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Reentry around nonconducting ventricular scar tissue, a cause of lethal arrhythmias, is typically
treated by rapid electrical stimulation from an implantable cardioverter defibrillator. However, the
dynamical mechanisms of termination~success and failure! are poorly understood. To elucidate such
mechanisms, we study the dynamics of pacing in one- and two-dimensional models of anatomical
reentry. In a crucial realistic difference from previous studies of such systems, we have placed the
pacing site away from the reentry circuit. Our model-independent results suggest that with such
off-circuit pacing, the existence of inhomogeneity in the reentry circuit is essential for successful
termination of tachycardia under certain conditions. Considering the critical role of such
inhomogeneities may lead to more effective pacing algorithms.
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Sudden cardiac death, i.e., death resulting from the sud-
den abrupt loss of heart function „cardiac arrest… in a
person who may or may not have previously diagnosed
heart disease, is the leading cause of death in the indus
trialized world. 1 It accounts for more than 450 000 deaths
in the United States alone each year.2 The primary cause
of such deaths are ventricular arrhythmias—abnormal
rhythms occurring in the lower chambers of the heart
due to disorder in the generation andÕor propagation of
electrical impulses in the heart. The usual method of
treatment involves applying a sequence of low-amplitude
periodic electrical stimuli locally through an electrode
placed on the surface of the cardiac tissue. Such stimula
tion may often lead to termination of the arrhythmia, but
many times it fails to have the desired effect. It has been
observed that successful termination is achieved only
with stimuli within a particular range of frequencies,
which depends on several electrophysiological param
eters and therefore varies from subject to subject. In
many cases, not only does stimulation fail to terminate
arrhythmia, but can in fact be counterproductive—
tolerated arrhythmias can be driven to more rapid and
life-threatening manifestations through stimulation. A de-
tailed understanding of the mechanism underlying the
interaction of stimulation with arrhythmia may help to
avoid such unfortunate consequences. To this end, we ex
amine the dynamics of stimulus-arrhythmia interactions
in 1D and 2D arrhythmia models. Using both mathemati-
cal arguments and model simulation results we show
that, under certain conditions, successful termination of
arrhythmia requires the presence of a zone of inhomoge-
neity in the arrhythmia generating region.

I. INTRODUCTION

Ventricular arrhythmias are often characterized by re
trant waves of excitation. The reentrant wave may propag
around an inexcitable obstacle~‘‘anatomical reentry’’!3 or
may reside in a region of the myocardium that is excitable
its entirety ~‘‘functional reentry’’!.4,5 Reentry causes an ab
normally rapid heart rate~exceeding 100 beats/min! referred
to as tachycardia, which may be fatal when arising in
ventricles because of the corresponding failure to adequa
pump blood.

Trains of local electrical stimuli are widely used to r
store normal wave propagation in the heart during ventri
lar tachycardia~VT!. Patients at risk for VT are often treate
with implantable cardioverter defibrillators~ICD!. These de-
vices utilize electrode ‘‘leads’’ that are threaded through
subclavian vein into the heart, where they are typically
tached to the endocardial surface of the right ventricle.
such electrodes, ICDs detect the onset of VT and then
tempt to terminate it through rapid low-amplitude electric
stimulation~antitachycardia pacing!. However, VT termina-
tion algorithms using rapid pacing through an ICD were d
veloped over 20 years ago. These pacing algorithms~such as
burst pacing and ramp pacing, explained in Sec. IV! were
devised on heuristic principles that do not account for
spatio-temporal dynamics of interacting electrical waves
the heart. Furthermore, the underlying mechanisms gov
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ing the success and failure of antitachycardia pacing a
rithms are not yet clear. Understanding these mechanism
essential, especially given that such pacing is not alw
successful and may inadvertently cause tolerated tachy
dias to degenerate to more rapid and threatening ta
yarrhythmias. A better knowledge of the processes invol
in the suppression of VT through such pacing might aid
the design of more effective therapies.

Several factors influence the ability of rapid pacing
interact with VT. The most prominent are6 ~a! VT rate ~for
anatomical reentry this is determined by the length of the
circuit and conduction velocity around the obstacle!, ~b! the
refractory period~i.e., the duration of time following excita
tion during which cardiac tissue cannot be re-excited! at the
pacing site and in the VT circuit,~c! the conduction time
from the pacing site to the VT circuit, and~d! the length of
the excitable gap~the region of excitable tissue in the V
circuit between the front and refractory tail of the reentra
wave7!. Because there are a number of conditions to be
isfied before reentry is successfully terminated, a sin
stimulus is rarely sufficient. Multiple stimuli are often use
where the earlier stimuli are believed to ‘‘peel back’’ refra
toriness to allow the subsequent stimuli to enter the circ
earlier than was possible with only a single stimulus.

