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It is well known that there is considerable spatial inhomogeneity in the electrical properties of heart
muscle, and that the many interventions that increase this initial degree of inhomogeneity all make
it easier to induce certain cardiac arrhythmias. We consider here the specific example of myocardial
ischemia, which greatly increases the electrical heterogeneity of ventricular tissue, and often triggers
life-threatening cardiac arrhythmias such as ventricular tachycardia and ventricular fibrillation.
There is growing evidence that spiral-wave activity underlies these reentrant arrhythmias. We thus
investigate whether spiral waves might be induced in a realistic model of inhomogeneous
ventricular myocardium. We first modify the Luo and Rudyirc. Res.68, 1501-1526(1991)]

ionic model of cardiac ventricular muscle so as to obtain maintained spiral-wave activity in a
two-dimensional homogeneous sheet of ventricular muscle. Regional ischemia is simulated by
raising the external potassium concentratipk*],) from its nominal value of 5.4 mM in a
subsection of the sheet, thus creating a localized inhomogeneity. Spiral-wave activity is induced
using a pacing protocol in which the pacing frequency is gradually increased. \WMdp is
sufficiently high in the abnormal arda.g., 20 mM), there is complete block of propagation of the
action potential into that area, resulting in a free end or wave break as the activation wave front
encounters the abnormal area. As pacing continues, the free end of the activation wave front
traveling in the normal area increasingly separates or detaches from the border between normal and
abnormal tissue, eventually resulting in the formation of a maintained spiral wave, whose core lies

entirely within an area of normal tissue lying outside of the abnormal @tgpe I” spiral wave).

At lower [K™], (e.g., 10.5 mM in the abnormal area, there is no longer complete block of
propagation into the abnormal area; instead, there is partial entrance block into the abnormal area,
as well as exit block out of that area. In this case, a different kind of spiral \itevasient “type

II” spiral wave) can be evoked, whose induction involves retrograde propagation of the action
potential through the abnormal area. The number of turns made by the type Il spiral wave depends
on several factors, including the level[¢€* ], within the abnormal area and its physical size. If the

pacing protocol is changed by adding two additional

stimuli, a type | spiral wave is instead produced

at [K*],=10.5 mM. When pacing is continued beyond this point, apparently aperiodic multiple
spiral-wave activity is seen during pacing. We discuss the relevance of our results for
arrythmogenesis in both the ischemic and nonischemic heart19€8 American Institute of

Physics[S1054-150(08)02501-4

Cardiovascular disease is the leading cause of death in
the industrialized world. In many individuals, death is
caused by a transient disturbance in the normal rhythm
of the heartbeat (“cardiac arrhythmia” ). The tragic fact

in many of these cases is that the heart muscle is not yet
irreversibly damaged when the arrhythmia starts up—
prompt treatment to abolish the arrhythmia soon enough
can lead to a successful outcome. The two most danger-
ous arrhythmias encountered are ventricular tachycar-
dia, when the ventricles of the heart contract too rapidly,
and ventricular fibrillation, when the individual ventricu-

lar cells contract in an asynchronous fashion. Both of
these arrhythmias are almost always due to waves of elec-
trical activity circulating in the ventricular muscle (“re-
entry” ). It has been suggested recently that spiral waves
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(“rotors,” “reverberators,” “vortices” ), a form of self-
sustained reentrant activity that has been described in
many excitable media, might be responsible for these ar-
rhythmias. However, experimental and modeling work
on spiral waves in cardiac muscle has, so far, largely
dealt with homogeneous systems. Since inhomogeneities
are known to play a role in the induction of reentrant
rhythms in normal hearts as well as in diseased hearts,
we investigate a model of an inhomogeneous sheet of ven-
tricular muscle. We find that two different forms of
spiral-wave activity can be induced. In both cases, the
presence of the inhomogeneity is critical ininitiating the
spiral-wave activity. However, in only one of the two
cases is the presence of the inhomogeneity crucial in
maintaining the spiral-wave activity.
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INTRODUCTION infarction”). The most common cause of myocardial infarc-
tion is the occlusion of a stenosed coronary artery by a clot.
Cardiac arrhythmias such as ventricular tachycardia an¥entricular arrhythmias frequently occur during the acute
ventricular fibrillation can have very serious consequencestage of myocardial infarction. There is overwhelming ex-
for an individual. These malignant arrhythmias are almosperimental evidence that these arrhythmias are due to altered
always due to self-perpetuating circulating wave fronts ofelectrophysiological properties caused by hypoxia, acidosis,
electrical activity within the ventricular muscle? The clas-  increased extracellular potassium concentratitnyperkale-
sic “head-eat-tail” circus movement type of reem§has  mia”), etc.(see Ref. 49 for a review These include depo-
historically been assumed to be the mechanism underlyingarization of the resting membrane potential, fall in overshoot
such tachyarrhythmias. In a circus movement, the electricgbotential and amplitude, shortening of the action potential
activity basically travels around a one-dimensional ring-duration, slowing of the upstroke velocity and conduction
shaped structure, with the circumference of the ring beingelocity, and the appearance of post-repolarization refracto-
sufficiently long so that when the wave front encounters theiness. Thus the inhomogeneity, which in this case is local-
starting point once again, that area will have recovered to aized to a very specific area of the ventricle, once again plays
extent that allows the wave front to successfully traverse thaa leading role in arrhythmogenesis. We therefore decided to
area once agaifi.e., “reenter”). In recent years, it has been investigate the effect of introducing a localized inhomogene-
hypothesized that a different form of reentry—spiral wavesity representing the ischemic area into an otherwise homoge-
(also called rotors, vortices, autowaves, reverberatensay  neous sheet of ventricular myocardium. The extracellular po-
instead be the form of reentrant activity responsible for gentassium concentration was raised within that area to create
erating these arrhythmids'® For example, monomorphic the inhomogeneity.
ventricular tachycardia might be produced by a spiral wave
with a stationary cor&;'***and polymorphic ventricular ta- \\=THoDS
chycardia by a drifting spiral wav€1°Ventricular fibrilla-
tion might be associated with a single drifting spi?&" or  cnoice of ionic model
multiple coexisting spiral wave€2* There is also now
some experimental evidence for the existence of spiral waves A fundamental decision to be taken upon embarking on
in cardiac tissué®**?>~*!while there have been many stud- modeling of reentry is the choice of ionic model, since there
ies ShOWing that SpiraI-Wave aCtiVity is generiC in Slmp||f|Ed are now many ionic models of ventricular muscle
models of excitable mediesee references in Ref. Bahere  ayailable>®-%2The first seven of these papers describe “first-
have been fewer descriptions of spiral-wave activity in two-generation” models, all of which are modifications of the
dimensional sheets of ventricular muscle modeled by realisoriginal Beeler—Reute(BR) model®® They are much sim-
tic ionic models:”*%%%3%~*3n addition, all of this modeling  pler that the latter six “second-generation” models. The ma-
has been for homogeneous sheets of muscle: i.e., the cells difference is that the second-generation models have con-
making up the tissue are assumed to be identical and to kgentrations of several of the ionic species that vary in time
connected to one another in a uniform way. However, it hagrather than stay fixadinternal Ca™ dynamics(involving
been known for many years that normal ventricular myocarCa** uptake by and release from sarcoplasmic reticiijum
dium is quite inhomogeneous, with large-scale gradients imnd N& —K* pump and Na—Ca' ™ exchange currents. We
electrical properties from the apex to the base of thejecided against using a second-generation model for two
ventricle§®>** and from endocardium to epicardifh}> as  main reasons. First, there are problems of flux balance with
well as more localized, smaller-scale inhomogeneffles. the second-generation class of models that can lead to slow
There is, in addition, a systematic rotation of the fiber direc-drifts in the concentrations of ioffd.For example, prolonged
tion as the myocardium is traversed from epicardium toperiodic stimulation at a BCL of 1000 ms of the second-
endocardiunf* Many of the interventions that make it easier generation atrial mod®l leads to a continuing depletion of
to induce ventricular arrhythmias also increase the degree dfiternal[K*] in time that shows no sign of asymptoting after
inhomogeneity present—e.g., stimulation of the sympathetid000 s of simulationXu and Guevara, unpublishedVhile
nervous  systerff4’  hypothermi®*®  premature there have been recently a few papers published showing
stimulation?® fast pacind* and various drug® In fact, itis  reentrant activity in second-generation modéf&*%:6564ye
widely believed that there is a causal relationship betweehave chosen not to work with models that show such drifts at
this increased inhomogeneityincreased dispersion of re- the present time, because of the risk that these slow drifts
fractoriness’) and the increased incidence of arrhythmias. Inmight produce artefactual resui¢s.g., slow changes in re-
some of these examples, the inhomogeneity is local, in thé&actory period or in conduction velocity leading to wave
sense that it is the dispersion in the electrophysiologicafront separatioh in long-lasting simulations, such as our
properties of cells within a relatively small neighborhood own, in which many beats are involved. Second, since the
around a given point that is increased, and comparable innvestigation of reentry in ionic models is relatively new, it is
creases are seen at other points in the ventricle. perhaps prudent to first investigate simpler models, where it
Myocardial ischemia occurs when the blood supply towill be easier to gain insight into the fundamental ionic
the heart muscle is not sufficient to meet its metabolic demechanisms involved.
mands. Should ischemia be pronounced enough and last fora The question now arises of which of the first-generation
sufficiently long time, heart muscle will di€‘'myocardial  models to use. The original “first-generation” ventricular
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model, the BR model? which has been used in several pa- Vi1 =2V; j() + Vi 1(1)

