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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 inhibitors~e.g., class II or class IV antiarrhythmic drugs!, may be useful for eliminating
fibrillation. © 2002 American Institute of Physics.@DOI: 10.1063/1.1500495#
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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.

a!Author to whom correspondence should be addressed. Telephone 617
0390; fax: 617-353-5462; electronic mail: jcollins@bu.edu
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I. INTRODUCTION

Under sinus rhythm, waves of electrical activity prop
gate throughout the heart, eliciting a simultaneous contr
tion of the ventricles. However, in diseased heart tissue,
chycardias can develop when excitatory spiral waves loc
re-excite tissue prior to the next stimulus from the sinoat
node. Ventricular fibrillation might arise if these spiral wav
break up into spiral wave chaos.1–4

Current ventricular defibrillation techniques rely on th
application of a large voltage shock to the heart. It is thou
that this shock halts all electrical activity within the heart a
prevents a local re-excitation of the tissue. Once the h
cells repolarize in synchrony, electrical waves from the
noatrial node take over and a sinus rhythm resumes. H
ever, the energy necessary for successful defibrillation us
this technique is quite painful and often large enough to da
age the tissue.5

A number of past experiments have explored the use
low-amplitude, high-frequency pacing~i.e., overdrive pac-
ing! as an alternative defibrillation technique.6–11 In each ex-
periment, the pacing had local effects, resulting in only sm
areas of organized electrical activity. Once the pacing w
suspended, the local region of capture was re-invaded
surrounding electrical activity, and the tissue remained i
state of fibrillation. Thus, in all cases, overdrive pacing w
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only marginally effective in eliminating the arrhythmia. It
important to note that the stimulation parameters, includ
stimulus waveform and input frequency, for each of the
studies were similar. Specifically, each of these experime
utilized stimuli consisting of either monophasic square-wa
pulses of 2 ms duration or symmetric biphasic square-w
pulses of 2 ms duration@see Figs. 5~A! and 5~B! of the
present paper for example waveforms#, and a pacing fre-
quency slightly higher or lower than the average excitat
frequency of the fibrillating tissue.

Extensive research has been done on the periodic pa
of spiral waves in excitable media.12–15 These studies hav
shown that a periodic train of pulses can eliminate sp
waves in an excitable medium if the frequency of the pac
wave is greater than that of the spiral wave. In effect,
high-frequency wave pushes the low-frequency wave bey
the edges of the medium, thereby suppressing its wavefro
Sparse spiral waves can also be annihilated using a lo
frequency pacing wave when the pacing source is clos
the core of the spiral wave.16 It is important to note that eac
of these studies primarily explored the effects of the f
quency of the periodic pacing on the spiral waves.

In this paper, we explore the feasibility of using ove
drive pacing to eliminate spiral waves and spiral wave ch
in cardiac tissue. We base ourin numero experiments on
theoretical principles underlying the physics of interacti
waves in excitable media, and we explore a stimulation
rameter space that is considerably larger than that utilize
the aforementioned experimental and theoretical studies
addition, we examine the possibility of coupling overdri
pacing with calcium channel blockers. Although calciu
channel antagonists are often considered to
proarrhythmic,17,18 they also have been shown to transfo
spiral wave chaos into quasiperiodic, meandering sp
wave activity.18 We explore, in a series of computational e
periments, the possibility of exploiting this effect to enhan
the effectiveness of overdrive pacing in eliminating arrhy
mias.

II. METHODS

A. Cardiac model

We conducted all of our computational experiments w
a monophasic description of ventricular myocardium. T
model is given by the expression,

Cm

]V

]t
52I ion2I stimulus1CmD¹2V,

where V is the membrane voltage,Cm51 mF/cm2 is the
membrane capacitance,D50.001 cm2/ms is the diffusion
coefficient,I stimulus is the input stimulus, andI ion is the sum
of six ionic currents,

I ion5I Na1I si1I K1I K11I Kp1I b

as specified in the Luo–Rudy phase I model.19 The form of
the sodium currentI Na, the slow inward calcium currentI si ,
and the potassium currentI K is given by