Several studies have examined the dynamics of pa
directly on a one-dimensional ring containing a reentr
impulse.4,8–13 Most of these studies have been exclusiv
concerned with an entirely homogeneous ring of card
cells. The principal mechanism for termination of reentry
such a geometry~which is effectively that of the reentry
circuit immediately surrounding an anatomical obstacle! is
unidirectional block. Termination by this process occurs
the following manner. Each stimulus splits into two branch
that travel in opposite directions around the reentry circ
The retrograde branch~proceeding opposite to the directio
of the existing reentrant wave! ultimately collides with the
reentrant wave, causing mutual annihilation. The anterogr
branch ~proceeding in the same direction as the reentr
wave! can, depending on the timing of the stimulation, le
to resetting, where the anterograde wave becomes a ne
entrant wave, or termination of reentry, where the ante
grade wave is blocked by the refractory tail of the origin
reentrant wave. From continuity arguments, it can be sho
that there exists a range of stimuli phases and amplitudes
leads to successful reentry termination.9,10 This argument,
although later applied to other geometries,12 was originally
developed for a 1D ring, with the underlying assumption t
the pacing site is on the reentry circuit itself. In reality, ho
ever, it is unlikely that the pacing site will be so fortuitous
located because circuit location is typically not known wh
a defibrillating device is implanted.

In this study, we examine the dynamics of pacing from
site some distance away from the reentry circuit. Such
circuit pacing introduces the realistic propagation of t
stimulus from the pacing site to the reentry circuit. Becau
reentrant waves propagate outwardly from, in addition
around, the circuit, the stimulus will be annihilated before
reaches the circuit under most circumstances. Succe
propagation to the reentry circuit typically requires utilizin
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multiple stimuli to ‘‘peel back’’ refractory tissue incremen
tally until one successfully arrives at the circuit.6 Further,
once a stimulus does reach the circuit, its anterograde bra
must be blocked by the refractory tail of the reentrant wa
otherwise resetting will occur and termination will fail.

Our results indicate that, for a homogeneous mediu
termination of reentry through the above process will be
successful, under certain conditions, if the pacing site is
located on the reentry circuit itself. Thus, inhomogeneit
sometime play a critical role in successful termination
reentry in a realistic pacing arrangement. We have exami
these issues in a previous study.14 Here we look at them in
greater detail and extend our results to a 2D model. T
mechanism of the termination process and its failure in
completely homogeneous medium is analyzed in detai
Sec. III, preceded by a short description of the type of a
tomical reentry we have examined in Sec. II. Section III a
contains the results of our numerical simulations of on
dimensional models. In Sec. IV, the results of our tw
dimensional model simulations are described, while Sec
contains a short exposition of our conclusions.

II. FIGURE-OF-EIGHT REENTRY

The underlying substrate for anatomical reentry in t
ventricles is typically scar tissue that serves as anatom
conduction barriers. This is often the result of myocardi
infarction induced ischemia, i.e., oxygen deprivation of c
diac tissue due to obstruction of the coronary artery supp
ing oxygenated blood to that area. Experimental studies
patterns of activation during the acute phase of myocar
ischemia have shown reentrant activity around and across
ischemic border zone~e.g., in tissue which has healed aft
undergoing an episode of myocardial infarction15!. This type
of activity often takes the form of ‘‘figure-of-eight reentry,
which consists of two adjacent counter-rotating reentry c
cuits that share a common pathway. Propagation in th
circuits occurs within normal tissue and the ischemic bor
zone, while the anatomical barriers are the scar tissue c
prising the ischemic central zone@Fig. 1~a!#. This situation

FIG. 1. ~a! Schematic diagram of ‘‘figure-of-eight’’ reentry around two an
tomical obstacles~shaded regions represent the ischemic central zone!. Nor-
mal tissue and ischemic border zone are not differentiated in this figure.
arrows indicate the direction of the two counterpropagating rotating wa
~b! One-half of the spatial arrangement involved in figure-of-eight reentr
used to set up a quasi-1D analog model. This abstract model of anatom
reentry has an entrance and an exit sidebranch to signify the regio
cardiac myocardium surrounding the circuit.
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may be fatal if the VT rate is too rapid or if, as occurs in
large number of cases, the VT degenerates into ventric
fibrillation.16

For our study of pacing termination of reentry, w
looked specifically at a geometry of anatomical obstac
which give rise to a figure-of-eight pattern. For the 2D mod
we explicitly modeled this by using two rectangular inexc
able patches~‘‘scar tissue’’! at the center of the simulatio
domain with a narrow channel for wave propagation betw
them. The pacing site is placed away from the immedi
vicinity of the patches, as we are investigating off-circ
pacing~i.e., pacing from a location at some distance from
reentry circuit!. For the 1D model we consider one-half
this geometry, whereby we consider the reentry circ
around one of these inexcitable regions, with an entrance
an exit sidebranch@Fig. 1~b!# ~the symmetry of the 2D spa
tial arrangement makes this a reasonable simplification!. Be-
cause the pacing site is located away from the circuit,
consider it to be situated at a point in the entrance s
branch.

Real scar tissue is unlikely to have regular shapes
squares or circles—rather they will have irregular contou
However, if one considers only the portion of the reen
circuit immediately surrounding the inexcitable region, th
this can be modeled by a smooth circuit such as a circle.
1D model represents this kind of circuit, which does not ha
any sharp edges. To ensure that the introduction of ang
extremities do not change the qualitative picture, we look
scars in the shape of squares in the 2D model simulati
The presence of sharp edges in the square patches of
citable tissue did not effect our qualitative results. This i
plies that our results may be valid even if the inexcita
regions have realistic irregular contours.