pers modeling spiral wavEs>3¢38has an upstroke velocity A

of the action potential of~100V s 1.%%%" Because of the

inhomogeneity of the heart, the experimentally repoiited Vij—1(D) =2V (1) + Vi j11(1)
situ values span a wide range. In one report on guinea-pig Ay?

ventricle, the average value in epicardial muscle was

110V s'%, while the average value in endocardial muscle Vi j(t+HAD—Vi ()

was 248 V s1.% A value as high as-400V s* has been PSCm At PSulion(t), @

estimated using an optical fluorescence mefffothe BR
value is thus at the lower end of the experimentally reportethereV
range. The Luo and RudfLR) modef® has a maximum . . 4

upstroke veI00|ty_of~300 Vs, which is toward the upper _step size. In iterating from timeeto time (t+ At), |, in EQ.
end of the experimentally report(_ad range. T_he LR model '%2) is calculated fromV(t) and the activation and inactiva-
among the more recent of the first-generation models, a”ﬁon variablest; evaluated at time-+ At,
has thus far been used in about a score of modeling
studies?®®%°In addition, it allows for alteration of the ex-
ternal potassium concentrati¢fK " ,), which is the param- E(t+AY) = &(o)—[£() — &(h)]e 2T, (€
eter we change to simulate the effect of ischemia. We there-
fore chose the LR model as our basic model in these, oufhereg () is the steady-state or asymptotic valuetpaind
first, simulations of reentry in an ionic model of ischemic - s the time constant of;, both of which are functions of
muscle. To obtain persistent spiral-wave activity, we modifyy/ Both ¢ () and 7; are stored in a look-up table using
the LR equations by changing three parameters away frofhcrements irv of 0.2 mV, and linear interpolation is used to
their standard valueee the Results sectiprunless stated  gptain the values on the right-hand side of E3). A simple
otherwise, we use the nominal vallke™],;=5.4 mM used in  forward Euler scheme is used to evaluate the internal cal-
Luo and Rudy(1991° that is close to the physiological cjum concentration[Ca’*];),
value.

While, as noted above, there have been many studies iy
published using the LR model, there are inconsistencies be- [Ca+](t+At) =[Ca () + diCa""]i(t) At @)
tween the results presented in Luo and R(1§91)°° and the ' ! dt
equations given in Table | of that paper. Using the equations
in the table, one does not obtain the results shown in Fig. 2 \we use a 108100 grid, with Ax=Ay=0.025

of the paper, showing that there is a discrepancy with respegt, 29.33.36.38rha sheet size is thus 2.5 o@.5 cm. The space
to the inwardly rectifying potassium currertig). Since ini-  consiant(n) here at[K *],=5.4 mM is 0.6 mm, calculated
tial conditions were not given, it is not possible to verify the o the formula for a one-dimensional cablfn
results_ shown_ln the qther figures _of that pajerth the =(Rn/pS,)Y2 whereR,, is the membrane resistant&55
exception of Fig. 1, which agrees with the results we obtain, cn?)]. We use an integration step sizet of 0.025
using the equations in Tablg.lin our work, we have used 533,38 \yjth these parameters, the linear stability criterion
the equations appearing in Table 1 of Luo and Rudyo the explicit Euler scheme, which isA&)2/At>4D,
(1993. whereD = (pS,C) 1=103 cn? ms ! is the diffusion coef-
ficient, is satisfied! Using our integration scheme, the maxi-
mum upstroke velocity is 300 V'$ for a propagated planar
wave front in an infinitely rested sheet. Neumann boundary
conditions(i.e., zero-current flux across edge of sheme
used. Stimulus pulses are 1 ms in duration, 3#0cm™ 2 in
We simulate a two-dimensional sheet of isotropic ven-amplitude (~twice the diastolic thresholdand applied to
tricular muscle using the cable equations the leftmost column of the sheet, unless otherwise stated.
Numerical integration of Eq1) using Eqs(2)—(4) was
carried out on an SGI Indigo-2 workstation using programs
written in C (16 significant decimal placgsData was stored
' (1) at 5 ms intervals in a disk file, unless indicated otherwise.
Black-and-white or colour voltage map&GIF or PPM
format were constructed from this data and downloaded to a
whereV is the transmembrane potentigV), |, is the total ~ Pentium-based PC. The figures shown below were obtained
ionic current A cm™?), t is time (m9), x andy are spatial by printing out the black-and-white GIF files on a laser
coordinates in the sheém), C,, is the specific membrane printer (1200 dp). The PPM files were made into
capacitance (kF cm ?), p is the bulk cytoplasmic resistiv- MPEG-format movies using the prograoMPEG (version
ity (0.2 kKlcm), S, is the surface-to-volume ratio 1.0). The original color movies can be obtained from http://
(5000 cmi'). An explicit Euler scheme is used for the nu- www.physio.mcgill.ca/guevaralab or http://www.aip.org/
merical integration of Eq(1), epaps/epaps.htmif?

ij is the voltage of the element located at notdg),
Ay are the spatial step sizes, afitl is the temporal

