulation in bidomain tissue in diastole
and to understand the mechanisms responsible for entrainment and extended AP duration
(APD) at the tissue level. The results of this study can be instrumental in the examination of
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how AC shocks terminate VF, possibly providing a new avenue for the development of
alternative defibrillation therapy.

To investigate the effects of AC fields upon cardiac tissue, a homogeneous two-dimensional
bidomain model with unequal anisotropy ratios is implemented. The governing equations
are as follows20:

0V
Ay C’”—at +ion+G V| =V - [DiV(V,, +D,)]
(1)

V- [(Di+De)VD, = = V - (DiVV,)+ oy (2)

where A, (cm™1) is the membrane surface-to-volume ratio, Cp, (uF/cm?) is the membrane
specific capacitance, Vy, (mV) is the transmembrane potential, lig, (WA/cm?) is the ionic
current density calculated from the membrane kinetics model, ley (LA/cm3) is the current
volume density delivered to the extracellular space, G (mS/cm?) is the voltage-dependent
membrane conductance associated with membrane electroporation,21:22 D; and D, (mS/cm)
are the intracellular and extracellular conductivity tensors, and @, (mV) is the extracellular
potential. In this study, we use a two-dimensional 4 mm x 4 mm sheet; the fibers run
vertically, in the y-direction.

Membrane kinetics are represented by the Beeler-Reuter Drouhard Roberge (BRDR) model.
23 The equations have been modified further to shorten APDgg to 91 msec and to ensure that
the model does not break down under strong fields. These model modifications were
described in detail previously.18:22 Further, to increase the physiologic relevance of the
model, t2he effects of shock damage to the tissue, electroporation,24:2° are included in the
model.2

To solve the model equations, a finite difference method is used. The two-dimensional sheet
is discretized into a square mesh of 1,089 nodes, with a spatial step of 125 um. Neumann
boundary conditions are implemented, i.e., all tissue boundaries are insulated. The numerical
procedure was described in detail previously.18:22 In brief, Equation 1 is solved using a
predictor-corrector scheme: the predictor step uses an explicit two-step Adams-Bashforth
method; the corrector step uses an implicit two-step Adams-Moulton method.22 At each
moment in time, Equation 2 is updated and its large sparse nonsymmetric matrix is solved
using the iterative approach GMRES.22 Values of the parameters used in this study are
given in Table 1. Electroporation parameters are available in a previously published study.2?

To apply AC defibrillation to the model, extracellular bipolar point stimulus is used. The
two electrode sites are located at the respective centers of the top and bottom boundaries of
the sheet: the “anode” is at the bottom of the sheet and the “cathode” is at the top. Similar
electrode configurations were used in previous studies of extracellular DC stimulation from
our group, thus allowing easy comparisons of results.18:22:26 The electrodes are referred to
in quotations to underscore the fact that the sinusoidal stimulus reverses the polarity of the
current delivered by each electrode during each cycle; thus, the “anode” at the onset of the
stimulus becomes the “cathode” after half of the stimulus period. The stimulus frequency is
varied from 10 to 60 Hz, and the amplitude from 800 to 3,200 pA/cm. The duration of the
stimulus is chosen within the interval from 750 to 1,000 msec. The shock is delivered to
tissue at rest.
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The response of the sheet to sinusoidal field stimulus of 1,600 uA/cm magnitude and 100-
msec period is shown in Figure 1. The tissue first reacts by producing a wavefront from the
area directly under the cathode at the top of the sheet (panels t = 4, 7 msec). Within 15 msec,
the wave propagates across the entire sheet, encountering tissue at rest with the exception of
the strongly hyperpolarized tissue under the anode (panels t = 11, 15 msec). The strong
hyperpolarization maintained by the external stimulus prevents the propagating wavefront
from depolarizing the tissue under the anode. After the initial depolarization of the tissue,
the field magnitude continues to increase and reaches its peak magnitude at t = 25 msec. The
VEP develops “on top” of the activated tissue; the distinctive symmetric half “dog-bone”
pattern of the VEP characteristic of unipolar stimulation of the bidomain model>:16:27 jg
apparent in panels t = 15, 25 msec. Near the cathode, the shock-induced depolarization
serves to raise V, above the level of the AP plateau as expected; near the anode, the
hyperpolarizing influence of the external field acts to repolarize Vy,. Similar phenomena take
place in the smaller internal regions of depolarization and hyperpolarization. In fact, under
the anode, the hyperpolarizing stimulus is so strong that V,, drops below the resting potential
Vrest- As the stimulus increases, the areas affected by the positive and negative polarization
at the top and bottom of the sheet grow significantly (panels t = 15, 25 msec).