III. ONE-DIMENSIONAL MODEL

Let us consider a reentrant circuit as a 1D ring of len
L with separate entrance and exit sidebranches~Fig. 2!. This
arrangement is an abstraction of the spatial geometry
volved in anatomical reentry.6 We place the pacing site o
the entrance sidebranch at a distancez from the circuit to
observe whether reentry is terminated by a mechanism
to a unidirectional block. We use the entrance sidebranc
the point of spatial origin (x50) to define the location of the
wave on the ring. The conduction velocity and refracto
period at a location a distancex away ~in the clockwise
direction! from the origin are denoted byc(x) and r (x),
respectively.

For a homogeneous medium,c(x)5c, r (x)5r ~c,r are
constants!. Therefore, the length of the region in the rin
which is refractory at a given instant isl 5cr. For sustained
reentry to occur, an excitable gap must exist~i.e.,L.cr!. We
consider the circuit lengthL to be larger than the critica
value required for periodic reentry~as opposed to, e.g., qua
siperiodic regimes for shorter values ofL!, such that the
conduction velocity and refractory period are constant.
assume that restitution effects, i.e., the variation of the ac
potential duration~APD! as a function of the recovery time
can be neglected. For convenience, we associatet50 with
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the time when the reentrant wavefront is atx50 ~i.e., the
entrance sidebranch! @Fig. 2~a!#. Let us assume that a stimu
lus is applied att50. This stimulus will collide with the
branch of the reentrant wave propagating out through
entrance sidebranch att5z/2c @Fig. 2~b!#. The pacing site
will recover att5r and if another stimulus is applied imme
diately it will reach the reentry circuit att5r 1(z/c) @Fig.
2~c!#. By this time the refractory tail of the reentrant wav
will be at a distancex5z away from the entrance sidebranc
and the anterograde branch of the stimulus will not
blocked. Thus, whenz.0, it is impossible for the stimulus to
catch up to the refractory tail in a homogeneous mediu
This results in resetting of the reentrant wave rather than
termination.

Note that if the first stimulus is given at a timet ,2z/c,
it reaches the reentry circuit before the arrival of the re
trant wave. As a result, the retrograde branch collides w
the oncoming reentrant wave, while the anterograde bra
proceeds to become the reset reentrant wave. Even in
very special circumstance that the reentrant wave reache
entrance sidebranch exactly at the same instant that
stimulus reaches the circuit, the collision of the two wav
lead to a local depolarization that allows the propagation
continue along the reentrant circuit. As a result, pacing
mination through a process analogous to a unidirectio
block seems all but impossible in a homogeneous ree
circuit under the assumptions outlined above.

The situation changes, however, if an inhomogene
~e.g., a zone of slow conduction! exists in the circuit@Fig.
2~d!#. Such slow conduction zones have been detected wi
VT reentry circuits in chronic infarct scar tissue in th

FIG. 2. Schematic diagram of reentry in a 1D ring illustrating the neces
of a region of inhomogeneity for successful termination of reentry by p
ing. At t50 the reentrant wave reaches the entrance sidebranch~a!. At t
5z/2c the reentrant wave propagating through the sidebranch and the
stimulus mutually annihilate each other~b!. At t5r 1(z/c) the second
stimulus reaches the reentry circuit by which time the refractory tail i
distancez away from the sidebranch~c!. The presence of a region of inho
mogeneity proximal to the pacing site makes it possible that the anterog
branch of the second stimulus will encounter a refractory region behind
reentrant wave~d!.



ld
th
e

sti
ad
ih

th
ity

be
rs
d
p
ia

e
ve
i-

e
n
e

ill

e
f i
ib
io

o
ge
o

th
o

i
fo
i-
lt

co

ic
y

e
en

r-

ns

tants
a

tem

La-

the

int
to

he
-
tes
an
in-

ted
he
der

of
s.
ng

nt
he
The

-
on
al
re-

.
fect
at
ar-
he
r
ero-

de
heart.17,18 In this case, the above argument no longer ho
because the waves travel faster or slower depending on
location in the circuit. As a result, stimuli may arrive at th
circuit from the pacing site and encounter a region that is
refractory. This leads to successful block of the anterogr
branch of the stimulus, while the retrograde branch ann
lates the reentrant wave~as in the homogeneous case!, result-
ing in successful termination. The success of pacing in
scenario will depend on the location of the inhomogene
For example, as the inhomogeneity in Fig. 2~d! is moved in
the clockwise direction, termination likelihood decreases
cause the stimulus will have a longer distance to trave
before reaching the inhomogeneity, which will correspon
ingly have a longer time in which to recover. This is su
ported by electrophysiological studies of pacing in card
tissue.19

Note that the refractory periodr refers to theabsolute
refractory period, i.e., the period immediately following th
excitation of the tissue when it cannot be re-excited e
with stimulation of arbitrarily high amplitude. One can add
tionally consider arelative refractory periodfollowing the
absolute refractory period, when the medium is capable
being excited but the threshold stimulus required to excit
is increased beyond that required normally. This does
change the arguments introduced above. If the stimulus
ters the circuit during the relative refractory period, it w
propagate slower than the reentrant wave~c is effectively
smaller in the relative refractory tissue! and the stimulus is
even less likely to catch up with the refractory tail of th
reentrant wave. Therefore, termination in the absence o
homogeneity in the reentry circuit appears to be imposs
even if one considers a relative refractory period, in addit
to an absolute refractory period.