Numerical methods

FAVAR LY, \Y
W+8_y2 =pS, CmE'Hion
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allow sustained spiral-wave activity, we are forced to made a
second maodification, which is to multiply the background
current () by a factor of 1.5, resulting in more repolarizing
4 current in the plateau range of potentigfigs. 1b) and
10 1(c)]. Further justification for modifyind,,, in particular, at
o E—" 20 this stage can be found in the Discussion below. The steady-
100 50 0 50 -100 -50 0 50 . L. ie
Valtage (mV) Voltage (mV) state current voltagdV) relationship in the modified model
[the solid curve in Fig. (b)] is then not too different from
that of the unmodified modébroken curvg resembling that
typical of ventricular musclé® Figure Xd) shows that the
. space-clamped action potential from infinite-rest initial con-
2 \1 ditions is markedly reduced in duration in our modified LR
N N model(trace 2 with respect to the original LR modérace
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FIG. 1. (a) Time constants for activationr§) and inactivation ¢;) of the homogeneous sheet

slow inward current (i) in the modified LR model.(b) Steady-state
Cugem—d‘_’;?'t;gd:_\é) fer'agOL”thij gf TOI(a')CSUt”egt intotrig:(\/a:)rloli_er;]c#rve f For any sort of sustained reentrant moti@ng., circus
%Tjivircrjlgall Ii?)nizoclurf:n;/s in mO(;)ifiz(iLcF{ mﬁgeasé)sgp?;\ce-c?a%:)ej ;EZOC;] movement, spiral Wa\)ao exist, it is clear that an aCtlvaFed
potentials in the original LR modétrace 1 and in our modified LR model ~@rea must have time to recovétcome out of refractori-
(trace 2 from infinite-rest initial conditions. Trace 3 shows action potential ness’) before it is invaded once aga?ﬁ:s In a classic
in the modified model in steady state at BEL5 ms(41st action potential  «“hagd-eat-tail”’ circus-movement circuTt?'”'?Bthe minimal
shown after the start of the simulation from infinite-rest conditioRuilse . . . .
amplitude-50 A cm2, pulse duration=1 ms. pf'ithlength that will theoretically all_ow this tp occur is th_u;
given by the product of the conduction velocity and the mini-
mum time possible between two successive activations,
RESULTS which is termed the refractory period. This minimal path-
length is called the wavelength). The two most important
parameters controlling reentry are thus the conduction veloc-
Reentrant motion consistent with spiral-wave reentry hasty and the refractory periodNote that wavelength as de-
been described in the intact ventrit8é®?as well as in thin ~ fined here is the wavelength of a planar wave, and not the
slices of ventricular muscle a few énin area?’?83%’2As  wavelength of a spiral wavé'spiral wavelength”).]
with many other simulations using unmodified ventricular It is clear from prior modeling work in simplified excit-
models!®333536:38ye have not been able to obtain main- able media that the circus-movement and spiral-wave forms
tained spiral waves in our simulations with a 28.5cm  of reentry are relatel It has been found that the wavelength
sheet using the standard LR model. This might be due to thmeasured during fast pacing is comparable to the size of the
wavelength(the product of conduction velocity and refrac- reentrant circuit in “leading-circle” reentr{® which was
tory period being too large(perhaps with respect to the initially described in atrial musclé and subsequently iden-
sheet sizg as discussed later. Therefore, we have found itified as spiral wave in origif*!>®® Both the
necessary to modify the LR model in order to obtain persiscircus-movemefif and spiral-wavde.g., Ref. 27 forms of
tent spiral-wave activity. reentry can produce tachycardia. It is well known in ven-
Perhaps the major deficiency of the LR model, which istricular muscle that decreasing the interval between stimuli
a modification of the BR model, is in its description of the (the basic cycle length or BGlusually results in a fall in the
slow inward calcium currerlt;, which was carried over un- APD and the refractory period[compare trace 3
changed from the BR model. It has been known for a longBCL=75 m9 with trace 2 (BCl=) in Fig. 1(d)], as well
time that the time constants of activationy] and inactiva- as in the conduction velocif{:®! Both of these changes con-
tion (7;) are unrealistically long in the BR model, being tribute to a fall in wavelength. Since we shall be producing
much larger in the model than in the experimént! We  spiral waves by systematically decreasing the BCL, we
thus divide both of these time constants by a factor of 12 irtherefore made a systematic survey of how APD, conduction
order to bring them closer to the experimentally describedrelocity, and wavelength are influenced by BCL in our
values. This strategy has been previously used to obtain pemodified LR model.
sistent spiral-wave activity in models of the BR type>3842 A homogeneous sheet was first paced at BAD0OO ms.
The modifiedry and 7; curves[Fig. 1(a)] are then more The APD and conduction velocity were measured in the cen-
consistent with the experimental dat@xperiment: 74  ter of the sheet. The wavelength was then calculated, replac-
=2-5ms, 7=10-50 ms(Refs. 74 and 7% model: 74 ing the refractory period with APD, since the two are very
=2.7ms at—35mV and 1.5 ms at 10 mV4;=11.4ms at close. The BCL was then systematically lowered in a step-
—20 mV and 28.3 ms at 10 mVHowever, with this modi-  wise fashion, until propagation failed at BEI69 ms. Figure
fication, the voltage then “hangs up” in the plateau range of2(a) shows the APD restitution curve, Fig(l2 shows the
potentials, so that the action potential duratidkPD) re-  velocity dispersion curve, and Fig(@ shows the wave-
mains essentially unchanged. To reduce the APD so as tiength curve. At the shorter BCLs, the curves in Fig. 2 are all

Modification of LR model
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core (the central area not activated on a given turn of the

A 120 1 . - ' spiral wave resembling that shown in Fig.(d) (trace 3.
gloo . While the spiral wave persisted to the end of the com-
a - putation ¢=5000 ms), there was meander in the position of
2 ) - its tip. The position of the tip was estimated by eye, and Figs.
80 1 . 3(i)—3(l) show the trajectory of the tip for several successive
11 turns of the spiral wave midway through the computation.
60 | = With the exception of a brief transient probably due to initial

conditions, the tip stayed in the same general area visited in

0 200 400 600 800 1000 ) . :
Fig. 3 for the~70 turns that the spiral wave made during the

B g 0.65 ] 5000 ms simulation.
; ] - - » a L]
E 055] " Type | spiral wave in an inhomogeneous sheet of
> ] » muscle
'g 0.45 ] : As mentioned in the Introduction, ischemia results in
é 1 . depolarization of the resting membrane potential, fall in
S 035] = overshoot potential and amplitude, shortening of the APD,
slowing of the upstroke velocity and conduction velocity,
0 200 400 600 800 1000 and the appearance of post-repolarization refractoriness. Per-
C 8 7 . . haps the single most important factor in producing these al-
z 1 - terations in the action potential is the ischemia-induced el-
2 61 . evation of [K*],.8278% We therefore model the effect of
B - " regional ischemia by simply raisinfK ], in a delimited
2 4 ] subsection of an otherwise homogeneous sheet.
§ ] 2 Figure 4 shows the voltage in a resting inhomogeneous
2] « sheet incorporating a 0.75 ¢nd.75 cm ischemic area. This
- : - g - simulated ischemic area is visible at the bottom of the sheet,
0 200 400 600 800 1000 and is lighter in color than the normal area because the rest-
BCL (ms) ing potential is depolarized to about50 mV as a conse-

guence offK*], being set equal to 20 mM in that area. In
FIG. 2. (a) Action-potential duratiofAPD) restitution curve. APD defined contrast, the resting potential in the normal area
as the time fro_m_— 20 _mV on the_ upstroke _of an actlo_n po_tentlal_—t(BO mV ([K+]0=5.4 mM) is —87 mV. We chose 20 mM since this is
on the repolarizing limb of action potentigh) Velocity dispersion curve. L. . . .
Conduction velocity calculated from the time between the onset of a stimufoward the upper limit of the range measured in the ischemic
lus pulse and crossing ef 20 mV in the element in the center of the sheet. area during the acute phase of experimental myocardial
(c) Wavelength curve. Computed as the product of APD and velocity. |nitia|ischemia8.2 Due to the existence of electrotonic interactions'