The stimulus amplitude begins to drop after it reaches its zenith at t = 25 msec. The top of
panel t = 45 msec shows the decreased extent of the strong polarization under the cathode, as
compared with panel t = 25 msec. The area of repolarized tissue at the bottom around the
anode increases as the tissue continues to repolarize. At t = 50 msec, the stimulus polarity
reverses, and the next half-cycle begins. The tissue previously under the hyperpolarizing
influence of the “anode” is exposed to the depolarizing “new cathode.” This tissue is
activated more easily, because hyperpolarization has increased its excitability.28 A new
wavefront propagates outward from the area under the cathode (panels t = 52, 55 msec).
Propagation is blocked by the previously depolarized tissue along the middle rows of the
sheet, which still are refractory. A new “anode” develops, which repolarizes Vy, at the
opposite end of the sheet (panels t = 66, 75 msec). As the stimulus changes polarity, the
described changes in V, are repeated.

The sinusoidal extracellular stimulus entrains the entire sheet; however, the type of
entrainment varies throughout the sheet (Fig. 2). The membrane potential oscillations are the
largest under the electrode (site A) and gradually decrease in magnitude toward the center of
the sheet (site C). The largest oscillations reach below the resting potential level (panel A).
As the magnitude of the oscillations decreases toward the middle of the sheet, the membrane
potential gradually takes on the shape of an extended AP with an oscillatory plateau (panel
C). Such sustained depolarization typically arises at regions along the borders of the virtual
electrodes, i.e., along the edges of the “dog-bone” pattern stemming from the electrode, and
along the middle row of the sheet, equidistant from the electrode sites. Areas with the
characteristic extended plateau are shown highlighted in Figure 2, right middle panel; the
value of —60 mV for the minimum value of the extended plateau is used as a criterion to
construct the gray area (since it is close to the sodium threshold). Throughout this region, Vp,
remains significantly elevated (panels C and D). The APD is extended for 1,000 msec, the
full duration of the stimulus.

Figure 2, left middle panel, shows the regions undergoing various types of entrainment.
Regions within the thick outline are characterized with 1:1 phase-locking with the stimulus.
These are in the vicinity of the stimulus electrodes, or in the very interior of the opposite-
polarity virtual electrodes. In these regions, entrainment takes place without extending the
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AP plateau. Regions within the thin outline represent 1:2 entrainment; that is, two plateau
oscillations are produced during one period of the AC waveform. This is similar to behavior
seen in single-cell simulations.1* These regions are located in the middle of the sheet (panels
C and D), but also around the opposite-polarity virtual electrodes. Outside the described
regions, the transmembrane potential traces exhibit variations in the transition from 1:1 to
1:2 phase-locking (Fig. 2, panel B, and Fig. 3).

Figure 3 shows V, versus time for points E and F shown in the middle panel of Figure 2 in
another simulation (stimulus duration of 750 msec). Point E demonstrates sustained
depolarization; point F does not, according to the criterion used here. Figures 2 and 3
demonstrate that there is a gradual change between a true sustained AP plateau (Fig. 2C) and
the oscillatory membrane behavior under the electrode (Fig. 2A).

Even within a zone of extended APD, the appearance of plateau oscillations differs
according to the location on the sheet (Fig. 2, panels C and D, shown in close-up in Fig. 4).
The altered plateau oscillation shapes are due to the differences in the minimum V, of the
oscillations. Vp, of the central node (panel C) only drops as low as —35 mV, while V, of
nodes along the sheet border (panel D) falls to —60 mV before depolarizing again. The lower
Vn allows the sodium current channel to reset; thus, subsequent depolarization is stronger
and more rapid. This results in the sharper upstroke of the plateau oscillation, similar to the
initial activation of the node. Because V,, near the center of the sheet does not drop to as low
a value, the subsequent rise in Vy, is not as fast and has a more sinusoidal appearance.