Similar arguments may apply for other types of inhom
geneity. For example, existence of a region having lon
refractory period will lead to the development of patches
refractory zones in the wake of the reentrant wave. If
anterograde branch of the stimulus arrives at such a z
before it has fully recovered, it will be blocked.3

The conclusion that the existence of inhomogeneity
the reentry circuit is essential, under certain conditions,
pacing termination of VT by a mechanism similar to unid
rectional block, is also supported by the simulation resu
reported in the following two subsections.

A. Luo–Rudy simulation results

We assume that the cardiac impulse propagates in a
tinuous one-dimensional ring of tissue~ignoring the micro-
scopic cell structure! with ring length L, representing a
closed pathway of circus movement around an anatom
obstacle~e.g., scar tissue!. The propagation is described b
the partial differential equation,

]V/]t5I ion /Cm1D¹2V, ~1!

whereV ~mV! is the membrane potential,Cm51 mF cm22 is
the membrane capacitance,D (cm2 s21) is the diffusion con-
stant, andI ion (mA cm22) is the cellular transmembran
ionic current density. We used the Luo–Rudy I action pot
tial model,20 in which I ion5I Na1I si1I K1I K11I Kp1I b . I Na
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5GNam
3h j(V2ENa) is the fast inward Na1 current, I si

5Gsid f(V2Esi) is the slow inward current,I K5GKxxi(V
2EK) is the slow outward time-dependent K1 current,I K1

5GK1K1`(V2EK1) is the time-independent K1 current,
I Kp50.0183Kp(V2EKp) is the plateau K1 current, andI b

50.039 21(V159.87) is the total background current.m, h,
j , d, f , x, andxi are the gating variables satisfying diffe
ential equations of the type,dy/dt5(y`2y)/ty , wherey`

and ty are dimensionless quantities which are functio
solely of V. The external K1 concentration is set to be
@K#055.4 mM, while the intracellular Ca21 concentration
obeys d@Ca# i /dt521024I si10.07(10242@Ca# i). The de-
tails of the expressions and the values used for the cons
can be found in Ref. 20. We solve the model by using
forward-Euler integration scheme. We discretize the sys
on a grid of points in space with spacingdx50.01 cm and
use the standard three-point difference stencil for the 1D
placian. The spatial grid consists of a linear lattice withN
points; in this study we have used values ofN ranging from
500 to 2500. The time step isdt50.005 ms. Stimulation is
through a square pulse of current with amplitude 3 times
threshold at rest, applied over a length 300mm for a duration
of 0.04 ms.

The initial condition is a stimulated wave at some po
in the medium with transient conduction block on one side
permit wavefront propagation in a single direction only. T
conduction block is realized by applying the initiating im
pulse at the refractory end of a preceding wave. This initia
a reentrant wave which roughly corresponds to
anatomically-mediated tachycardia. Extrastimuli are then
troduced from a pacing site.

To understand the process of inhomogeneity-media
termination, we introduced a zone of slow conduction in t
ring. The slow conduction observed in cardiac tissue un
experimental ischemic conditions~lack of oxygen to the
tissue!21 can be reasonably attributed to a high degree
cellular uncoupling, as demonstrated by model simulation22

In our model, slow conduction was implemented by varyi
the diffusion constantD8 from the value ofD used for the
remainder of the ring. The length and diffusion consta
(D8) of the zone were varied to examine their effect on t
propagation of the anterograde branch of the stimulus.
reentrant wave activates the point in the ring~proximal to the
zone of slow conduction! chosen to be the origin (x50),
where the stimulus enters the ring, at timet5T0 . At time t
5T1 , the first stimulus was given atx50 followed by a
second stimulus att5T2 . The first stimulus is able to termi
nate the reentry by itself if it is applied when the region
one side of it is still refractory—leading to unidirection
propagation. This is identical to the mechanism studied p
viously for terminating reentry by pacing within a 1D ring9

However, as mentioned earlier, we are interested in the ef
of pacing from a site away from the reentry circuit. In th
case, it is not generally possible for the first stimulus to
rive at the reentry circuit exactly at the refractory end of t
reentrant wave~as discussed above!. Therefore, we conside
the case when the first stimulus is unable to block the ant
grade conduction by itself. We have used values ofT1 for
which the first stimulus can give rise to both the anterogra
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FIG. 3. ~a! Plot of the membrane potential showing spatiotemporal propagation of a reentrant wave in a Luo–Rudy ring of length 250 mm, suc
terminated by pacing with two stimuli. The zone of slow conduction is betweenx550 mm andx575 mm. In this region the diffusion constant changes fro
D50.14 toD850.035 cm2/s with an infinite gradient at the boundaries. The reentrant wave activates the site atx50 mm atT0554.53 ms. The first stimulus
is applied atx50 mm atT15653.3 ms~coupling interval5598.77 ms! and the second is applied atx50 mm atT251013.3 ms~pacing interval5360 ms!. ~b!
Same figure as above but showing the spatial profile of the APD~in gray! associated with the reentrant wave and the activation fronts produced by the
of applied stimuli. APD is measured as the time interval between successive crossings of260 mV by the membrane potentialV. ~c! Plot of the excitability
variablee showing spatiotemporal propagation of a reentrant wave in a Panfilov ring of length 250 mm, successfully terminated by pacing with two
The zone of slow conduction is betweenx525 mm andx550 mm. In this region the diffusion constant changes fromD52.0 to D850.2 cm2/s with an
infinite gradient at the boundaries. The reentrant wave activates the site atx50 mm at T0539.71 ms. The first stimulus is applied atx50 mm at T1