conditions obtained by setting variables at each element of the sheet - . e . .
steady-state values appropriate to a space-clamped celt at1000 ms, We obtained approximate initial conditions by the following

and then leaving the sheet to asymptotically approach the steady state ovefocedure: at=—1000 ms, variables for each element in the
the next 1000 ms. Pacing protocol: BEILO0O ms(three cycles delivered ~ normal (resp., ischemicarea were set equal to the steady-
800-300 s(two cycles at each BOL 200-70(five cycles at each BOL state Space-c|amped values appropriaté}qé]ozs_z]_ mM
Stimuli [current pulses of duration 1 ms and amplitude 308 cm"® (resp., 20 mM. The simulation of the sheet was then run for
(~twice the diastolic threshold amplitudeapplied to the column of ele- ! .. . .
ments at the left edge of the sheet. Data points in this simulation are store@looo ms, to allow electrotonic interactions to occur. This
every 1.0 ms. produces a spatially extenddxmbrder zonecentered on the
demarcation line between normal and ischemic tig&ig 4
shows the situation dt=0 m9g. Within this border zonéef-
very close to the curves found in guinea-pig ventricular epifectively a few space constants wjd¢here is a spatial gra-
cardium at an external calcium concentratip@a’ “],) of  dientin the voltage and other variables. The gradient in volt-
1.25 mm®& age is manifested in the fuzziness of the borders of the
ischemic area in Fig. 4. The values of the variables describ-
ing the state of each element in the sheet=a0 ms were
then taken as initial conditions for the simulations we shall
Our modifications to the LR model result in a reduction now present.
of APD and wavelength, thus permitting persistent spiral- It has been known for a long time that electrical stimu-
wave activity in our 2.5 cmx 2.5 cm sheet. Figureg@—3(h) lation can be used to provoke tachyarrhythmias such as ta-
show a spiral wave induced by a modified crossed-gradierthycardia and fibrillation in both healthy and ischemic
protocol?*~17in which the left edge of the sheet is stimulated hearts. Indeed, there are several protocols by which this is
att=0 ms with the first stimulugS;), and the entire upper- routinely accomplished in patients undergoing electrophysi-
left quadrar®® is stimulated att=180 ms with a second ological investigation of their arrhythmias: e.g., a single ex-
stimulus (S,). The period of rotation of the spiral wave is trastimulus(S,—S, protocol, such as that used in Fig), 3
~75 ms, with the action potential sufficiently away from the multiple extrastimuli(e.g., $—S,—S; protoco), ramp pacing

Spiral wave in a homogeneous sheet of muscle
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+20 mV

y(cm)
1.75
~

ln | ] | .

(—]
0.5 1.75
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FIG. 3. (a)—(h) One rotation of a spiral wave in a homogeneous sheet described by modified LR model. Time after the start of the sitaugtibms,(b)
930 ms,(c) 940 ms,(d) 950 ms,(e) 960 ms,(f) 970 ms,(g) 980 ms, andh) 990 ms. The spiral wave is induced by a two-pulse«(8) crossed-gradient
protocol, with the first stimulus ( delivered to the leftmost column of elementstatO ms, and a second stimulus,jSielivered to all elements in the
upper-left quadrant of the sheet &t 180 ms. Stimuli are current pulses of duration 1 ms and amplitudeu206m=2 (~twice the diastolic threshold
amplitudg. The same initial conditions are used as in Fig. 2. The gray scale at the bottom gives transmembrane fiptéhtidip trajectory(estimated by
hand-and-eyeplotted every 5 mgfilled circles. First point plotted is fort=2000 ms in(i). The white circle indicated by the arrow in par(@ above
indicates estimate of the tip-position. Arrows in each panel indicate starting point and direction of trdjdatarig continuous frorti) through(l)]. Note that

only a part of the entire sheet is shown.
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FIG. 4. Resting potential in an inhomogeneous sheet containing simulate
ischemic area witfK*],=20 mM (the lighter area at the bottom of the
sheel. In the rest of the shedt'normal area”), [K"],=5.4 mM. Initial
conditions obtained as described in the text.

(gradually decreasing BQLdecremental pacin(a stepwise
decrease in BC], and burst pacinga few stimuli at a very
short .BCD' Here We use dgcre_mental pacing, which WI". FIG. 5. Type | spiral wave in an inhomogeneous sHEEt ],=20 mM in

resultin a progressive reduction in the Wavelength as BCL I$he ischemic areaSpiral wave(type |) produced by the decremental pacing

decrease(Fig. 2(c)], and so promote the induction of reen- protocol. See the text for a further description. Time after the start of the
trant motions. simulation: (a) 15 ms,(b) 30 ms,(c) 95 ms,(d) 120 ms,(e) 2765 ms,(f)

The resting inhomogeneous sheet of Fig. 4 is periOdi'(2|)773i1$35r’§?s),($n?)8351§05';:‘;,(Zniosozgq;}gl)sfé)zgzr;;'(rjrisi:)ggz(r?siéfg 200,
cally paced with a train of current pulses applied to the left-ns, (1) 3405 ms,(s) 3430 ms, andt) 3455 ms.
hand row of elements in the sheet. The BCL is held constant
for 1 to 20 pacing intervals, and then suddenly stepped to a
shorter interval. Figures(8—-5(d) show the propagation of [Figs. 5e) and 5f)] and the right-handl Figs. 5g) and §h)]
the action potential elicited by the first stimulus. The"], margins of the ischemic area, eventually propagating out of
is sufficiently high(20 mM) so that there is block of propa- the bottom edge of the sheet. Figure)55(1) show the
gation of the action potential into the ischemic afédg.  propagation of the activation wave front of the eighth action
5(a)]. The activation wave front thus breaks as it encountergotential at BCl=71 ms. Note that the activation wave front
the ischemic area, developing a “free end” or “broken end” has now definitely separated or detached from the border
that attaches or anch8fgo the border between normal and zone, and its free-end bears an even closer resemblance to a
ischemic tissugFigs. 5a) and 3b)]. This free end, which spiral tip. The tip then travels in the retrograde direcfioe.,
somewhat resembles a spiral tgrrow in Fig. §b)], curves  right to left), eventually encountering the right-hand border
around the inexcitable obstac]€ig. 5b)] and propagates zone, anchoring thereifresulting in a situation similar to
out of the bottom of the sheet. Repolarization starts at th¢hat depicted in Fig. &)]. As stimulation is continued, there
left-hand border of the ischemic arfig. 5(c)] and the re- is a progressive beat-to-beat increase in the degree of sepa-
polarization wave front then spreads out in a more-or-lessation[Figs. §m)—5(p) show the ninth beatbut the tip still
radial direction from the ischemic ar¢gig. 5(d)]. always eventually anchors along the right-hand border of the
The BCL was initially 180 ms, and was reduced step-ischemic area. Finally, the degree of separation becomes suf-
wise to 150, 120, 100, 90, 80, 74, and finally 71 ms. Figurediciently great by the 11th beat that there is sufficient room
5(e)-5(h) show the propagation of the activation wave front for the spiral tip to avoid contact with the right-hand border
of the third action potential at BGE71 ms. The conduction of the ischemic area as it rotates in the clockwise direction. It
velocity is slowed with respect to that of the first action thus avoids becoming anchored within the border zone, and
potential[Figs. §a)—5(d)] because of the presence now of ainstead rotates up into the upper-right quadrant of the sheet.
rather short excitable gap between this action potential ané sustained spiral wave—very similar to that seen in the
the immediately preceding ofiEigs. 5e)—5(g)]. As with the  homogeneous sheéfig. 3—is then formed, with its core
first action potentia[Figs. 5a) and §b)], the most curved lying wholly within the normal tissue in the upper-right
part of the wave front—again resembling a spiral tip—firmly quadrant of the sheet. Figure@b-5(t) show the first turn of
anchors within the border zone between the normal and ighe spiral wave, which lasts until the end of the computation,
chemic areas as the action potential propagates along the topaking about ten turns. Note that there is no activation by
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FIG. 6. Events preceding the induction of a type | spiral waue'],

