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Recent findings indicate that ventricular fibrillation might arise from spiral wave chaos. Our

objective in this computational study was to investigate wave interactions in excitable media and to
explore the feasibility of using overdrive pacing to suppress spiral wave chaos. This work is based
on the finding that in excitable media, propagating waves with the highest excitation frequency
eventually overtake all other waves. We analyzed the effects of low-amplitude, high-frequency
pacing in one-dimensional and two-dimensional networks of coupled, excitable cells governed by
the Luo—Rudy model. In the one-dimensional cardiac model, we found narrow high-frequency
regions of 1:1 synchronization between the input stimulus and the system’s response. The
frequencies in this region were higher than the intrinsic spiral wave frequency of cardiac tissue.

When we paced the two-dimensional cardiac model

with frequencies from this region, we found that

spiral wave chaos could, in some cases, be suppressed. When we coupled the overdrive pacing with
calcium channel blockers, we found that spiral wave chaos could be suppressed in all cases. These
findings suggest that low-amplitude, high-frequency overdrive pacing, in combination with calcium
channel inhibitorge.g., class Il or class IV antiarrhythmic drygsnay be useful for eliminating
fibrillation. © 2002 American Institute of Physic§DOI: 10.1063/1.1500495

There is only one clinical method of treating a heart in
ventricular fibrillation—applying a large voltage shock to
the heart. Although the shock is of sufficient energy to
annihilate fibrillation, it is also of sufficient strength to
damage the underlying cardiac tissue, cause pain to the
patient, and drain the battery of an implanted defibrilla-
tor. In this paper, we propose low-energy alternatives for
defibrillation. We present computational findings which
indicate that it may be possible to defibrillate cardiac
tissue using low-amplitude, high-frequency pacing. We
systematically explore the parameter space governing the
pacing stimulus and present a map of the most promising
stimulus waveforms. In addition, we show that the pacing
technique can be optimized if it is used in conjunction
with antiarrhythmic drugs, specifically those which block
calcium channels. This novel defibrillation technique
could be realized in a clinical setting by implanting both a
drug pump and a pacemaker, and programming them so
that they are simultaneously activated at the onset of fi-
brillation. Alternatively, long-term, low-dose oral calcium
channel blockers could be administered in conjunction
with an implanted pacemaker.

I. INTRODUCTION

Under sinus rhythm, waves of electrical activity propa-
gate throughout the heart, eliciting a simultaneous contrac-
tion of the ventricles. However, in diseased heart tissue, ta-
chycardias can develop when excitatory spiral waves locally
re-excite tissue prior to the next stimulus from the sinoatrial
node. Ventricular fibrillation might arise if these spiral waves
break up into spiral wave chads?

Current ventricular defibrillation techniques rely on the
application of a large voltage shock to the heart. It is thought
that this shock halts all electrical activity within the heart and
prevents a local re-excitation of the tissue. Once the heart
cells repolarize in synchrony, electrical waves from the si-
noatrial node take over and a sinus rhythm resumes. How-
ever, the energy necessary for successful defibrillation using
this technique is quite painful and often large enough to dam-
age the tissue.

A number of past experiments have explored the use of
low-amplitude, high-frequency pacing@.e., overdrive pac-
ing) as an alternative defibrillation technigtié? In each ex-
periment, the pacing had local effects, resulting in only small
areas of organized electrical activity. Once the pacing was
suspended, the local region of capture was re-invaded by
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state of fibrillation. Thus, in all cases, overdrive pacing was
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only marginally effective in eliminating the arrhythmia. It is TABLE I The_conductance_i (mS/cnt) and reversal potentid; (mV) for
important to note that the stimulation parameters, includinqaCh current in the Luo—Rudy model. The reversal potenti&l;afepends
stimulus waveform and input frequency for each of these pon the internal calcium concentration, which varies with time.
styQies were .similaf. Specificglly, each of thgse experiments G; (mSlerd) E, (mV)

utilized stimuli consisting of either monophasic square-wave

pulses of 2 ms duration or symmetric biphasic square-wavg!a 203 07 5;";14 13.0281
. . . .7-13.0281n([Cal;)
pulses of 2 ms duratiofsee Figs. A) and 5B) _of the g 0.705 77
present paper for example waveforfnand a pacing fre- k1 0.6047 —-87.23
guency slightly higher or lower than the average excitatiorkp 0.0183 —87.23
frequency of the fibrillating tissue. b 0.03921 —59.87