When the stimulus field is terminated, the tissue returns to V. The remaining active
wavefronts disperse after encountering either the sheet borders or tissue that still is
significantly refractory. There remains a strong depolarization at the boundaries under the
electrodes (Vi, = 0 mV). This represents the effects of electroporation, the damage to the
membrane by the strong electrical shocks.2°

Dependence of Sheet Response on Stimulus Amplitude

With the frequency fixed at 10 Hz, the amplitude of the stimulus is varied within the range
of 800 to 3,200 pA/cm. The entire sheet remains entrained by the stimulus for all amplitude
levels. The extent of the region of long APs and the stimulus amplitude are related. For
instance, at site D of Figure 2, depolarization is not sustained at stimulus strengths below
1,600 pA/cm because the outer edges of the region of long APs have shrunk at this stimulus
amplitude. However, at 3,200 pA/cm, the region in which depolarization is sustained has
grown around the outer edges (Fig. 5, right middle panel), and the APD at site D is extended
(Fig. 5, panel D). Within the region of sustained APs, the minimum V, of the plateau
oscillations increases as stimulus amplitude increases (Fig. 5, top row panels).

The shape of the oscillations varies with location as well. At the central location, site C of
Figure 2, the oscillations at higher stimulus amplitudes have a “spike” appearance; at lower
stimulus strengths, the oscillations resemble a rectified sine wave (Fig. 5, panel C). The
change in shape with increase in stimulus amplitude also is evident in panel D of Figure 5.

The rate of phase-locking also is affected by the increase in stimulus strength. In the left
middle panel of Figure 5, the regions of 1:1 phase-locking near the electrodes shrink
dramatically at 3,200 uA/cm, whereas around the oppositely polarized virtual electrodes
their area increases. Further, at a site on the central row 1 mm from the border, noted C’, an
increase in the stimulus amplitude changes the phase-locking of the plateau oscillations (Fig.
5, panel C’). The 1:2 oscillations occurring at 800 pA/cm become 1:4 oscillations at 3,200
pA/cm; sites where 1:4 phase-locking takes place are marked by shaded regions in the left
middle panel of Figure 5. Finally, the increase in stimulus amplitude typically increases
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APD at a given node (Fig. 5, panels C, C’, and D), because most sites are at a slightly higher
Vi when the stimulus ends.

Dependence of Sheet Response on Stimulus Frequency

With the amplitude fixed at 1,600 pA/cm, the frequency of the applied stimulus is varied
within the range from 10 to 60 Hz. The increase in stimulus frequency causes a loss of tissue
entrainment along the side borders of the sheet. At 30 Hz, the “dog-bone pattern” of
transmembrane potential distribution alters polarity very rapidly and begins to lose
entrainment at sites most distant from the electrodes, namely, the central points of the
vertical tissue borders. The area of no entrainment increases as stimulus frequency increases.
The shaded regions on the sides of the lower left panel in Figure 6 indicate locations where
the tissue is no longer entrained by the 60-Hz stimulus. The criterion to construct these gray
areas is lack of regularity in the time course of the signal there. The transmembrane potential
within these regions can be appreciated in Figure 6, panel G.

The boundaries of the area of entrainment in which the AP is extended change as the applied
frequency increases. At a frequency of 10 Hz, sustained depolarization appears
predominantly in the central rows of the sheet (Fig. 2, right middle panel); at 60 Hz, it
covers a noticeably wider area away from the central column of the sheet (Fig. 6, lower right
panel). Interestingly, plateau oscillations within the newly incorporated gray area of
extended APD demonstrate 1:1 phase-locking (Fig. 6, panel H). As the frequency increases,
the regions demonstrating 1:1 phase-locking (regions within thick outlines in Fig. 6, bottom
left panel) extend significantly further from the electrodes, covering much of the sheet that
previously was intermediate between 1:1 and 1:2 phase-locking (Fig. 2, left middle panel).
The regions of 1:2 phase-locking within the thin outlines in Figure 6, left bottom panel, also
shrink. In contrast, the characteristics of the plateau oscillations at the very center of the
sheet change little with an increase in frequency. As shown in Figure 7, at the central node
of the sheet, the oscillations remain 1:2 phase-locked when the stimulus frequency is raised
from 15 to 30 Hz. In the 30-Hz case, Vy, oscillates over a smaller range of potentials
compared with the 15-Hz case; the same response is seen in single-cell simulations.1 This
decrease in oscillation amplitude as stimulus frequency increases is shown in Figure 8 for
the central node and two other nodes along the center row.