5172.0 ms~coupling interval5132.29 ms! and the second is applied atx50 mm atT25327.0 ms~pacing interval5155.0 ms!.
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as well as the retrograde branches. Figure 3~a! shows an
instance of successful termination of the reentrant wave
ring of lengthL5250 mm, where the anterograde branch
the second stimulus is blocked in the region of slow cond
tion ~at timet;1275 ms,x550 mm!. Figure 3~b! shows the
spatial profile of the APDs for the reentrant wave and
activation fronts produced by the pair of stimuli at timesT1

andT2 . The APD of an activation wave is measured as
time-interval between successive crossing of260 mV by the
transmembrane potentialV.

Different values of coupling interval (CI5T12T0) and
pacing interval (PI5T22T1) were used to find which pa
a
f
-

e

e

rameters led to block of the anterograde wave. Figure 4~a! is
a parameter space diagram which shows the different par
eter regimes where termination was achieved. The d
shown are for a zone of slow conduction in a ring of leng
250 mm, where the zone of slow conduction is betweex
550 mm andx575 mm. The diffusion constant change
sharply fromD50.14 to D850.035 cm2/s at the boundary
of the inhomogeneity, with an infinite gradient. We also o
served reentry termination when the diffusion const
changes gradually at the boundaries, i.e., with a finite gra
ent. For instance, when the diffusion constant changes f
D50.22 toD850.032 cm2/s at the boundary with a gradien
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of DD/Dx53.8 cm/s, then termination is observed to occ
between PI5350.3– 371.3 ms, for CI5612.4 ms. Our results
indicate that a smaller gradient at the boundary between
two regions sharply decreases the range of pacing inter
~for a fixed coupling interval! which lead to successful ter
mination. In fact, if the gradient becomes small enough,

FIG. 4. ~a! Parameter space diagram of coupling interval~CI! and pacing
interval~PI! at which termination occurs in the 1D Luo–Rudy ring of leng
250 mm with a zone of slow conduction 25 mm long. The VT period arou
the ring is 1414.72 ms. The line connecting the circles represents the cr
pacing interval value below which the second stimulus gets blocked by
refractory tail of the first stimulus. The lines connecting the squares re
sent the pacing interval below which the second stimulus is blocked in
anterograde direction in the zone of slow conduction~leading to successfu
termination! for boundaries between regions withD50.14 and D8
50.035 cm2/s having an infinite gradient. For longer PI, the second stim
lus propagates through the inhomogeneity and only resets the reen
wave. Note that, the APD of the reentrant wave at the point of stimula
(x50) is 359.15 ms.~b! Parameter space diagram of coupling interval~CI!
and pacing interval~PI! at which termination occurs in the 1D Panfilov rin
of length 250 mm with a zone of slow conduction 25 mm long. The V
period around the ring is 883.08 ms. The line connecting the circles re
sent the pacing intervals below which the second extrastimulus gets blo
by the refractory tail of the first extrastimulus. The lines connecting
squares represent the pacing intervals below which the second extrastim
is blocked in the anterograde direction at the edge of the region of s
conduction~leading to successful termination! for boundaries between re
gions withD52.0 andD850.2 cm2/s having an infinite gradient. For pac
ing intervals higher than these values, the second extrastimulus propa
bidirectionally and only resets the reentrant wave~i.e., termination fails!.
r
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reentry termination is observed at any pacing parameter~CI–
PI! value. This suggests that a sufficiently sharp transit
between regions of fast and slow conduction is required
the inhomogeneity to disrupt conduction dynamics enough
lead to pacing termination. The effect of sharp versus grad
transition in intercellular resistance on the propagation
activation fronts in a 1D cable has been observed befor
Refs. 23, where it was found that a sharp rise in resistanc
more detrimental to wave propagation than a gradual
crease, supporting our observations. However, whereas
previous studies reported that propagation block occurre
the wavefront was entering the low resistance region fr
the high resistance region, we observe the block to occu
the wave entered the high resistance region from the
resistance region. This indicates that the conduction bl
reported here is a dynamical effect linked to the local p
longation of the APD at the boundary of the zone of slo
conduction14 and therefore, is very different from that re
ported in the previous studies where the block was linked
a process of local activation.