Extensive research has been done on the periodic pacing
of spiral waves in excitable medtd-*® These studies have
shown that a periodic train of pulses can eliminate spiral

. ) A : whereai is the maximum constant conductance of the ion,
waves in an excitable medium if the frequency of the pacm%

wave is greater than that of the spiral wave. In effect, th ‘(.V’t) 's the product Of. one or more gating varigbles, and

high-frequency wave pushes the low-frequency wave beyony! is the rgversgl potential of the ion. The dynamics of each
; L ating variable is modeled as

the edges of the medium, thereby suppressing its wavefronts’

Sparse spiral waves can also be annihilated using a lower dg; g.—0;

frequency pacing wave when the pacing source is close to gt g

the core of the spiral wav&.It is important to note that each

of these studies primarily explored the effects of the fre-WNere O==agi/lagi+ Byl is the steady-state valuer,
=1l a4i+ Bgil is the time constant, and thés and g's are

guency of the periodic pacing on the spiral waves. X -
In this paper, we explore the feasibility of using over- functions of the membrane voltage. The form of the _tlme-
the plateau potassium

drive pacing to eliminate spiral waves and spiral wave Chaog’ldependent potassium currehy, T
in cardiac tissue. We base our numero experiments on currently,, and the background currefy, is given by
theoretical principles underlying the physics of interacting Ii:Ki(V_Ei)v

waves in excitable media, and we explore a stimulation pa- _

rameter space that is considerably larger than that utilized iwhere E; is the reversal potential of the ion am is a

the aforementioned experimental and theoretical studies. Igcaling factor. Note thad; is a function of voltage foit
addition, we examine the possibility of coupling overdrive and lx,. The conductances and reversal potentials used in
pacing with calcium channel blockers. Although calciumthe simulations are listed in Table I.

channel antagonists are often considered to be

prc.)arrhy'[hmic1,7'18 they also have been shown to transformg e oretical basis of our approach

spiral wave chaos into quasiperiodic, meandering spiral

wave activity*® We explore, in a series of computational ex- ~ The behavior of interacting waves in homogeneous ex-
periments, the possibility of exploiting this effect to enhancecitable media is governed by the following fundamental
the effectiveness of overdrive pacing in eliminating arrhyth-properties:

mias. (1) The wave with the highest frequency will eventually
overtake all other wave¥>?°This is due to the fact
Il. METHODS that slower waves are progressively invaded by faster
. waves.
A. Cardiac model (2) A given medium typically supports interacting spiral

. . . i 21 i
We conducted all of our computational experiments with ~ Waves of a single freque_n&§/ When spiral waves of
a monophasic description of ventricular myocardium. The different frequencies are interacting in a single medium,

model is given by the expression the wave with the highest frequency will dominate ac-
v cording to the first property. Thus, only waves of a single
c ~ion—simuiuct CrD V2V, frequency can eventually coexist in a given medium.

Mot This characteristic arises from general properties of the
system’s action potential, in particular, its refractory pe-
riod. The spiral wave frequency varies from medium to
medium, even though a unique frequency exists for ev-
ery medium. In human cardiac tissue, the intrinsic spiral
wave frequency is approximately 6.3 Fz.

lion=Inat Isit Tkt kit Tkpt 1o (3) Planar wavefronts travel faster than convex
wavefronts® In traveling waves with significant positive
curvature, every successive time step requires more cells
to be excited. The additional transverse current load
o needed to support this expanding wavefront causes the
1i=G;qg;(V,t)(V-E), curved wave to travel slower than a planar wave.

where V is the membrane voltages,,=1 uF/cn? is the
membrane capacitanc®=0.001 cni/ms is the diffusion
coefficient, | gimuus iS the input stimulus, and,, is the sum
of six ionic currents,

as specified in the Luo—Rudy phase | motfeThe form of
the sodium currenity,, the slow inward calcium currett;,
and the potassium curreht is given by
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(4) The time to suppression of colliding periodic waves de- 15
pends inversely on two factoréi) the frequency differ-
ence between the waves, afid) the velocity of the
wave with the highest frequentd?* Thus, a slower
wave is more quickly invaded by a faster wave as the
frequency and/or velocity of the faster wave increases.