I i5Ḡigi~V,t !~V2Ei !,
ownloaded 19 Jul 2004 to 128.197.51.134. Redistribution subject to AIP lic
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whereḠi is the maximum constant conductance of the io
gi(V,t) is the product of one or more gating variables, a
Ei is the reversal potential of the ion. The dynamics of ea
gating variable is modeled as

dgi

dt
5

g`2gi

tgi
,

where g`5agi /@agi1bgi# is the steady-state value,tgi

51/@agi1bgi# is the time constant, and thea’s andb’s are
functions of the membrane voltage. The form of the tim
independent potassium currentI K1 , the plateau potassium
currentI Kp , and the background currentI b , is given by

I i5Āi~V2Ei !,

where Ei is the reversal potential of the ion andĀi is a
scaling factor. Note thatĀi is a function of voltage forI K1

and I Kp . The conductances and reversal potentials use
the simulations are listed in Table I.

B. Theoretical basis of our approach

The behavior of interacting waves in homogeneous
citable media is governed by the following fundamen
properties:

~1! The wave with the highest frequency will eventua
overtake all other waves.12,15,20 This is due to the fact
that slower waves are progressively invaded by fas
waves.

~2! A given medium typically supports interacting spir
waves of a single frequency.12,21 When spiral waves of
different frequencies are interacting in a single mediu
the wave with the highest frequency will dominate a
cording to the first property. Thus, only waves of a sing
frequency can eventually coexist in a given mediu
This characteristic arises from general properties of
system’s action potential, in particular, its refractory p
riod. The spiral wave frequency varies from medium
medium, even though a unique frequency exists for
ery medium. In human cardiac tissue, the intrinsic sp
wave frequency is approximately 6.3 Hz.22

~3! Planar wavefronts travel faster than conve
wavefronts.23 In traveling waves with significant positive
curvature, every successive time step requires more c
to be excited. The additional transverse current lo
needed to support this expanding wavefront causes
curved wave to travel slower than a planar wave.

TABLE I. The conductanceGi (mS/cm2) and reversal potentialEi ~mV! for
each current in the Luo–Rudy model. The reversal potential ofI si depends
upon the internal calcium concentration, which varies with time.

i Gi (mS/cm2) Ei ~mV!

Na 23 54.44
si 0.07 7.7– 13.0287• ln(@Ca# i)
K 0.705 277
K1 0.6047 287.23
Kp 0.0183 287.23
b 0.03921 259.87
ense or copyright, see http://chaos.aip.org/chaos/copyright.jsp
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~4! The time to suppression of colliding periodic waves d
pends inversely on two factors:( i ) the frequency differ-
ence between the waves, and( i i ) the velocity of the
wave with the highest frequency.20,24 Thus, a slower
wave is more quickly invaded by a faster wave as
frequency and/or velocity of the faster wave increase

We used the above properties to guide ourin numero
experiments. For example, on the basis of the first and
ond properties, we explored pacing frequencies greater
the intrinsic spiral wave frequency of cardiac tissue. In ad
tion, on the basis of the third property, we generated pla
wavefronts by incorporating into the model the equivalent
a strip electrode. Finally, on the basis of the fourth prope
we utilized the highest frequencies which could be produ
in the medium.

In order to find the highest frequencies supported by
medium, we characterized the frequency response of the
tem by examining the synchronization between the app
stimulation and the resulting action potentials of the mediu
Note that high-frequency stimuli in excitable media typica
do not result in 1:1 synchronization between the input~pulse
stimulus! and the response~action potential!. This effect is
due to the system’s refractory period. At times, the cells
the medium may respond to every other pulse or every t
pulse depending upon the refractory state, resulting in 2:
3:1 synchronization; more complicated dynamics are a
possible.25,26

C. Computer simulations

We conducted computer simulations in one dimens
using a chain of 30 cells, and in two dimensions using
network of 3003300 cells. The one-dimensional simulatio
were conducted to investigate the frequency response o
cardiac model to various stimuli. We then used the hig
frequency regions of 1:1 synchronization found in the o
dimensional studies as the basis for exploring the elimina
of spiral waves and spiral wave chaos in two dimensions

The one-dimensional simulations were performed
stimulating the first cell in the 30-cell chain for 5.0 s and
averaging the action potential frequency of the last cell in
chain over the final 1.0 s of the computational trial. In t
one-dimensional case, the output frequency~i.e., the action
potential frequency of the last cell! is well-defined because
the excitatory stimulus propagates in only one directi
However, in the two-dimensional case, the output freque
is not as clearly defined because excitatory stimuli can fl
into a cell from four directions, often causing action pote
tials to be produced before the cell returns to its resting
tential. In our simulations, we neglected changes in ac
potential morphology over time, and we grouped all K
synchronization regions, where K is a positive integer, i
the 1:1 synchronization region. We similarly grouped
2K:K synchronization regions into the 2:1 synchronizati
region.