=20 mM in the ischemic ar¢aNote the beat-to-beat decrease in the length
of the excitable gap and the beat-to-beat increase in the curvature of th
activation and repolarization wave fron{g) The 19th action potential at
BCL=74 ms; (b)—(h) the 5th—11th action potentials at BEZ/1 ms. See
the text for a further discussion. Time after the start of the simulatian:
2485 ms,(b) 2920 ms,(c) 2990 ms(d) 3060 ms,e) 3130 ms,f) 3200 ms,

(g) 3270 ms, andh) 3340 ms.

the spiral wave of the ischemic area, which remains in a statt
of complete block. We refer to this type of spiral wave, |
whose core lies within the normal area, as a type | spiral
wave, to distinguish it from another form of spiral wave
(“type II" ) that we shall encounter later.

Mechanism of induction of type | spiral wave at

[K*],=20 mM
. . . _FIG. 7. Atype Il spiral wave in an inh Kt ],=10.5 mM
Figure 6 shows frames taken at approximately equivar ype Il spiral wave in an inhomogeneous SHEKt 1, m

: : ) . . in the ischemic arga The spiral wavetype Il) produced by decremental
lent times for eight different action potentials when pacing protocol. See the text for a further description. Time after the start of
[K*]o,=20 mM in the ischemic area, preceding induction ofthe simulationa) 975 ms,(b) 985 ms,(c) 1010 ms,(d) 1020 ms,(e) 2090

h [ iral wav f Fia. 5. It i lear th here i ms, (f) 2095 ms,(g) 2105 ms,(h) 2125 ms,(i) 2380 ms,(j) 2395 ms,(k)

the type | spiral wave o . .g 5. Itis clear that t e N S.a2405 ms(1) 2415 ms(m) 2475 ms,(n) 2495 ms,0) 2505 ms|p) 2510 ms,
complex beat-to-beat positive feedback process, involvingy 5610'ms (1) 2620 ms(s) 2630 ms, andt) 2640 ms.

accumulation of refractoriness, decrease in the width of the

excitable gap(both spatial and tempopaldecrease in con-

duction velocity, and changes in the shdpspecially curva-  \yayve front now propagates successfully through the is-
ture) of activation and repolarization wave frort®10st N0-  chemic area for all beats when the BCL is sufficiently large
tably in the neighborhood of the upper-right-hand corner of(>80 ms), although the conduction velocity increasingly
the ischemic argaThese factors all work to eventual block gjows in both the normal and the ischemic areas as BCL is
propagation “around the corner” of the ischemic area, butyecreased. Thus, for the fourth beat at B30 ms, a bulge
not in the upward-and-to-the-right direction. This can be apygw appears in this wave frorfthe arrow in Fig. )],
preciated quite nicely in Fig.(8) [Figs. 6b)—6(h) show the  \yhere a free end previously appeared wiiii], was 20
last seven paced action potentialehere there is virtually | ,\m in the ischemic aredsee e.g., Fig. ®)]. As when

no excitable gap left between the bulge of the wave front thaEK+]o:20 mM, the repolarization wave spreads out radially
will become the spiral tip and the repolarization wave frontfrom the left-hand edge of the ischemic area, but the is-

of the immediately preceding action potential. chemic area itself now repolarizes fifgigs. 7c) and 7d)],

. ) . since the APD there is shorter than in the normal &red5
Type I” spiral wave in an inhomogeneous sheet of vs. ~70 m3. When BCL is reduced from 80 to 74 ms, there
muscle

begins to be block of propagation through the lower part of
During the first few minutes of regional myocardial is- the ischemic area: not every wave front traveling in the is-
chemia, there is a gradual rise[iK*], to levels as high as chemic area penetrates all the way through to the lower right-
20 mM&2 Due to the prohibitively large computational re- hand border of the ischemic area. There is thus “exit block”
quirements, we did not systematically explore the entireout of the lower part of the ischemic area. The normal area
range of[K*], encountered during ischemi&.4—20 mM. adjacent to the lower right-hand border is then activated by
However, Fig. 7 shows a simulation in whifk*], is setto  the wave front that sweeps around the upper-right corner of
10.5 mM in the ischemic area, and the BCL is lowered stepthe ischemic area. As BCL is stepped from 74 to 71 ms, the
wise from 180 ms to 150, 120, 100, 90, 80, 74, and 71 ms. Afirst action potential propagates through the ischemic area
this level of[K*],, the resting potential is-68 mV, which  [an activation sequence similar to that shown in Figa)-7
is less depolarized than pf *],=20 mM, so that the activa- 7(d)], but the second and third beats show exit block. On the
tion fourth beat, for the first time in the simulation, we now see
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entrance block: the middle of the activation wave frontType | spiral wave at [K*],=10.5 mM
breaks and does not invade the central part of the left edge of Should additional stimuli be injected beyond the point in

the ischemic ared"partial entrance block]. On the sixth  ime 4t which stimulation was stopped in Fig. 7, the type I
beat, there is complete entrance block into the ischemic areghiral wave will not be produced, since each of these addi-
across its left boundargFigs. 7e) and 1f)]. The lower part  {jonal stimuli produces an anterograde wave front that col-
of the ischemic area is, however, now, for the first time,jides with the retrograde wave front resulting from the im-
partially invaded by retrograde propagation entering from thenediately preceding stimulus. Instead, with continued
top border[Figs. 1f) and 7g)]. On the tenth bealFigs.  stimulation, a type | spiral wave eventually forms. Figure 8
7(i)=7(1)] there is complete entrance block across the left andhows the sequence of events leading up to the formation of
top borders of the ischemic area. The size of the retrogradehe type | spiral wave gt *],=10.5 mM. Once the point in
activation wave front growfFigs. 7j)—7(1)], with increasing time is passed at which a type Il spiral wave would start
penetration into the ischemic area, until the point comeshould stimulation be stoppéd.g., the wave front shown in
where the 11th and last stimulus results in a wave front thaFig. 8(f) would form a type Il spiral wave the anterograde
penetrates the ischemic area completely in the retrograde divave fronts traveling in the ischemic area collide with retro-
rection[Figs. 7m)—7(0)], emerging into the normal area ad- grade wave fronts, producing an area of complete block for
jacent to the left-hand border of the ischemic diféig. 7(p)].  the next beat. In addition, the wave front traveling in the
This spiral wave makes two turns before being extinguishedjormal area in Fig. @) is blocked from traveling downward
with the second turn retogradely traveling through the is-and to the right by the refractoriness left in the wake of the
7(g)-7(t) show the end of the second turn, which dies Outischemi_c aren and so is forced to travel l_Jpwa_\rd and to the
after the spiral tip collides with the bottom bounddfig. right [F'g' &h)]. The wave front shqwn_ n Fig.(B) thus
evolves into a type | spiral wave that is similar to that seen at

In an intact heart, each of the two nondriven beats woul . . . . "