We used the above properties to guide aumumero
experiments. For example, on the basis of the first and secg
ond properties, we explored pacing frequencies greater thag
the intrinsic spiral wave frequency of cardiac tissue. In addi-
tion, on the basis of the third property, we generated planal
wavefronts by incorporating into the model the equivalent of
a strip electrode. Finally, on the basis of the fourth property,
we utilized the highest frequencies which could be produced o . .
in the medium. 10 20 30

In order to find the highest frequencies supported by the Input Freq. (Hz)
medium, we characterized the frequency response of the sysiG. 1. Output frequency versus input frequency for a driven one-
tem by examining the synchronization between the appliedimensional chain of 30 cells. The stimulus consisted of a square wave with
stimulation and the resulting action potentials of the medium?a" amplitude of 10gAmp/cnt and a duty cycle of 50%. The dashed hori-
Note that high-frequency stimuli in excitable media typically zontal line at 6.3 Hz represents the spiral wave frequency of cardiac tissue.
do not result in 1:1 synchronization between the injpuiise

stimulu9 and the responsgction potentil This effect is with an adaptive time step ranging from 0.05 to 0.005 ms.

due to the system’s refractory period. At times, the cells ir&v imulated iSotropi dia with tial st 0028
the medium may respond to every other pulse or every thir ¢ simulated 1Sotropic media with a spatial step ot b.
m, and we used the following no-flux boundary conditions

pulse depending upon the refractory state, resulting in 2:1 o Il simulations:
3:1 synchronization; more complicated dynamics are als or all simufations.
possible?®2 Y Y

0 ox

ax

5+

N
ay

oV
y=0 Y
. . . _ ._WherelL is the tissue length.

We conducted computer simulations in one dimension
using a chain of 30 cells, and in two dimensions using a
network of 300< 300 cells. The one-dimensional simulations |||. RESULTS
were conducted to investigate the frequency response of thAa One-dimensional simulations
cardiac model to various stimuli. We then used the high- "
frequency regions of 1:1 synchronization found in the one- In our first series of computational experiments, we pe-
dimensional studies as the basis for exploring the eliminatiomiodically paced the one-dimensional chain of 30 cells with a
of spiral waves and spiral wave chaos in two dimensions. square-wave stimulus (amplitudd 00 uAmp/cn?). The

The one-dimensional simulations were performed byinput—output frequency characterization for this system is
stimulating the first cell in the 30-cell chain for 5.0 s and by shown in Fig. 1. The spiral wave frequency for cardiac tissue
averaging the action potential frequency of the last cell in thés shown as a horizontal dashed line at 6.3 Hz. Thus, an
chain over the final 1.0 s of the computational trial. In theoutput frequency greater than this line could potentially re-
one-dimensional case, the output frequefioy., the action sult in the suppression of spiral waves. The initial straight
potential frequency of the last celis well-defined because line represents 1:1 synchronization, or multiples thereof, in
the excitatory stimulus propagates in only one directionwhich the system responds to every input stimulus. Begin-
However, in the two-dimensional case, the output frequencying at an input frequency of 7.3 Hz, the system responds to
is not as clearly defined because excitatory stimuli can flowevery other pulse resulting in 2:1 synchronization. Interest-
into a cell from four directions, often causing action poten-ingly, the system returns to 1:1 synchronization, intermittent
tials to be produced before the cell returns to its resting powithin the 2:1 synchronization region. This narrow 1:1 inter-
tential. In our simulations, we neglected changes in actiomittency region centered around an input frequency of 12.7
potential morphology over time, and we grouped all K:K Hz (Fig. 1) appears to be a promising region for suppression.
synchronization regions, where K is a positive integer, into ~ We explored the effects of pulse duration on the system’s
the 1:1 synchronization region. We similarly grouped allinput-output frequency response by varying the percentage
2K:K synchronization regions into the 2:1 synchronizationof cycle time(the duty cyclé that the square-wave pulse was
region. greater than zero. The results for a range of duty cycles are

We used two integration methods for the simulations: theshown in Fig. 2. It can be seen that for the duty cycles in-
forward Euler(FE) method and the operator splittifgS)  cluded in this figure, the 1:1 intermittency region only ap-
method?”? The FE approach was implemented with a fixedpears for the 50% value. Moreover, we found that the 2:1
time step of 0.01 ms, and the OS method was implementeslynchronization region breaks up as the duty cycle decreases.