We used two integration methods for the simulations:
forward Euler~FE! method and the operator splitting~OS!
method.27,28The FE approach was implemented with a fix
time step of 0.01 ms, and the OS method was implemen
ownloaded 19 Jul 2004 to 128.197.51.134. Redistribution subject to AIP lic
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with an adaptive time step ranging from 0.05 to 0.005 m
We simulated isotropic media with a spatial step of 0.0
cm, and we used the following no-flux boundary conditio
for all simulations:

]V

]x U
x50

5
]V

]xU
x5L

5
]V

]y U
y50

5
]V

]yU
y5L

50,

whereL is the tissue length.

III. RESULTS

A. One-dimensional simulations

In our first series of computational experiments, we p
riodically paced the one-dimensional chain of 30 cells with
square-wave stimulus (amplitude5100mAmp/cm2). The
input–output frequency characterization for this system
shown in Fig. 1. The spiral wave frequency for cardiac tiss
is shown as a horizontal dashed line at 6.3 Hz. Thus,
output frequency greater than this line could potentially
sult in the suppression of spiral waves. The initial straig
line represents 1:1 synchronization, or multiples thereof
which the system responds to every input stimulus. Beg
ning at an input frequency of 7.3 Hz, the system respond
every other pulse resulting in 2:1 synchronization. Intere
ingly, the system returns to 1:1 synchronization, intermitt
within the 2:1 synchronization region. This narrow 1:1 inte
mittency region centered around an input frequency of 1
Hz ~Fig. 1! appears to be a promising region for suppressi

We explored the effects of pulse duration on the syste
input-output frequency response by varying the percent
of cycle time~the duty cycle! that the square-wave pulse wa
greater than zero. The results for a range of duty cycles
shown in Fig. 2. It can be seen that for the duty cycles
cluded in this figure, the 1:1 intermittency region only a
pears for the 50% value. Moreover, we found that the
synchronization region breaks up as the duty cycle decrea

FIG. 1. Output frequency versus input frequency for a driven o
dimensional chain of 30 cells. The stimulus consisted of a square wave
an amplitude of 100mAmp/cm2 and a duty cycle of 50%. The dashed hor
zontal line at 6.3 Hz represents the spiral wave frequency of cardiac tis
ense or copyright, see http://chaos.aip.org/chaos/copyright.jsp
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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 wav
with an amplitude of 100mAmp/cm2

and a duty cycle of~A! 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 line
represent the intrinsic spiral wave fre
quency of 6.3 Hz. Note that Fig. 1 ha
been included as Fig. 2~E! for refer-
ence.
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We next examined the effects of stimulus amplitude
the 1:1 and 2:1 synchronization regions. The results for v
ous amplitudes, as a function of input frequency, are sho
in Fig. 3. The 1:1 intermittency region seen in Fig. 1, curv
toward lower frequencies and breaks up for smaller stimu
amplitudes. It is important to point out that 2:1 synchroniz
tion regions with output frequencies.6.3 Hz, and thus inpu
frequencies.12.6 Hz, could potentially be useful for sup
pressing spiral waves as well. Thus, portions of the 2:1 s
chronization region to the right of the 1:1 intermittency r
gion in Fig. 3 may be effective for eliminating spiral wave
in two-dimensional media.