We found that varying the size of the zone of slow co
ductance~specifically, between 1.5 mm and 25 mm! had no
qualitative effect on the results. This is likely due to the fa
that the conduction disruption that causes termination occ
in the inhomogeneity’s boundary region. We also observ
that increasing the distance of the zone of slow conduc
from the stimulation site decreases the range of pacing in
vals which lead to successful reentry termination for a fix
coupling interval. For instance, for CI5598.77 ms, displac-
ing the inhomogeneity by 30 mm~12%! away from the site
of stimulation, decreased by 5.6 ms (;15%) the range of
pacing intervals for which reentry termination occurs.

B. Fitzhugh–Nagumo simulation results

To ensure that these results were not model depend
especially on the details of ionic currents, we also looked
a modified Fitzhugh–Nagumo-type excitable media mode
ventricular activation proposed by Panfilov.24 This model is
defined by the two equations governing the excitabilitye and
recoveryg variables,

]e/]t5D¹2e2 f ~e!2g,
~2!

]g/]t5e~e,g!~ke2g!.

The function f (e), which specifies fast processes~e.g., the
initiation of the action potential! is piecewise linear:f (e)
5C1e, for e,e1 , f (e)52C2e1a, for e1<e<e2 , and
f (e)5C3(e21), for e.e2 . The functione(e,g), which de-
termines the dynamics of the recovery variable, ise(e,g)
5e1 for e,e2 , e(e,g)5e2 for e.e2 , ande(e,g)5e3 for
e,e1 andg,g1 . We use the physically appropriate param
eter values given in Ref. 25.

We solve the model by using a forward-Euler integrati
scheme. The system is discretized on a grid of points w
spacingdx50.05 cm and the standard three-point differen
stencil is used for the 1D Laplacian. The spatial grid cons
of a linear lattice withN points; in this study we have use
values ofN ranging from 500 to 1000. The time step isdt
50.11 ms. Decreasing the space step by a factor of 2 and
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a a
time step by a factor of 4, changed the conduction veloc
by ,5%. The scaled diffusion constant for the homog
neous ring isD52 cm2/s. Stimulation is through a squar
pulse of current with amplitude 4 times the threshold at re
applied over a length 0.15 cm for a duration of 7.5 ms.

The initial condition is a stimulated wave at some po
in the medium with transient conduction block on one side
permit wavefront propagation in a single direction only. T
conduction block is realized by making the correspond
region refractory. Inhomogeneity was introduced into t
model through a region of slow conduction with a diffusio
constantD8, different from the value ofD used for the re-
mainder of the ring. The length and diffusion constant of
inhomogeneous region were varied to examine their effe
on the success of reentry termination.

As in the Luo–Rudy simulation, the point where th
stimulus enters the ring is chosen to be the origin (x50). At
time t5T0 , the reentrant wave activates the origin. The fi
stimulus is applied atx50 at timet5T1 followed by a sec-
ond stimulus at timet5T2 . We use only values of coupling
interval for which the first stimulus can give rise to bo
anterograde and retrograde branches. In this scenario, te
nation occurs by block of the anterograde branch of the s
ond stimulus at the boundary of the inhomogeneity. Fig
3~c! shows an instance of successful termination of the re
trant wave in a ring of lengthL5250 mm, for a coupling
interval of 132.29 ms and a pacing interval of 155.0 ms~at
time t;404.1 ms,x525 mm!.

This two-variable model lacks any description of ion
currents and does not exhibit either the restitution or disp
sion property of cardiac tissue. As expected, such differen
resulted in quantitative changes in termination requireme
Specifically, the parameter regions at which termination
curs for the Panfilov model@Fig. 4~b!# are different from
those shown in Fig. 4~a! for the Luo–Rudy model. Never
theless, despite quantitative differences, these fundamen
different models shared the requirement of an inhomogen
for termination, thereby supporting the model independe
of our findings.

IV. TWO-DIMENSIONAL MODEL

The necessity of inhomogeneity in the reentry circ
extends to the case of pacing termination in a tw
dimensional model. A few studies have looked at the role
inhomogeneities in such a setting.3,26 Reference 3 examine
the role of a region of increased refractoriness placed in
reentry circuit, while Ref. 26 investigated the effects of hig
frequency stimulation of excitable media with an inexcitab
obstacle. Both studies noted conditions in which reentr
patterns are eliminated. However, by building upon the
model results of Sec. III and connecting it to 2D models,
this section we more firmly establish~than suggested in ear
lier studies! the important role of inhomogeneities in pacin
termination of reentry.

We solve the Panfilov model~discussed in the previou
section! in two dimensions by using a forward-Euler integr
tion scheme. We discretize our system on a grid of point
space with spacingdx50.5 dimensionless units and use t
y
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standard five-point difference stencil for the Laplacian.27 The
spatial grid consists of a square lattice withN3N points; in
our studies we have used values ofN ranging from 128 to
256. The time step isdt50.022 dimensionless units. We de
fine dimensioned timeT to be 5 ms and 1 spatial unit to b
1 mm. The scaled diffusion constant for the homogene
system is 2 cm2/s.