. . = =L =L
C. Computer simulations X X 4
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A fixed 2 msec duty cycle B 12.5% duty cycle

- Y
)] o (4]

Output Freq. (Hz)

o

FIG. 2. Plots of output frequency ver-
sus input frequency for a driven one-
dimensional chain of 30 cells. The
stimulus consisted of a square wave
with an amplitude of 10QAmp/cn?
and a duty cycle ofA) a fixed, 2 ms
duration; (B) 12.5%; (C) 25.0%; (D)
37.5%;(E) 50.0%; and(F) 62.5%. As
in Fig. 1, the dashed horizontal lines
represent the intrinsic spiral wave fre-
guency of 6.3 Hz. Note that Fig. 1 has
been included as Fig.(B) for refer-
ence.

C 25.0% duty cycle D 37.5% duty cycle

Output Freq. (Hz)

E 50.0% duty cycle F 62.5% duty cycle
15 15
N
z
o 10 10
2
L —_—— —_— I M e — — — — — .
E— 5 5
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We next examined the effects of stimulus amplitude onwith symmetric biphasic square-wave pulses of 2 ms dura-
the 1:1 and 2:1 synchronization regions. The results for varition [Fig. 5B)]. We also found that sinusoidal inputgig.
ous amplitudes, as a function of input frequency, are show(C)] do not lead to 1:1 synchronization at high frequencies,
in Fig. 3. The 1:1 intermittency region seen in Fig. 1, curveswhereas stimuli with ramp wavefronts and vertical wave-
toward lower frequencies and breaks up for smaller stimuludacks[Fig. 5D)] do result in large regions of 1:1 synchro-
amplitudes. It is important to point out that 2:1 synchroniza-nization, including a 1:1 intermittency region. For stimuli
tion regions with output frequencies6.3 Hz, and thus input  with vertical wavefronts and ramp waveba¢ksy. 5(E)], the
frequencies>12.6 Hz, could potentially be useful for sup- branch of the initial 1:1 synchronization region disappears
pressing spiral waves as well. Thus, portions of the 2:1 synand the 1:1 intermittency region becomes scattered. The 1:1
chronization region to the right of the 1:1 intermittency re- intermittency region disappears entirely when a triangle
gion in Fig. 3 may be effective for eliminating spiral waves waveform with a ramp wavefront and wavebdékg. 5(F)]
in two-dimensional media. is used to excite the system.

Given the promising results for a duty cycle of 50% We also investigated the effects of calcium channel an-
(Fig. 2, we further investigated the effects of stimulus am-tagonists on our one-dimensional cardiac model. We elimi-

plitude on the 1:1 and 2:1 synchronization regions for dutynated transmembrane calcium fluxes by settiBg=0
cycles ranging from 40% to 60%. Figure 4 indicates that ashroughout eactin numero experiment. The input—output
the duty cycle is decreased from 50% to 40%, the 1:1 interfrequency response results for various duty cycles are shown
mittency region breaks up, while the 2:1 synchronization rein Fig. 6. First, note that the elimination of slow inward
gion remains stable. Figure 4 also shows that as the dutyalcium currents serves to increase the intrinsic spiral wave
cycle is increased beyond 50%, the 1:1 intermittency regiofrequency from 6.3 Hz to 25.0 Hz. Second, it can be seen in
is invaded by the surrounding 2:1 synchronization regionsrig. 6 that the calcium channel antagonists eliminate the in-
These findings indicate that the 1:1 intermittency regiontermittency regions found in the original model. Figure 6
quickly disappears if the duty cycle departs from a value ofindicates that it may only be possible to eliminate spiral
50%. waves using the combined action of calcium channel block-
We also examined the effects of stimulus waveform oners and overdrive pacing with a narrow band of input fre-

the 1:1 and 2:1 synchronization regions. Figure 5 presentguencies around 27 Hz at duty cycles37.5%.
the results for six different waveforms. It can be seen that

monophasic square-wave pulses of 2 ms durdfiog. 5(A)]

rarely result in 1:1 synchronizatiofonly four data points
over the explored parameter space resulted in 1:1 synchroni- We used predictions from the one-dimensional simula-
zation. Similar results are obtained if the medium is pacedtions to explore the suppression of spiral waves and spiral