Discussion

AC Entrainment

Despite years of scientific and medical investigation, there remain significant problems with
traditional cardiac defibrillation. The high energy needed to defibrillate can be damaging to
cardiac tissue. Also, as reflected by the probabilistic nature of defibrillation, the shock can
fail, making repeated shocks necessary. To overcome these problems, defibrillation research
has concentrated on optimizing traditional waveform shape39—33 or improving the electric
field distribution, for example, by changing the configuration of implanted electrodes.34
Although these approaches have the potential to decrease the defibrillation threshold and
improve defibrillation efficacy, they are not based on mechanisms underlying the interaction
of fibrillating tissue with the applied electric field.

Cardiac fibrillation results from spiral waves of electrical activity.3® Spiral waves are
characteristic to many “excitable” systems and have been studied extensively both
numerically and experimentally.38 In excitable systems, periodic forcing can result in
various alterations in spatiotemporal dynamics.3” It has been shown that AC fields entrain
the transmembrane voltage in isolated rabbit hearts, thus preventing the propagation of
wavelets characteristic of fibrillation and possibly leading to defibrillation.12:13 This finding
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indicates that it is possible to implement AC defibrillation in a clinical setting, the specifics
of which are based on the underlying tissue-field interaction mechanisms. Such a research
avenue imposes the need to understand fully the mechanisms underlying tissue entrainment
via AC field stimulation.

Our previous simulation study examined the effect of AC field stimulation on a single cell.
It showed entrainment and APD extension caused by the variations in stimulus magnitude
and polarity along the cell border that elicit opposite electrical responses from cell sides.14
Clearly, there is a difference between the electrical behavior of an isolated cardiac cell and
the behavior of cells in tissue where electrotonic interactions take place. Therefore, to
unravel the mechanisms responsible for the entrainment and AP extension seen in whole-
heart experiments, examination of the response of cardiac tissue to AC stimulation was
needed.12 The present study focuses on extracellular AC stimulation of a sheet of cardiac
tissue represented as a bidomain. The tissue model has active membrane kinetics and is
stimulated in diastole with a high-strength long-lasting AC waveform. Applying the external
field in diastole demonstrates the basic mechanisms that underlie AC entrainment of the
tissue without additional complications caused by the pre-shock activity. We chose a fiber
orientation and electrode configuration that was used in previous studies!8:26:38 for easier
comparison with published results. For the chosen electrode configuration, we need to use a
small sheet size (here, 4 mm per side) to ensure that the shock affects electrotonically the
entire sheet. Indeed, both experimental3® and computational studies*® have demonstrated
that shocks create VEP throughout the myocardium. Postshock activity is dependent on
these VEPs established by the shock. To mimic the real situation and thus achieve a
distribution of VEP that covers the entire preparation in a sheet with straight fibers subjected
to point-source stimulation requires the use of a small sheet size. This is in accordance with
the original experimental studies'2:13 where entrainment at low frequencies was observed
over a large portion of the heart surface.

Tissue Response to AC Fields

Entrainment occurs when cardiac tissue is subjected to long-duration AC extracellular
stimulation. Shock-induced VEPs play a large role in the entrainment process, by inducing
changes in Vy, in areas not immediate to the electrodes. With typical defibrillation shocks,
these VEP regions appear briefly and influence postshock activity.39:41=43 With long-
duration AC shocks, however, the VEP patterns become synchronized with the stimulus; the
VEP reverses polarity as the stimulus does so. Tissue entrainment is strongly dependent on
stimulus frequency. At low frequencies, the entire sheet is entrained by the AC stimulus. As
the stimulus frequency increases, entrainment is first lost at areas most distant from the
electrodes (Fig. 6, left panel). This is because the VEPs established by a single half-period
of the shock are present only until the shock polarity changes. At higher frequencies, the
VEPs have an increasingly shorter amount of time to develop. This limits the extent to
which the VEPs can affect the state of the underlying tissue. Regions that originally were
under the weakest influence of the AC stimulus become free of entrainment altogether.
However, these regions do not remain in diastole; wavefronts propagate through them (Fig.
6, panel G).