Given the promising results for a duty cycle of 50
~Fig. 2!, we further investigated the effects of stimulus a
plitude on the 1:1 and 2:1 synchronization regions for d
cycles ranging from 40% to 60%. Figure 4 indicates that
the duty cycle is decreased from 50% to 40%, the 1:1 in
mittency region breaks up, while the 2:1 synchronization
gion remains stable. Figure 4 also shows that as the d
cycle is increased beyond 50%, the 1:1 intermittency reg
is invaded by the surrounding 2:1 synchronization regio
These findings indicate that the 1:1 intermittency reg
quickly disappears if the duty cycle departs from a value
50%.

We also examined the effects of stimulus waveform
the 1:1 and 2:1 synchronization regions. Figure 5 prese
the results for six different waveforms. It can be seen t
monophasic square-wave pulses of 2 ms duration@Fig. 5~A!#
rarely result in 1:1 synchronization~only four data points
over the explored parameter space resulted in 1:1 synch
zation!. Similar results are obtained if the medium is pac
ownloaded 19 Jul 2004 to 128.197.51.134. Redistribution subject to AIP lic
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with symmetric biphasic square-wave pulses of 2 ms du
tion @Fig. 5~B!#. We also found that sinusoidal inputs@Fig.
5~C!# do not lead to 1:1 synchronization at high frequenci
whereas stimuli with ramp wavefronts and vertical wav
backs@Fig. 5~D!# do result in large regions of 1:1 synchro
nization, including a 1:1 intermittency region. For stimu
with vertical wavefronts and ramp wavebacks@Fig. 5~E!#, the
branch of the initial 1:1 synchronization region disappe
and the 1:1 intermittency region becomes scattered. The
intermittency region disappears entirely when a trian
waveform with a ramp wavefront and waveback@Fig. 5~F!#
is used to excite the system.

We also investigated the effects of calcium channel
tagonists on our one-dimensional cardiac model. We eli
nated transmembrane calcium fluxes by settingḠsi50
throughout eachin numero experiment. The input–outpu
frequency response results for various duty cycles are sh
in Fig. 6. First, note that the elimination of slow inwar
calcium currents serves to increase the intrinsic spiral w
frequency from 6.3 Hz to 25.0 Hz. Second, it can be seen
Fig. 6 that the calcium channel antagonists eliminate the
termittency regions found in the original model. Figure
indicates that it may only be possible to eliminate spi
waves using the combined action of calcium channel blo
ers and overdrive pacing with a narrow band of input f
quencies around 27 Hz at duty cycles<37.5%.

B. Two-dimensional simulations

We used predictions from the one-dimensional simu
tions to explore the suppression of spiral waves and sp
ense or copyright, see http://chaos.aip.org/chaos/copyright.jsp
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FIG. 3. ~Color! Regions of 1:1~red ‘‘1 ’’ ! and 2:1~blue ‘‘d’’ ! synchronization, as a function of stimulus amplitude and input frequency, for a dr
one-dimensional chain of 30 cells. The stimulus consisted of a square wave with a duty cycle of 50%.
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wave chaos in two dimensions. For example, the results
the one-dimensional chain in Fig. 3 suggest that overd
pacing the system at a frequency of 12.4 Hz with a squa
wave stimulus of amplitude 50mAmp/cm2 and duty cycle
50.0% should be sufficient for suppression. Figure 7 pres
sequential snapshots of the two-dimensional cardiac m
subject to such stimulation. Excitation was applied, start
at t50.00 s, with a model equivalent of a strip electrode
the top of the medium to ensure a fast conduction veloc
Figure 7 shows that the initial spiral wave chaost
50.00 s) is entirely eliminated after 5.00 s of pacing. Pac
was continued beyond this point, and it can be seen
more-or-less planar wavefronts travel through the med
for at least one second~from t55.00 s tot56.00 s!. Shortly
thereafter, however, spiral wave chaos is reinitiated, as
be seen att56.25 s. Thus, there exists a window of oppo
tunity, in this case of approximately 1.0 s, in which the m
dium is free of spiral wave chaos. If the pacing is halt
during this window, the medium will be left in a resting sta
These results show that controlled intervals of overdrive p
ing can be used to suppress spiral wave chaos.

In general, however, we found limited success for s
pressing spiral wave chaos in two-dimensional media us
overdrive pacing alone. The high-frequency stimuli predic
from the one-dimensional studies did not always result
planar wavebacks during capture. In many cases, subseq
wavefronts approached the wavebacks of prior stimuli,
countering cells in various refractory states. This led,
ownloaded 19 Jul 2004 to 128.197.51.134. Redistribution subject to AIP lic
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some instances, to the reinitiation of spiral wave chaos a
local capture.