B. Two-dimensional simulations
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FIG. 3. (Color Regions of 1:1(red “+") and 2:1(blue “®”) synchronization, as a function of stimulus amplitude and input frequency, for a driven
one-dimensional chain of 30 cells. The stimulus consisted of a square wave with a duty cycle of 50%.

wave chaos in two dimensions. For example, the results fosome instances, to the reinitiation of spiral wave chaos after
the one-dimensional chain in Fig. 3 suggest that overdrivéocal capture.

pacing the system at a frequency of 12.4 Hz with a square- We next investigated the effects of coupling overdrive
wave stimulus of amplitude 5@Amp/cn? and duty cycle pacing with calcium channel blockers. The inward calcium
50.0% should be sufficient for suppression. Figure 7 presenigurrent in our cardiac model serves to keep the membrane
sequential snapshots of the two-dimensional cardiac modgbitage elevated after the initial, sodium-dependent depolar-
subject to such stimulation. Excitation was applied, startingzation. By inhibiting this current, the absolute refractory pe-
att=0.00's, with a model equivalent of a strip electrode atyjoq of each cell is effectively reduced. When a stimulus is
the top of the medium to ensure a fast conduction velocCitythen applied to the model, the waveform encounters fewer
Figure 7 shows that the initial spiral wave chaos ( jnexcitable cells and thus has a higher chance of entraining
=0.00's) is entirely eliminated after 5.00 s of pacing. Pacingpe gpiral waves. As noted earlier, the reduced refractory pe-
was continued beyond this point, and it can be seen thaj,y 5156 |eads to an increase in the intrinsic spiral wave

more-or-less planar wavefronts travel through the mediumo.,ancy of the medium. We therefore had to increase the
for at least one secorifrom t=5.00 s tot=6.00 3. Shortly frequency of our overdrive pacing to keep the input fre-

thereafter, however, spiral wave chaos is reinitiated, as can . ) L N
’ ' . . ’ uency higher than that of the spiral wave activity within the
be seen at=6.25 s. Thus, there exists a window of oppor- 1 yhig P y

tunity, in this case of approximately 1.0 s, in which the me_medium.
Ny, ot app y oS L We inhibited the calcium flux in the model by setting the
dium is free of spiral wave chaos. If the pacing is halted

during this window, the medium will be left in a resting state. Maximum calcium conductanc&;, to zero after the first
These results show that controlled intervals of overdrive pactime-step in the simulations. Figure 8 presents the results of
ing can be used to suppress spiral wave chaos. a computational experiment where the top two rows of cells
In general, however, we found limited success for supWere paced at a frequency of 27.9 Hz with a square-wave
pressing spiral wave chaos in two-dimensional media usingtimulus of amplitude 5@Amp/cn? and duty cycle 12.5%.
overdrive pacing alone. The high-frequency stimuli predictednhibiting the calcium flux causes the initial spiral wave
from the one-dimensional studies did not always result inchaos to conform to a more regular, quasiperiodic meander,
planar wavebacks during capture. In many cases, subsequembich is consistent with previously reported res@ftdhis
wavefronts approached the wavebacks of prior stimuli, endynamic effect allows the applied stimulation to entrain the
countering cells in various refractory states. This led, inmedium progressively. After 4.0 s, the applied stimulation
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FIG. 4. (Color) Plots of 1:1(red “+") and 2:1(blue “®”) synchronization regions, as a function of stimulus amplitude and input frequency, for a driven
one-dimensional chain of 30 cells. The stimulus consisted of a square wave with a duty ci&)ed6s, (B) 45%, (C) 50%, (D) 55%, and(E) 60%. Note
that Fig. 3 has been included as FigCifor reference.

has annihilated all spiral wave activity within the medium convex waves in the cardiac modglata not shown The

(Fig. 8. When the stimulation is subsequently halted, theexperimental conditions were similar to those in Fig. 8, with

medium returns to its resting state within 270 ms. the exception of the electrode geometry. We found that spiral
We further explored the sensitivity of spiral wave sup-wave chaos could be suppressed with a point source elec-

pression to the magnitude of the calcium current by repeatingrode; however, the time to suppression was longer than that

the above computational experiment with modified values ofor overdrive pacing with a strip electrode.

the maximum calcium conductandg,;. We found that spi-

ral wave chaos could be suppressed similarly to that shown

in Fig. 8 with reduced, nonzero levels of inward calcium,, 5iscussioN

current(Gg; greater than 0 but less than the nominal 0.07

However, the time to suppression of spiral wave chaos in- In this work, we characterized the frequency response of

creased as the level of inward calcium current was increased. one-dimensional cardiac model to provide a map of the