. i : . area, which is now no longer inexcitable 4K™],
be identified from the electrocardiogram as a ventricular ex-_
mapp.ing study YVOU|d record them as emerging from the isy o~ s5510N
chemic area. It is well known that such premature beats can
rounding the ischemic area is involv&iWe refer to this The LR model has three improvements over the BR
form of spiral wave whose initiation involves retrograde model from which it was modifiedi) a faster, more realis-
wave, to distinguish it from the type | spiral wave describeddescription of the fast inward sodium currégt; (i) a more
earlier, which does not involve such retrograde propagatioraccurate description of the inwardly rectifying potassium

chemic area in a fashion similar to the first turn. FiguresPréceding action potentidlvhich retrogradely invaded the
7] P . : )
JK 1b=20 mM [Figs. 5g)-5()], except that the ischemic

) =10.5 mM, is activated on each turn of the spiral wave.
trasystole or premature ventricular contracti®vC), and a
induce ventricular fibrillation, in which the normal tissue sur- Modifications to LR model
propagation through the ischemic area as a type Il spirafic, upstroke velocity due to the incorporation of a revised
It is possible to obtain more than two turns of the type Il currentl;, which involves the introduction of the plateau

spiral wave(see the Discussion potassium currentyg; (i) the introduction of[Kg] as a

In the computations of Fig. 7Tand Fig. 8 beloy, the  parameter.
stimulus amplitude is increased to 6Q@ cm 2, because We changed three parameters in the standard LR model:
the stimulus is not always able to produce a propagated réhe time constants for activatiorr{) and inactivation {;) of
sponse at our standard value of 308 cm2. the slow inward currentl(y) are divided by a factor of 12,

and the background currenity} is multiplied by a factor of
1.5. As detailed above, the two changed §are well justi-
fied, based on the results of more recent voltage-clamp ex-
periments on the kinetics of the L-type calcium curriggf, .
However, this modification on its own results in an APD that
is too long to support a maintained spiral wave. The other
currents in the LR model arb\,, Ik, ki, lkp, andly.
Since the descriptions dfy,, Ik, Iki, andly, are quite
plausible in the standard LR model, we decided to modify
I,—which is anyway a composite current representing the
hodgepodge of other currents left in the c@llg., Na—K
pump currentonce one takes into account the other currents
included in the model—to reduce the APD to a workable
level.

The major deficiency in our modified model is in the
FIG. 8. Events preceding induction of a type I spiral waé"1,=10.5  shape of the action potential. From infinite-rest initial condi-

mM in the ischemic area (a)—(h) The 6th—13th action potentials at . . .
BCL=71 ms. See the text for a further discussion. Time after the start of thé“ons’ the plateau phase is much depres[$mte 2 of Flg.

simulation:(a) 2095 ms,(b) 2170 ms,(c) 2240 ms,(d) 2310 ms,(e) 2380 1(d)]’ starting out about 30 mV hyperpolarized with respect
ms, (f) 2450 ms,(g) 2520 ms,(h) 2590 ms. to that of the unmodified LR modétrace 1 of Fig. 1d)]. A




166 Chaos, Vol. 8, No. 1, 1998 A. Xu and M. R. Guevara

triangular action potential morphology with complete loss 0f35—65 cm st found in the BR, BRDR, LR and Noblet al.
the plateau phase, similar to that seen in our modified modgh991) models at a more physiological value of coupling
[trace 3 in Fig. 1d)], is also seen in some experimen@lg.,  resistanc®333537:38.67.697083nq in experiments on ven-
Refs 27, 72 and modeling(e.g., Ref. 3 work on spiral  tricular muscle?®2969808}Hence, spiral-wave activity can be
waves. The existence of a nice plateau phase in the unmodieen, even though the APD is quite lori§45 ms at
fied LR model is largely due to the fact thiaf persists into  BCL=500 mg, since the low conduction velocity brings the
that phase, which is, in turn, a consequence of its artefactuyavelength down to only-2.1 cm at BCI=500 ms. During
ally slow inactivation, carried over unchanged from the BRspiral-wave activity, the APD fell to 96:731.3 ms. Another
model. The other first-generation models also have a proconsideration to be kept in mind when examining the results
longed I; phase that serves to support the plateau. Thef this paper is that the high value of makes the space
second-generation models employ either a long-lasting, sugonstant(\) very small, which in turn then makes the dis-
.tamed component of the Ca current(termedlc, | Or Ica¢  cretization factor Ax/\) quite large™

instead oflg) or the Na—Ca' " exchange currenity,c, to In two studies where the unmodified Nolgeal. (1991
sustain the plateau pha¥ewhile action-potential-clamp ex- modef” has been uset|;*°the APD during spiral-wave ac-
perimenstgs show a long-lasting component whiefy, is tivity is again quite smal(~100 and~120 ms, resp. The
blocked,” the current revealed by these AP-clamp experi-conduction velocity was-0.4—0.5 m s* for a solitary wave
ments is the sum ofc, . and any Ca*-activated currents in the first study, while it was not reported in the second
(especiallyl yacd- There is a pressing need for incorporating study. The APD at a long BCL is-150—200 ms in this

a more accurate characterizationlfc,and internal Ca* guinea-pig mode(see Fig. 11 of Ref. 57

handling into ionic models. The approximate period of spiral-wave rotation reported
in these modeling studies is quite variabfe190 ms(Ref.

Spiral waves in ionic models of homogeneous 33), ~300 ms(Ref. 19, 200-235 mgRef. 39, 96.7+36.8

preparations ms (Ref. 39, 66—117 mgRef. 35, 100-110 mgRef. 37,

Figure 3 shows a spiral wave in a homogeneous sheet 100 ms(Ref. 39, and 70.5 mgRef. 42. The period of
modeled by our modified form of the LR model. A main- spiral-wave rotation in our modeN75 ms) thus lies toward
tained spiral wave—by which we mean the persistence, withthe lower end of these results, presumably because the APD
out breakup, of a single spiral wave until the computation is'S also lower.
terminated—has previously been described in homogeneous The elements in the spiral core are depolarized: e.g., at
sheets of ventricular muscle using original and modified verone site within the core there is continuous activity resem-
sions of four different ionic models: the Beeler and Reuteling a sine-wave oscillating between70 and —40 mV.
(1977°° model1930:3336.3%he Mogulet al. (1984 model*’ Similar activity has been seen in other modeling wéelg.,
the Drouhard and Robergd987% (BRDR) model3*3%42  Refs. 37, 91, and 92and in experimentge.g., Ref. 72 In
and the Nobleet al. (1992°” model®”*°*°We are not aware Ccontrast, in the core of some atrial rotors, one can find dis-
of any published reports using the LR model. We now gocrete electrotonic subthreshold events associated with block

through a detailed comparison of the results of these differ0f propagation into the center of the spiral wave from its
ent studies, and compare the strategies used by different aBeriphery(Fig. 2 of Ref. 77.
thors to obtain maintained Spira]-wa\/e act|v|ty While we have focused above on ventricular muscle,

Unlike the case with the Noblet al. (1991 model, the spiral-wave activity has also been described in models of
BR and BRDR models have had to be modified to allowatrial musclé®>® Purkinje fiber'® and the sinoatrial nod®.
maintained spiral-wave activity. One strategy adopted
(which we have also takein the BR and BRDR models has
been to reduce the time constamgsand 7; of I ;;, which has
the effect of reducing the APD, and thus the
wavelength?33%3842The same effect is achieved in the BR  The tip of a spiral wave can sometimes be found to be
model by reducingyg;, usually in combination with a reduc- following a closed circular or elliptical trajectory/‘fixed
tion of gy, to reduce conduction velocify*® The APD of  core”). Otherwise the tip meanders. There have been two
the spiral wave, which typically meanders, is reduced inbasic types of meander described in systematic studies on the
these cases to 483—81+ 31 ms(Ref. 35; <100 ms[see FitzHugh—Nagumo(FHN) equations: simple meander and
Fig. 1(b) of Ref. 3¢, and~25—200 mssee Figs. 12—14 of hypercomplex meandéf.In simple meander, there is a qua-
Ref. 38. In the work using the Moguét al. (1984 model, siperiodic motion that arises from a torus bifurcafib®
[K*], is increased throughout the entire sheet to 7 mMywith the tip tracing out a nice regular geometric pattern, of-
which reduces the wavelength since both conduction velocityen flower-shapedsee, e.g., Figs. 13—15 in Ref.)32n hy-
and APD would presumably be reduc¥d. permeander, the nice floral patterns are lost, and replaced by