For the top and bottom of the 2D simulation domain w
use no-flux ~Neumann! boundary conditions because th
ventricles are electrically insulated from the atria~top! and
the waves converge and annihilate at the region around
apex ~bottom! @Fig. 5~c!#. For the sides, we use period
boundary conditions to represent the ‘‘wraparound’’ nature
the ventricle. Two rectangular patches of an inexcitable
gion ~with diffusion constantD50! are placed about the
center of the simulation domain with a narrow passage
wave propagation between them. No-flux boundary con
tions are used at the interface between the active medium
the inexcitable obstacle. We use this arrangement to re
sent anatomical obstacles~e.g., scar tissue! around which
‘‘figure-of-eight’’ reentry can occur, as depicted schema
cally in Fig. 1.

Our initial condition is a wavefront initiated at som
point in the narrow conducting channel between the two
excitable regions. A conduction block immediately below t
point of initiation ~implemented by making the correspon
ing region refractory! permits the propagation of the wav
along a single direction~upward! only. The wave proceeds
along the narrow channel and then around the two anato
cal obstacles, setting up a figure-of-eight reentry pattern.

We looked at the effectiveness of different pacing alg
rithms in terminating figure-of-eight reentry. The pacing w
simulated by a planar wave initiated at the base of the sim
lation domain. This represents a wave that has propagat
fixed distance up the ventricular wall from a local electro
at the apex—similar to a wave initiated at the tip of an

FIG. 5. ~a! Schematic diagram of a typical cardiac pacing arrangement w
an electrode from the ICD attached to the endocardial surface of the
ventricle. The electrode~shaded black! is at the apex of the ventricle~pacing
site!. ~b! The ventricles can be represented by a cone with the electrode
the ICD attached at the apex—the pacing site. The broken lines indicat
way the cone is ‘‘opened up’’ to form the 2D simulation domain shown
~c!. The long dashes in~b! represent the line along which the cone is cut
‘‘open’’ it—the corresponding vertical edges in the 2D representation the
fore have periodic boundary conditions. The line formed by the short da
truncate the cone a fixed distance above the apex. The region below thi
~including the pacing site! is not explicitly included in the 2D plane shown
in ~c!—propagation through this region could be simply accounted for vi
fixed delay time.
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verted cone before propagating up its walls@Fig. 5~b!#.
Two different pacing patterns were applied. The fi

used pacing bursts at a cycle length which was a fixed
centage of the tachycardia cycle length~determined by the
size of the obstacles!. This corresponds to ‘‘burst pacing
used in ICDs.28 The pacing cycle length as well as the num
ber of extrastimuli in each pacing burst~4–8! were varied to
look at their effects on the reentrant wave. The second
decremental ramp pacing in which the interval between s
cessive extrastimuli was gradually reduced@corresponding to
‘‘ramp pacing’’ used in ICDs~Ref. 28!.#

For a homogeneous cardiac medium, both ramp
burst pacing were unsuccessful at terminating reentry.
example of the time evolution of such a procedure with
4-stimulus pacing burst is shown in Fig. 6. We tried up
8-stimulus pacing trains and a comprehensive range of c
binations of coupling and pacing intervals, all without su
cessful termination. The reason for the failure of pacing
terminate reentry is similar to that in the 1D model. As t
pacing wave approaches the reentry circuit, it is intercep
by the outwardly propagating wavefront originating from t

FIG. 6. Snapshots of waves~in white! at different times~labeled in msec
above each plot! for the excitability e, upon application of a 4-stimulus
pacing burst~applied at 462 ms, 627 ms, 792 ms, and 957 ms!. Upon first
appearance of each wave, its direction is indicated by a black arrow.
initial condition was a wave rotating around the rectangular obstacles~in
black! as seen in the first four panels. The simulation domain (128
3128 mm) is completely homogeneous with a diffusion constantD
52 cm2/s. The two inexcitable obstacles are each 48.5 mm long and 43
wide, while the channel between the two obstacles has a width of 2.5
Pacing failed to terminate the reentrant wave.
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reentry circuit, resulting in mutual annihilation~not shown!.
During the ensuing refractory period a pacing wave can
approach the circuit at all. If a stimulus is applied immed
ately after the end of the refractory period, the wave pro
gates into the simulation domain~see the panels correspon
ing to t5495– 550 ms in Fig. 6!, mutually annihilating with
the reentrant wave at some point in the circuit~as occurs in
the regions between the anatomical barriers and the ver
domain boundaries in the time between thet5550 ms and
605 ms snapshots of Fig. 6!. However, the branch of the
stimulated wave proceeding along the narrow passage
tween the inexcitable obstacles continues on its path~see the
panel corresponding tot5605 ms in Fig. 6!. When stimula-
tion is halted, this intrachannel impulse gives rise again t
reentrant wave ~e.g., the panels corresponding tot
51155– 1320 ms in Fig. 6!. This merely resets the reentr
rather than terminating it. Only by blocking the branch of t
stimulus propagating along the narrow channel is it poss
to achieve successful termination.

As shown in Fig. 7, termination via such intrachann
blocking is possible in the presence of inhomogeneity. T
is accomplished by placing a small zone~7.5 mm in length!
of slow conduction in the narrow channel between the t

he

m
.