In general, we found more episodes of successful suppregromising regions for suppressing spiral waves and spiral

sion of spiral wave chaos using the combined action of overwave chaos in two dimensions. We used this information to

drive pacing and calcium channel antagonists, than in usinguide our two-dimensional simulations and showed that it is

overdrive pacing alone. In fact, we found that spiral wavepossible to use overdrive pacing to eliminate spiral waves

chaos could be suppressed in all cases when the overdriand spiral wave chaos in two-dimensional media. We also

pacing was coupled with calcium channel blockers. demonstrated that calcium channel blockers could be used to
As it may not be possible to generate a completely plaenhance the effectiveness of overdrive pacing in eliminating

nar wavefront ouside of the computational realm, we alsarrhythmias. Below, we discuss the implications of these

investigated the effects of using a point source to generaténdings.
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FIG. 5. (Color) Plots of 1:1(red “+") and 2:1(blue “®”) synchronization regions, as a function of stimulus amplitude and input frequency, for a driven
one-dimensional chain of 30 cells. The stimulus consisted of the following wavefstrosn to the right of each plpt(A) a monophasic square-wave pulse

of 2 ms duration(B) symmetric biphasic square-wave pulses of 2 ms duratioh,a sine wave(D) a waveform with a ramp wavefront and a vertical
waveback,(E) a waveform with a vertical wavefront and a ramp waveback, @d triangle wave.

A. In numero experiments The results of our one-dimensional simulations also
The results from our one-dimensional simulations can bec,how that high-frequency 1:1 intermittency regions arise

used to guide the development of effective overdrive pacin@nly When certain waveforms are used. Specifically, we
schemes. For example, our findings indicate that the highelpund that square waveform®f sufficient duration and
frequencies supported by the medium occur, in general, if/aveforms with ramp wavefronts and vertical wavebacks
the 1:1 intermittency region that arises for a duty cycle of9iVe rise to robust, high-frequency 1:1 intermittency regions,
50%. We found that if the duty cycle is decreased, the interWhereas waveforms with vertical wavefronts and ramp
mittency region becomes irregular, resulting in lower outputvavebacks give rise to 1:1 intermittency regions at high fre-
frequencies, and if the duty cycle is increased, the 1:1 interduencies that are scattered. In addition, we found that sinu-
mittency region disappears. The presence of a highsoidal and triangle waveforms do not lead to any 1:1 syn-
frequency 1:1 intermittency region only at certain dutychronization at high frequencies. It is interesting to note that
cycles(i.e., around 50%may be due, in part, to the level of the two most effective waveforms, a square waveform and a
the applied current. At an appropriate duty cycle and currenwaveform with a ramp wavefront and a vertical waveback,
level, the input forces the system to respond to every pulsdoth possess a vertical waveback. Itis possible that a vertical
even at high frequencies. At smaller duty cycles, the inpuwaveback enables cells to recover more quickly following an
may not be sufficiently strong to force the system to respon@xcitation, making them more responsive to high-frequency
in a 1:1 fashion at high frequencies. Conversely, at largeinputs. In contrast, a slowly decaying waveback, which in-
duty cycles, the current level may be so high as to keep thgects current into a cell during its recovery, may prolong the
cells depolarized, preventing sufficient time for recovery be-+efractory period by keeping the membrane voltage elevated.
tween pulses. In this case, the input would be unable to forc&his would make a cell less responsive to high-frequency
the system to respond to every pulse. inputs.
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A fixed 2 msec duty cycle B 10.0% duty cycle
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FIG. 6. Plots of output frequency ver-

sus input frequency for a driven one-
C 12.5% duty cycle D 25.0% duty cycle dimensional chain of 30 cells. The cal-
cium current was eliminated in the

N —

530 model by settingG4=0 throughout
g’ each in numero experiment. The
T 20 stimulus consisted of a square wave
Fl with an amplitude of 10QAmp/cn?