In one study employing the BRDR mod¥Ithe bulk  curves that are much more irregulaee e.g., Fig. 16 of Ref.
resistivity [p in Eq. (1)] was 10-12 K cm, which is very  32). It has been shown that hypermeander in the FHN equa-
much higher than the nominal value of 0.2 km found in  tions is chaotic at one particular set of parameter vaities.
the literature(which is what we use hereThe conduction We know of only two instances in which fixed cores and
velocity of a plane wave at BGE500 ms then falls to simple meander have been unambiguously described in ven-
8.5cms?!, which is much lower than the value of tricular models: in the BR model when bogh, andgg; are

Meander in ionic models of homogeneous
preparations



Chaos, Vol. 8, No. 1, 1998 A. Xu and M. R. Guevara 167

reduced to approximately half-normal valdés®and in the  Spiral waves in epicardial preparations and

unmodified Nobleet al. (1991 modef® (see, however, Ref. ventricular arrhythmias

37). In the BR model modified so that the kineticslgfare
ieti-33,38 ; . ;

more realistic> one sees a trajectory similar to that which often drifting: can be seen in epicardial sheets, since

we find (Figs. 3(i)—(1)), which is somewhat reminiscent of gjactrical stimulation of the intact ventricle generally induces
the hypercomplex meander seen in the FHN and Oregonaigy, jjiation and not monomorphic ventricular tachycardia.

equations”? The nature of the bifurcations involved in the This is true even when the crossed-gradient protocol is
transition from fixed core to simple meander to more com- o426 There are several possible explanations for this
plex meander in models of ventricular muscle remains to b%iscrepancﬁf"g&ggOne possibility is that propagation in the

sorted out, as does the question as to whether chaotic activijgicardial sheets might be essentially two dimensional, and it
is present. Finally, it is perhaps of interest to note, in the,oq peen recently shown in modeling work that spiral- or

context of our results involving. type | spiral waves, thaF Ascroll-wave breakup, which might be the mechanism under-
recent study on the FHN equations shows that the transitioing the transition from tachycardia to fibrillation, is more
from fixed-core motion to simple meander “is determined bylikely in three-dimensional propagation than in two-

the same conditions for the transition from wave—tip separagimensional propagation for identical cell

tion to attachment of the wave to the end of a thin ... UNeXeharacteristicdl 190101 A nother possibility is that the epicar-
citable strip ... .”%" '

dial preparations are much more homogeneous than the in-
tact heart(e.g., the apex-base gradient is remaoyetius
eliminating inhomogeneity-induced breakup. Drifting spiral
waves have been seen in relatively homogeneous epicardial

Based on topological considerations arising from thepreparationg!-"2as well as in two much more heterogeneous
phase-resetting response of limit cycle oscillat6rs,Win-  preparations: pieces of ventricular muscle cooled to 28 °C—
free suggested that a crossed-gradient stimulation protoc®0 °C, with half of each preparation treated with the drug
should be capable of inducing spiral-wave activity in excit-quinidinel®? and the intact ventricle cooled to 32 &2 |t
able cardiac tissue. This suggestion was first tested in intattas been suggested that spiral drift will result in arrhythmias
dog ventricle, using an array of extracellular recording elecresembling polymorphic ventricular tachycardi& or ven-
trodes to record activation wave frorffsReentrant activity tricular fibrillation2%2 It is well known that there are global
(most probably scroll wave in origin which degenerated gradients in the electrophysiological properties of the heart
into fibrillation, was indeed produced. The first few circuits (e.g., apex-base, endocardium—epicardiand spiral drift
of reentrant activity followed several of Winfree’s theoretical can be seen in simple models with a global gradént®
predictions(e.g.,re direction of rotation; amplitude and tim- One way out of this dilemma is to allow that ventricular
ing characteristics of pair of stimuli fibrillation is actually the result of a single drifting spiral

The activation sequence of crossed-gradient-induced rawave?®?! given that most stationary spiral waves in experi-
entrant activity in thin epicardial preparations has also beements with epicardial sheets were anchored to inhomogene-
mapped, using either a matrix of extracellular electréles  ities in the preparation, such as “anatomical
the voltage-sensitive-dye fluorescence technfdd®’2 In  discontinuities”?’ or “small arteries or bands of connective
addition, spiral-wave activity has been seen in epicardiatissue.”’? The stability of spiral waves in the optical studies
sheets in which TTX was added to reduce excitability andon perfused epicardial preparations might be artefactual, due
conduction velocity, when the mechanism of initiation in- to inadequate oxygenatiofteading to decreased APD and
volves detachment from an inexcitable obst&@lgvhile in  conduction velocity, or pharmacological effects of the elec-
the bulk of these reports it is not clear how long the spiraltromechanical uncoupling agent DANE.g., making APD
wave lasted, in one lab they persisted for up to an R®ur. smaller and the APD restitution curve less ste@phialvo,
When the spiral wave drifts and eventually anchors to arpersonal communication and Refs. 98,).9Blowever, the
inhomogeneity(e.g., a small artedy the spiral wave persists last-named eventuality does not explain spiral-wave induc-
for an indefinite period of timé? tion in one case where DAM was not us&drinally, a re-

In the most extensive report on the epicardial preparatiorent study reports that out of a total of 108 episodes of atrial
to date’? the refractory period was 131 ms and the conduc-and ventricular tachycardia and fibrillation recorded in a va-
tion velocity 0.1-0.4 ms' at BCL=500 ms(see also Table riety of preparations using extracellular recording tech-
2 of Ref. 69, thus leading to a wavelength of about 1-5 cm.niques, meander of one form or another was seen in only 11
The core size was about<® mm (hemiaxial lengthg the instances of the cases where spiral-wave activity continued
spiral period 97—250 ms. In our modeling study the refracfor more than two cycled! In addition, the spiral-wave ac-
tory period was considerably shortéf9 mg and the con- tivity was transient in these cases, producing no more than
duction velocity at BC=500 ms larger (60 cm$), lead-  seven turns before activity was extinguished.
ing to a wavelengtli7 cm) that is of about the same order of
magnitude as in the experimental work. Our spiral rotationCirCus movement versus spiral wave
period(75 mg is toward the lower end of the experimentally P
recorded range, and thus the APD during spiral-wave reentry The diameter of the core of the spiral wave~i% mm in
is considerably shorter. Our core diameter is about 5 mmour model at a spiral period of 75 ms, which is very com-
which agrees with experiment. parable with the elliptical core size of 3<6.5 mm (hemi-

It is not clear to us why a maintained spiral wave, albeit
27,72

Spiral waves in experiments on homogeneous
preparations
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axial length$ reported in epicardial preparatioffsThe core  anchoring to the boundary of the ischemic area; @inglthe
circumference of~1.5 cm in our model is also very similar normal tissue outside of the obstacle must be able to support
to the expected pathlength of a circus movement in the maintained spiral wave.