FIG. 7. Snapshots of waves at different times~labeled in msec above eac
plot! for the excitabilitye, upon application of a 4-stimulus pacing bur
~applied at 462 ms, 627 ms, 792 ms, and 957 ms!. The simulation domain
has a region of slow conduction in the narrow channel between the
inexcitable obstacles, of length 7.5 mm and a diffusion constantD8
50.1 cm2/s. The fourth stimulus is blocked at the boundary of the inhom
geneity, leading to successful termination byt;1250 ms.
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nonconducting patches. The diffusion constant in this reg
was 0.05 times smaller than the rest of the tissue
4-stimulus pacing burst~with a pacing interval of 165 ms!
was found to successfully block the anterograde branch
the extrastimulus traveling through the narrow channel,
hence terminate the reentry~see the panels corresponding
t51155– 1320 ms in Fig. 7!. The timing of the stimulus rela
tive to the reentrant wave is important, as applying the p
ing at a slightly later time~but with same pacing interval!
leads to failure of termination~Fig. 8!.

Cardiac tissue also exhibits anisotropy—the action
tential propagates faster along the direction of the myoc
dial fibers~longitudinal! than perpendicular to it~transverse!.
Although this is a type of inhomogeneity, the spatial gradi
of the diffusion constant is much more gradual than that
the inhomogeneous region we have used in our simula
shown in Fig. 7. As we have seen in Sec. III, with on
dimensional models, the parameter space in which succe
termination can occur decreases with the increasing smo
ness of the transition at the boundary of the inhomogene
This implies that there is a critical spatial gradient of inte
cellular resistance below which the inhomogeneity will n

FIG. 8. Snapshots of waves at different times~labeled in msec above eac
plot! for the excitabilitye, upon application of a 4-stimulus pacing bur
~applied at 495 ms, 660 ms, 825 ms, and 990 ms!. The simulation domain
has a region of slow conduction in the narrow channel between the
inexcitable obstacles, of length 7.5 mm and a diffusion constantD8
50.1 cm2/s. The distinction from Fig. 7 is in the relative timing of th
stimulus with respect to the reentrant wave, which results in failure of
mination. The pacing interval (5165 ms) is the same in both figures. Paci
failed to terminate the reentrant wave.
n
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block the anterograde branch of the applied stimulus.
cause anisotropy is a very gradual inhomogeneity, ante
grade wave propagation is not disrupted enough by the
isotropy to lead to block and termination of propagatio
This conclusion is supported by our 2D simulation, in whi
we looked at the effect of anisotropy by making the cond
tivities along the vertical and the horizontal axes differ in
ratio of 1:0.3, which is consistent with cardiac tissue.29 As
with the homogeneous case, in the anisotropic case, non
the pacing methods we tried were successful in termina
reentry~one example is shown in Fig. 9!.

For the 2D studies, in addition to the Panfilov model, w
used two other 2-variable modified Fitzhugh–Nagumo-ty
models: the Aliev–Panfilov model~parameters are thos
given in Ref. 30!, which simulates the restitution property o
cardiac tissue, as well as the model proposed by Koganet al.
~parameters are those given in Ref. 31!, which simulates the
restitution and dispersion properties of cardiac tissue. In b
cases the results were qualitatively similar to that obtaine
the case of the Panfilov model and support the model in
pendence of the 2D results.

V. CONCLUSION

There are certain limitations of our study. We ha
looked at one and two-dimensional models of anatom

o

r-

FIG. 9. Snapshots of waves at different times~labeled in ms above each
plot! for the excitabilitye, upon application of a 4-stimulus pacing bur
~applied at 462 ms, 627 ms, 792 ms, and 957 ms!. The simulation domain
has an anisotropy ratio of 1:0.3 for the diffusion constants, with the fast
oriented along the up-down direction. Pacing failed to terminate the re
trant wave.
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reentry. However, the heart’s three-dimensional structur
important in reentry, as the rotation of the axis of anisotro
along the thickness of the myocardium governs the propa
tion of impulses along the ventricle. We have also assum
the heart to be a monodomain rather than a bidomain~which
has separate equations for intracellular and extracell
space!. We believe this simplification to be justified for th
low antitachycardia pacing stimulus amplitude. We ha
used a higher degree of cellular uncoupling to simulate
chemic tissue where slow conduction occurs. However, th
are other ways of simulating ischemia,32 including, by in-
creasing the external K1 ion concentration.33 But this is tran-
sient and does not provide a chronic substrate for induc
arrhythmias.

Despite these limitations, the results presented here o
insight into pacing termination of anatomical reentry in t
ventricle. We have developed model-independent mathem
cal arguments, supported by one- and two-dimensional si
lations, that under certain conditions, the presence of cir
inhomogeneities is required for termination of anatomic
reentry VT through an unidirectional block like mechanis
when stimulation occurs off the circuit~as is typical in real-
ity!. Given the clear dynamical similarity between the bid
rectional block required for reentry termination and the u
directional block required for reentry initiation4 it is
noteworthy that the inhomogeneity-mediated mechanism
termination suggested here is consistent with the widely
cepted theory that initiation of reentry is facilitated by circu
inhomogeneities4,34 ~but does not necessarily require a zo
of slow conduction, in particular35!. Considering the crucia
role of such inhomogeneities in future studies may lead
more effective tachycardia termination pacing algorithms
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