We next investigated the effects of coupling overdri
pacing with calcium channel blockers. The inward calciu
current in our cardiac model serves to keep the membr
voltage elevated after the initial, sodium-dependent depo
ization. By inhibiting this current, the absolute refractory p
riod of each cell is effectively reduced. When a stimulus
then applied to the model, the waveform encounters fe
inexcitable cells and thus has a higher chance of entrain
the spiral waves. As noted earlier, the reduced refractory
riod also leads to an increase in the intrinsic spiral wa
frequency of the medium. We therefore had to increase
frequency of our overdrive pacing to keep the input fr
quency higher than that of the spiral wave activity within t
medium.

We inhibited the calcium flux in the model by setting th

maximum calcium conductance,Ḡsi , to zero after the first
time-step in the simulations. Figure 8 presents the result
a computational experiment where the top two rows of ce
were paced at a frequency of 27.9 Hz with a square-w
stimulus of amplitude 50mAmp/cm2 and duty cycle 12.5%.
Inhibiting the calcium flux causes the initial spiral wav
chaos to conform to a more regular, quasiperiodic mean
which is consistent with previously reported results.29 This
dynamic effect allows the applied stimulation to entrain t
medium progressively. After 4.0 s, the applied stimulati
ense or copyright, see http://chaos.aip.org/chaos/copyright.jsp
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FIG. 4. ~Color! Plots of 1:1~red ‘‘1 ’’ ! and 2:1~blue ‘‘d’’ ! synchronization regions, as a function of stimulus amplitude and input frequency, for a d
one-dimensional chain of 30 cells. The stimulus consisted of a square wave with a duty cycle of~A! 40%, ~B! 45%, ~C! 50%, ~D! 55%, and~E! 60%. Note
that Fig. 3 has been included as Fig. 4~C! for reference.
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has annihilated all spiral wave activity within the mediu
~Fig. 8!. When the stimulation is subsequently halted,
medium returns to its resting state within 270 ms.

We further explored the sensitivity of spiral wave su
pression to the magnitude of the calcium current by repea
the above computational experiment with modified values
the maximum calcium conductance,Ḡsi . We found that spi-
ral wave chaos could be suppressed similarly to that sh
in Fig. 8 with reduced, nonzero levels of inward calciu
current ~Ḡsi greater than 0 but less than the nominal 0.0!.
However, the time to suppression of spiral wave chaos
creased as the level of inward calcium current was increa
In general, we found more episodes of successful supp
sion of spiral wave chaos using the combined action of ov
drive pacing and calcium channel antagonists, than in us
overdrive pacing alone. In fact, we found that spiral wa
chaos could be suppressed in all cases when the over
pacing was coupled with calcium channel blockers.

As it may not be possible to generate a completely p
nar wavefront ouside of the computational realm, we a
investigated the effects of using a point source to gene
ownloaded 19 Jul 2004 to 128.197.51.134. Redistribution subject to AIP lic
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convex waves in the cardiac model~data not shown!. The
experimental conditions were similar to those in Fig. 8, w
the exception of the electrode geometry. We found that sp
wave chaos could be suppressed with a point source e
trode; however, the time to suppression was longer than
for overdrive pacing with a strip electrode.

IV. DISCUSSION

In this work, we characterized the frequency response
a one-dimensional cardiac model to provide a map of
promising regions for suppressing spiral waves and sp
wave chaos in two dimensions. We used this information
guide our two-dimensional simulations and showed that i
possible to use overdrive pacing to eliminate spiral wa
and spiral wave chaos in two-dimensional media. We a
demonstrated that calcium channel blockers could be use
enhance the effectiveness of overdrive pacing in eliminat
arrhythmias. Below, we discuss the implications of the
findings.
ense or copyright, see http://chaos.aip.org/chaos/copyright.jsp



riven
e

al

937Chaos, Vol. 12, No. 3, 2002 Suppressing arrhythmias in cardiac models

D

FIG. 5. ~Color! Plots of 1:1~red ‘‘1 ’’ ! and 2:1~blue ‘‘d’’ ! synchronization regions, as a function of stimulus amplitude and input frequency, for a d
one-dimensional chain of 30 cells. The stimulus consisted of the following waveforms~shown to the right of each plot!: ~A! a monophasic square-wave puls
of 2 ms duration,~B! symmetric biphasic square-wave pulses of 2 ms duration,~C! a sine wave,~D! a waveform with a ramp wavefront and a vertic
waveback,~E! a waveform with a vertical wavefront and a ramp waveback, and~F! a triangle wave.
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A. In numero experiments