5 and a duty cycle ofA) a fixed, 2 ms
o 10 duration; (B) 10.0%; (C) 12.5%; (D)

20 30 40 20 30 40 25.0%;(E) 37.5%; andF) 50.0%. The
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intrinsic spiral wave frequency of 25.0
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We found that some, but not all, of the stimuli suggestedand allows for a reinitiation of spiral wave chaos. In addi-
by the one-dimensional simulations could be used to suption, the time to suppression in two dimensions may be
press spiral wave chaos in two-dimensional media. This dislonger than the duration of our simulations.
crepancy may be attributed to several factors. For instance, Our simulations also indicate that the elimination of
we found that the applied stimulation does not entrain theslow inward calcium currents causes spiral wave chaos to
spiral wave chaos in a progressive manner. The nonprogresenform to a more regular, quasiperiodic meandering spiral
sive suppression of spiral wave chaos as seen in Fig. 7 allowsave behavior, a pattern characteristic of ventricular tachy-
random excitation to re-excite tissue that had previouslcardia. We showed that if the cardiac model is additionally
been entrained. This works against the intended suppressiaubjected to overdrive pacing, the meandering activity could

t=0.00 sec t=2.00 sec t=4.00 sec

FIG. 7. Sequential time images of successful suppres-
sion of spiral wave chaos, using overdrive pacing, in a
t=5.00 sec t=5.25 sec t=5.50 sec network of 300<300 cells. The system was excited
with the model equivalent of a strip electrode of 2
X300 cells located at the top border of the medium.
The stimulus consisted of a square wave with an ampli-
tude of 50uAmp/cn? and a duty cycle of 50.0%. The
input frequency was 12.4 Hz. The membrane voltage
(mV) of the cells in each image is color-coded as indi-
cated in the bar located to the right of the top row of
t=5.75 sec 1=6.00 sec 1=6.25 sec panels.
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t=0.0 sec t=0.5 sec t=1.0 sec

FIG. 8. Sequential time images of successful suppres-
sion of spiral wave chaos, using overdrive pacing in
conjunction with calcium channel antagonists, in a net-
t=2.0 sec t=2.5 sec work of 300<300 cells. The system was excited with
the model equivalent of a strip electrode ok 300
cells located at the top border of the medium. The
stimulus consisted of a square wave with an amplitude
of 50 wAmp/cn? and a duty cycle of 12.5%. The input
frequency was 27.9 Hz. The calcium channels in the
model were blocked &t=0.0 s by settings;=0. The
membrane voltagémV) of the cells in each image is
t=3.5 sec t=4.0 sec color-coded as indicated in the bar located to the right
of the top row of panels.
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be suppressed. In a clinical setting, the calcium current canine model®'® and humans® using rapid pacing have
be inhibited by using class Il or class IV antiarrhythmic shown limited success, with the capture only of small, local-
drugs, which selectively block the inward calcium flux ized regions. However, the pacing frequencies used in these
through the cell membrane. For example, Esmolol, a class ixperiments were only slightly faster or slightly slower than
agent, and Verapamil, a class IV agent, could be deliverethe mean fibrillation frequency of the tissue. Our one-
intravenously to inhibit the calcium flux selectively through dimensional simulations suggest that frequencies approxi-
the L-type calcium channel. Esmolol has a 1-2 min activamately twice as high as the mean fibrillation frequency may
tion time with a half-life of 10 min, and Verapamil, in intra- be more appropriate for defibrillating cardiac tissue. It is also
venous form, has an immediate onset of activation with danteresting to note that all of the aforementioned experimen-
half-life of 4 min3°3! These short-lived, fast-acting agents tal studies utilized either monophasic square-wave pulses of
could be used to inactivate the calcium channels of the hea ms duration or symmetric biphasic square-wave pulses of 2
for short periods of time. Our simulations suggest thatms duration. However, Figs.(A) and 5B) indicate that
defibrillation could be attained if the drugs are deliveredmonophasic or biphasic square-wave pulses of 2 ms duration
quickly in conjunction with overdrive pacing. In a clinical are not optimal if the goal is to obtain high-frequency re-
setting, this could be realized by implanting both a drugsponses from the system. Overall, our simulation results sug-
pump and a pacemaker, and programming them so that theyest that the aforementioned experiméntsshould be ex-
are simultaneously activated at the onset of fibrillation. Al-panded to include a broader range of frequencies and
ternatively, long-term, low-dose oral calcium channel block-different stimulus waveforms, in addition to class Il or class
ers could be administered in conjunction with an implantedV antiarrhythmic drugs.
pacemaker.
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