The characteristics of tissue entrainment vary with stimulus strength and frequency, and
location on the sheet. Sites near the electrode respond with large oscillations in Vp, (Fig. 2,
panel A); often V,, can drop below V¢t and rise well above the normal AP amplitude. These
oscillations are phase-locked 1:1 with the driving frequency. Further from the electrode,
they can be phase-locked 1:1 with the stimulus (Fig. 2, region within thick outlines in the
middle left panel) or 1:2 (Fig. 5, panel D, 800 uA/cm stimulus). At some entrained locations,
depolarization is sustained for the duration of the stimulus, resulting in a single AP with an
extended oscillatory plateau. The extended AP plateau oscillations most often occur phase-
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locked 1:2 with the stimulus frequency, although 1:1 and 1:4 phase-locked oscillations also
can appear.

Within the areas of extended APs, the variations in the plateau oscillations reflect the
different mechanisms that underlie sustained depolarization. These mechanisms can be
classified into two groups: (1) mechanisms responsible for sustained depolarization in
regions of weak transmembrane voltage gradients, and (2) mechanisms operating in regions
of strong transmembrane voltage gradients. Both types are supported, directly or indirectly,
by the VEP patterns that arise when electric shocks are delivered to cardiac tissue.

As mentioned previously, the strongest effect of the stimulus is present near the electrode, as
in Figure 2, site A. Depolarization is not sustained in this region due to the anodal portion of
the stimulus cycle that hyperpolarizes Vy,. Further away from the electrode, the
hyperpolarizing effect of the stimulus becomes weaker. Thus, with increase in stimulus
frequency, the depth of the V,, oscillations decreases until extended APs with 1:1 plateau
oscillations appear, such as the one recorded at site H of Figure 6, where a 60-Hz field
creates oscillations at 60 Hz along the extended plateau. This extension of APD takes place
in regions where there is not a strong VEP-induced transmembrane voltage gradient between
adjacent regions. The cells in the region illustrated by site H have very little electrotonic
influence on each other because they all follow the stimulus simultaneously. Therefore, their
behavior is close to that of a membrane patch subjected to extracellular stimulation. A
simulation study conducted by Vigmond et al.*4 demonstrates that the membrane patch
responds to AC fields with 1:1 plateau oscillations. This behavior is consistent with results
of cardiac sucrose gap experiments where spatial effects between cardiac cells were
eliminated.*>

Similarly, strong voltage gradients are not present at the middle of the sheet. Instead,
sustained depolarization there is caused by propagation of a wavefront from the cathode
(Fig. 1). This wavefront encounters refractory tissue at the middle of the sheet; the mid-sheet
tissue is too far from the virtual anode to be repolarized immediately. Propagation of the
wavefront is blocked at the middle of the sheet. However, this depolarized tissue acts as a
current source. Currents from the wavefront spread electrotonically across to the refractory
tissue, raising Vp, and delaying the normal repolarization process. When the stimulus cycle
reverses, the tissue at the middle of the sheet is kept refractory by currents supplied by the
new wavefront propagating from the new virtual cathode at the opposite end of the tissue.
Thus, the constantly oscillating AC field creates a region of refractory tissue around the
middle line of the sheet, which blocks wavefront propagation for the duration of the
extracellular stimulus.

The plateau oscillations in the region of extended APs at the middle of the sheet are phase-
locked at a rate of 1:2 with the driving frequency. However, as the stimulus amplitude is
increased, 1:4 oscillations can occur along the middle rows, 1 mm from either border, but
not around the center of the sheet (Fig. 5, left middle panel). Electrotonic currents flowing
along the central rows between the border and the center of the sheet combine with the
nonlinear membrane properties to cause this conversion into 1:4 entrainment rate. During
the extended plateau, a difference exists between V, at the center of the sheet and Vy, at the
border of the middle row (Fig. 5). As the stimulus amplitude is increased, the plateau
oscillations at these locations increase in magnitude, which in turn causes the transverse
transmembrane voltage gradient between them to grow larger. At high stimulus amplitudes,
this gradient becomes large enough to produce electrotonic currents of significant strength at
the sites located between the center and the borders of the sheet. This causes an additional
depolarization in Vp, there during each half-cycle of the stimulus, creating the 1:4
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oscillations evident in Figure 5, panel C'. The 1:4 oscillations do not appear in simulations in
which the AC field amplitude is within the range from 800 to 1,600 pA/cm.