The results from our one-dimensional simulations can
used to guide the development of effective overdrive pac
schemes. For example, our findings indicate that the hig
frequencies supported by the medium occur, in genera
the 1:1 intermittency region that arises for a duty cycle
50%. We found that if the duty cycle is decreased, the in
mittency region becomes irregular, resulting in lower outp
frequencies, and if the duty cycle is increased, the 1:1 in
mittency region disappears. The presence of a hi
frequency 1:1 intermittency region only at certain du
cycles~i.e., around 50%! may be due, in part, to the level o
the applied current. At an appropriate duty cycle and curr
level, the input forces the system to respond to every pu
even at high frequencies. At smaller duty cycles, the in
may not be sufficiently strong to force the system to resp
in a 1:1 fashion at high frequencies. Conversely, at lar
duty cycles, the current level may be so high as to keep
cells depolarized, preventing sufficient time for recovery b
tween pulses. In this case, the input would be unable to fo
the system to respond to every pulse.
ownloaded 19 Jul 2004 to 128.197.51.134. Redistribution subject to AIP lic
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The results of our one-dimensional simulations a
show that high-frequency 1:1 intermittency regions ar
only when certain waveforms are used. Specifically,
found that square waveforms~of sufficient duration! and
waveforms with ramp wavefronts and vertical wavebac
give rise to robust, high-frequency 1:1 intermittency regio
whereas waveforms with vertical wavefronts and ram
wavebacks give rise to 1:1 intermittency regions at high f
quencies that are scattered. In addition, we found that s
soidal and triangle waveforms do not lead to any 1:1 s
chronization at high frequencies. It is interesting to note t
the two most effective waveforms, a square waveform an
waveform with a ramp wavefront and a vertical waveba
both possess a vertical waveback. It is possible that a ver
waveback enables cells to recover more quickly following
excitation, making them more responsive to high-frequen
inputs. In contrast, a slowly decaying waveback, which
jects current into a cell during its recovery, may prolong t
refractory period by keeping the membrane voltage eleva
This would make a cell less responsive to high-frequen
inputs.
ense or copyright, see http://chaos.aip.org/chaos/copyright.jsp
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FIG. 6. Plots of output frequency ver
sus input frequency for a driven one
dimensional chain of 30 cells. The ca
cium current was eliminated in the

model by settingḠsi50 throughout
each in numero experiment. The
stimulus consisted of a square wav
with an amplitude of 100mAmp/cm2

and a duty cycle of~A! a fixed, 2 ms
duration; ~B! 10.0%; ~C! 12.5%; ~D!
25.0%;~E! 37.5%; and~F! 50.0%. The
dashed horizontal lines represent th
intrinsic spiral wave frequency of 25.0
Hz.
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We found that some, but not all, of the stimuli sugges
by the one-dimensional simulations could be used to s
press spiral wave chaos in two-dimensional media. This
crepancy may be attributed to several factors. For insta
we found that the applied stimulation does not entrain
spiral wave chaos in a progressive manner. The nonprog
sive suppression of spiral wave chaos as seen in Fig. 7 al
random excitation to re-excite tissue that had previou
been entrained. This works against the intended suppres
ownloaded 19 Jul 2004 to 128.197.51.134. Redistribution subject to AIP lic
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and allows for a reinitiation of spiral wave chaos. In add
tion, the time to suppression in two dimensions may
longer than the duration of our simulations.

Our simulations also indicate that the elimination
slow inward calcium currents causes spiral wave chaos
conform to a more regular, quasiperiodic meandering sp
wave behavior, a pattern characteristic of ventricular tac
cardia. We showed that if the cardiac model is additiona
subjected to overdrive pacing, the meandering activity co
es-
a

d
2
m.
li-

ge
i-

of
FIG. 7. Sequential time images of successful suppr
sion of spiral wave chaos, using overdrive pacing, in
network of 3003300 cells. The system was excite
with the model equivalent of a strip electrode of
3300 cells located at the top border of the mediu
The stimulus consisted of a square wave with an amp
tude of 50mAmp/cm2 and a duty cycle of 50.0%. The
input frequency was 12.4 Hz. The membrane volta
~mV! of the cells in each image is color-coded as ind
cated in the bar located to the right of the top row
panels.
ense or copyright, see http://chaos.aip.org/chaos/copyright.jsp
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FIG. 8. Sequential time images of successful suppr
sion of spiral wave chaos, using overdrive pacing
conjunction with calcium channel antagonists, in a n
work of 3003300 cells. The system was excited wit
the model equivalent of a strip electrode of 23300
cells located at the top border of the medium. T
stimulus consisted of a square wave with an amplitu
of 50mAmp/cm2 and a duty cycle of 12.5%. The inpu
frequency was 27.9 Hz. The calcium channels in t

model were blocked att50.0 s by settingḠsi50. The
membrane voltage~mV! of the cells in each image is
color-coded as indicated in the bar located to the rig
of the top row of panels.
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be suppressed. In a clinical setting, the calcium current
be inhibited by using class II or class IV antiarrhythm
drugs, which selectively block the inward calcium flu
through the cell membrane. For example, Esmolol, a clas
agent, and Verapamil, a class IV agent, could be delive
intravenously to inhibit the calcium flux selectively throug
the L-type calcium channel. Esmolol has a 1–2 min acti
tion time with a half-life of 10 min, and Verapamil, in intra
venous form, has an immediate onset of activation with
half-life of 4 min.30,31 These short-lived, fast-acting agen
could be used to inactivate the calcium channels of the h
for short periods of time. Our simulations suggest th
defibrillation could be attained if the drugs are deliver
quickly in conjunction with overdrive pacing. In a clinica
setting, this could be realized by implanting both a dr
pump and a pacemaker, and programming them so that
are simultaneously activated at the onset of fibrillation. A
ternatively, long-term, low-dose oral calcium channel bloc
ers could be administered in conjunction with an implan
pacemaker.

B. Clinical significance

Our motivation for developing a technique for suppre
ing spiral waves and spiral wave chaos in excitable me
stems from the potential of using such a technique
defibrillating cardiac tissue. The results of our simulatio
suggest that it may be possible to defibrillate cardiac tis
using low-amplitude, high-frequency pacing in the prese
~or, more limitedly, in the absence! of calcium channel an-
tagonists. By using the proper frequencies, amplitudes,
waveforms predicted from the one-dimensional simulatio
we showed that it is possible to suppress spiral waves
spiral wave chaos in two-dimensional, excitable media
clear next step is to confirm these results experimentally
animal models.

Experimental studies on the entrainment of ventricu
fibrillation in porcine models11 and atrial fibrillation in ca-
ownloaded 19 Jul 2004 to 128.197.51.134. Redistribution subject to AIP lic
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nine models6,10 and humans7–9 using rapid pacing have
shown limited success, with the capture only of small, loc
ized regions. However, the pacing frequencies used in th
experiments were only slightly faster or slightly slower th
the mean fibrillation frequency of the tissue. Our on
dimensional simulations suggest that frequencies appr
mately twice as high as the mean fibrillation frequency m
be more appropriate for defibrillating cardiac tissue. It is a
interesting to note that all of the aforementioned experim
tal studies utilized either monophasic square-wave pulse
2 ms duration or symmetric biphasic square-wave pulses
ms duration. However, Figs. 5~A! and 5~B! indicate that
monophasic or biphasic square-wave pulses of 2 ms dura
are not optimal if the goal is to obtain high-frequency r
sponses from the system. Overall, our simulation results s
gest that the aforementioned experiments6–11 should be ex-
panded to include a broader range of frequencies
different stimulus waveforms, in addition to class II or cla
IV antiarrhythmic drugs.
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