Along the border between VEP regions directly adjacent to the electrode site, there exists a
thin area only a few nodes thick; in this intermediate region, 1:2 oscillations develop (Fig. 2,
left middle panel, two crescent areas within thin outlines). At the top and bottom of the
sheet, the “dog-bone” VEP pattern creates a strongly depolarized region of tissue
immediately adjacent to a strongly hyperpolarized region. The large gradient in
transmembrane voltage drives electrotonic current from the depolarized region into the
hyperpolarized region. The polarity reversal of the stimulus, twice every cycle, results in
gradient-driven currents of direction alternating twice every cycle. Thus, the resulting
plateau oscillations become 1:2 phase-locked. This mechanism is similar to the mechanism
driving the plateau oscillations of a single cell subjected to AC field stimulation (see
following).14

Comparison with Single-Cell Simulations and Experimental Results

A previous study demonstrated sustained oscillatory AP plateau in a computational model of
a single cell under AC field stimulation.14 APD extension in this case is caused by the time-
varying extracellular field gradient, which, once an AP is generated, results in depolarization
at opposite ends of the cell during each consecutive phase, thus leading to an extended
oscillatory plateau. The field gradient reverses polarity twice during each cycle, resulting in
depolarizations twice each cycle, once at each end of the cell, and thus creating 1:2 plateau
oscillations. This interaction is similar to mechanisms responsible for sustained plateau
depolarization in portions of the sheet, namely, around the boundaries of the VEP, as
discussed earlier. However, the time-varying voltage gradient responsible for extending the
APD here is not in the extracellular potential ®g,1 4 as in the single-cell case, but instead in
Vin.

Data from experiments using rabbit hearts demonstrated that entrainment of the heart by AC
stimulation, and particularly the membrane potential oscillations during the extended
plateau, are dependent on stimulus frequency and amplitude.12 The single-cell model
showed frequency and amplitude dependence as well. However, the plateau oscillations in
this model were 1:2 phase-locked for all frequency and amplitude values at which the single
cell was entrained.1* The present two-dimensional sheet simulations demonstrated 1:1, 1:2,
and 1:4 phase-locking of the plateau oscillations, which is in agreement with the whole-heart
experimental results.12 This confirms an earlier hypothesisl4 that entrainment and plateau
oscillation patterns are the result of complex cell-to-cell interactions, which could not be
represented by the model of a single cell.

Study Limitations

Although this study provides insight into the behavior observed experimentally,12 it is not
without drawbacks. First, the cardiac tissue model used in the simulations is two
dimensional. This simplification is necessary in order to reduce the computational expense
of the simulations. Because the model implements active membrane kinetics and is
subjected to a long-lasting AC stimulus (much greater than the typical 5 to 20 msec for DC
shocks), it is necessary to find ways to decrease the computational complexity of the
problem. Reducing the system from three to two dimensions made the problem
computationally tractable.

The sheet model has a very simple fiber field: straight homogeneous fibers running in the
direction of the bipolar stimulus electrode. This model does not include fiber curvature or
anatomic obstacles (blood vessels, regions of scar tissue, etc.) that are present in real cardiac
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tissue. Curvature of the fibers causes more complex VEP patterns than the well-examined
“dog-bone” pattern.15:16:27 The same holds true for VEP induced by more realistic
defibrillation electrode configurations.4? Despite these simplifications, the model
demonstrates the interaction of the AC stimulus with the tissue and provides explanation for
the experimentally observed tissue entrainment and the regional variation of phase-locking

of

the AP plateau oscillations. The introduction of fiber curvature or other stimulus electrode

configuration to the simulations would change the far-field distribution of VEP across the
tissue, but the underlying mechanisms responsible for entrainment and extended APD
demonstrated here would remain the same.
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-100

25 ms | 75 ms

Figure 1.

Change in transmembrane potential across the sheet. Panels show maps of Vy,; numbers
below the panels represent the time at which each map is calculated in relation to the
stimulus onset. Field magnitude is 1,600 xA/cm and its period is 100 ms (10 Hz).
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Figure 2.

AC entrainment of the sheet. In the right middle panel, regions of sustained depolarization
are shaded. In the left middle panel, areas within the thick outlines are entrained at 1:1 with
the stimulus; areas within the thin outlines exhibit 1:2 entrainment. Time course of the
action potentials (APs) at locations noted by circles and stars is displayed in the corner
panels. Circles refer to sites with extended AP durations; stars indicate sites of entrainment
without an extended AP. APs from points E and F are shown in Figure 3. The stimulus has
magnitude of 1,600 xA/cm and a frequency of 10 Hz, and is applied for 1,000 ms.
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Figure 3.

Transmembrane potential versus time, and sites E and F of Figure 2. Site E meets the
criterion for sustained plateau, but site F does not. The field has a magnitude of 1,600 zA/cm
and a frequency of 10 Hz, and is applied for 750 ms.
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Figure 4.

Differences in plateau oscillations across the sheet, and sites C and D of Figure 2. The two
sites, one the exact center (C, solid line) and the other near the side border (D, dashed line)
of the sheet, demonstrate 1:2 phase-locking. The plateau oscillations near the border display
stronger initial depolarization. (See text for details on oscillation shape differences.)
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Figure 5.
Change in sheet entrainment as stimulus strength increases. Frequency remains constant at

10 Hz, whereas stimulus amplitude increases from 800 (solid line) to 3,200 (dashed line)
uAlem. Middle panels depict types of entrainment (left) and sustained depolarization (right)
at 3,200 xAlcm. In the left middle panel, thick outlines surround regions phase-locked at
1:1, thin outlines surround 1:2 entrained regions, and thick-bordered shaded regions are
phase-locked at 1:4. Circles in the central panels refer to sites with extended action potential
duration shown in the surrounding panels. The 3,200 zA/cm stimulus generates oscillation
spikes with greater peak magnitudes (panels C and D), and oscillations with a more complex
pattern (panel C’). AC stimulus is applied for 750 ms.
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Figure 6.

Loss of entrainment at high frequencies. For a stimulus of 1,600 xA/cm and 60 Hz,
entrainment is lost along the side borders, in the gray areas on the sides of the lower left
panel. The time course of Vy, at site G within these areas is shown on the top right. Along
the central portion of the tissue, thick outlines mark regions of 1:1 phase-locking, and thin
outlines surround regions of 1:2 phase-locking. The shaded area in the lower right panel
represents a region of extended action potentials (APs). The plateau oscillations of the
extended AP at site H display 1:1 phase-locking.
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Figure 7.
Response of node C from Figure 2 as field frequency changes. Amplitude remains constant

at 1,600 wAlem, whereas field frequency increases from 15 (dotted line) to 30 (solid line)
Hz. Inset emphasizes the change in plateau oscillation amplitude.
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Figure 8.
Change in amplitude of plateau oscillations as field frequency changes. Stimulus amplitude

is 1,600 xAlem. Lines correspond to nodes from Figure 5, node C (solid line), node C’ (solid
line with circles), and node D (dotted line). Change in amplitude for the latter two nodes is
not plotted over the entire frequency range due to loss of entrainment.
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TABLE 1

Parameter Values: Material Constants in the Model and the Time and Space Discretization Steps

Variable Name  Description Value

dx Space step 0.0125 cm
dt Time step 0.01 msec

dt Time step at high stimulus frequency 0.005 msec
iy Intracellular longitudinal conductivity ~ 3.75 mS/cm
Oix Intracellular transverse conductivity 0.375 mS/cm
ey Extracellular longitudinal conductivity ~ 3.75 mS/cm
Oex Extracellular transverse conductivity 2.14 mS/cm
An Surface-to-volume ratio 0.3um™t

Cn Membrane specific capacitance 1.0 pFfem?
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