model, which can be estimated from the wavelength at Wave front separation involving an inexcitable obstacle
BCL=75ms to be~2cm (Fig. 2. Recent experimental has been produced either by fast pacing or by lowering the
work in guinea-pig ventricle afCa"*],=1.25 mM shows excitability of the medium surrounding the obstacle. In all
that circus movement reentry with a period of2968.2 ms cases reported to date, there is an extremely sharp corner at
can be produced around an anatomical obstac?e5 cm in  the distal end of the obstacle. The extent to which this type
circumferenc® (see, however, Ref. 104 for a detailed cri- of geometry occurs in cardiac tissue is unclear. Perhaps the
tique of this experiment The fact that this circumference is first experimental work showing spiral-wave formation via
comparable in size to that of a spiral core means that it mighfvave front separation was that carried out in the Belousov—
not be easy to distinguish circus movement from spiral-wavezhabotinsky (BZ) chemical reaction subjected to fast
reentry when the grid spacing between measurement poinsacing''%'415Similar activity was later described in thin

is relatively coarse {5-10 mm), as is common in whole- epicardial preparations of ventricular muscle with a piece cut
ventricle work(e.g., Ref. 105 In addition, a nice spiraling out so as to provide an inexcitable anatomical obst&cle.
out of the activation wave fronts can be seen inpacing at a very rapid rat@CL=90-130 ms, which is at
experimentd’ and modelin&'% work on circus move- most 10% above the BCL at which propagation failure oc-
ments. One might also adopt the point of view that a circusurred resulted in spiral waves with a rotation period of

movement is a special form of spiral wave, since there is140+19 ms. Modeling studies with the FHN equations re-
clearly a structure analogous to a spiral tip anchored on thgorted similar phenomerid®11°

circumference of the obstacle in simulations carried out on A decrease of excitability promotes separation and
the FHN equation&’ It would therefore be incorrect to infer spiral-tip formation in the BZ reactiol> While a decrease
the absence of an anatomical obstacle simply because tig excitability in the normal area around the obstacle leads to
activation wave fronts far from the center have a spiralseparation and spiral-wave formation in a model of another
shape. In fact, this observation suggests that it might be prethemical reactior(the oxidation of carbon monoxide on a
erable to use a less ambiguous term, such as rotor, to d@tatinum catalyst surfage separation but not spiral-wave

scribe what we have been calling spiral waves above. formation was reported in the accompanying experim&fits.
In the epicardial preparation, addition of TTX, which blocks

Spiral waves in models of inhomogeneous I na @nd so reduces excitability and conduction velocity, pro-

preparations moted separatiofand the formation of a spiral wave that

To date, there have been far fewer articles published oﬁzadebat least ?_??_%}\;lvthﬁ much Ic:cngetr BCL ﬂ}[‘fin needed in
modeling spiral-wave activity in an excitable medium with a eha sence ot T1A. Whi de \I{vave rokn seﬁarai';on W(jlsl Seﬁ n
localized inhomogeneity or heterogeneity than on modelindnt e accompanying modeling work on the model when

the homogeneous situation. The work on heterogeneous mgxcnabnny was reduced by decreasigg,, it is not clear

dia in the cardiac context, starting over 30 years ago anavhether a mamtamed_spwal wave was produtegarlier
work in simple two-variable models of the FHN type, where

continuing up to the present time, has almost uniformly :
involved  individuals  from  the former Soviet the conductance of the fa_st |1rllgvard current was re(_juced,
Union 9-13:29.86.97.106-11335 akhovsky, Krinskii, and Khol- showed wave front separatiti'®that led to the induction

gf a transient spiral wav’ The mechanism proffered by
these authors, and others working with the BZ reactidtis

to their conclusions: Petrov and Fel'd and Shcherbwetoad.  that separation occurs once the wave front curvature falls
| beneath the critical value that will support conduction, at

used electrophysiological models; Reshetileval. used a ) . : ! P
vhich point there is a retraction or shrinking of the free end

Weiner-type model; and the most recent papers have en’{f" 4 T )
ployed the FHN equations in tf°7:106:109.110.112.11% (“lateral instability” 1. More recent work on equations of

threé®111 spatial dimensions. the FHN type shows that rapid pacing can lead to separation
and spiral-tip formation that can be “chaotic,” with the ac-
tivity “resembling the initial stages of turbulence!?
Quantitative criteria for wave front separation from an inex-
citable barrier, based on the consideration of charge balance
When[K *],=20 mM, the ischemic area is inexcitable, in the FHN equations, have been deriVétiwith the behav-
and one can obtain a type | spiral wave in response to fasor within the “boundary layer” immediately adjacent to the
pacing (Fig. 5). Figures 5 and 6 show that there is a very obstacle being of critical importanc¢&
complex spatiotemporal feedback process involved in the in-  In our simulations involving a system with normal rest-
duction of the type | spiral wave. There are three stages iing excitability and conduction velocity in the nonischemic
obtaining a type | spiral wavdi) the wave front must sepa- area, the three major requirements to obtain wave front-
rate or detach from the obstacle so as to produce a “freseparation-induced spiral-wave formation are a sufficiently
end” or “wave break” (“wave front separation” or “de- low BCL, a sufficiently large obstacle, and a sufficiently
tachment’); (ii) there must be enough space for this free endsharp corner of the obstacle.
to develop into a spiral tip and turn, avoiding reattachment or  The first major effect of fast pacing is to gradually de-

opov elegantly used the simple phenomenological concep
of conduction velocity, refractory period, and block to come

Type | spiral waves in heterogeneous preparations
with an impenetrable inexcitable obstacle
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crease excitability, thus allowing the activation wave front toneity, which used the FHN model in a three-dimensional
detach from the obstacf@.2106.110.114.116.12%5 other ma- geometry replicating the geometry of the ventriciEsa
jor effects of fast pacing, reduction of APD and conductiontransient spiral wavémore correctly, a scroll ringhat made
velocity, are then also crucial in reducing the wavelength tahree turns and was then extinguished was elicited by a
a point that a spiral wave can form—otherwise, one mightS,;—S, protocol. This was a consequence of a wave break that
have wave front detachment alone. The obstacle must also lmecurred at the ischemic border, due to the fact that the re-
sufficiently large and have a sufficiently sharp corner so as téractory period of the ischemic arébut not that of the nor-
allow separation and to give the spiral tip sufficient space tanal tissu¢ was longer than the;S, interval. However, we
turn and thus avoid reattachment to the boundary of thelo not know if the mechanism involved there bears any re-
obstacle?®196:114.115.123a have not explored these two cri- semblance to that involved in generating a type | or type |I
teria systematically because of the heavy computational respiral wave afK *],=10.5 mM in our study.
quirements. However, we do not see wave front separation One fact that we find particularly intriguing about the
when the angle of the upper right-hand corner of the sheet igroduction of a type | spiral wave f*],=10.5 mM is that
increased from 90° to 135° or when the width of the obstaclea type Il spiral wave will result should two fewer stimuli be
(extension in the vertical directipns reduced to 0.25 cm. delivered(Fig. 7). This phenomenon might be one counter-
The influence of the sharpness of the corterd of anisot- part of the well-known fact that ventricular tachycardias with
ropy) on the initiation of reentry is discussed in much greaterdifferent cycle times and morphologies can be provoked in
depth in a recent tutorial/review artict&! patients during electrophysiological testing by changing the
stimulation protocol. One other interesting report of bistabil-
Type | spiral waves in heterogeneous preparations ?ty in a cardiac .context inV(_)Iving a spir.al wave is the coex-
with a penetrable inexcitable obstacle istence of a spiral wave with a spiral-like circus movement

. ) . ) i _around an anatomical obstacfe.
Although the ischemic area is inexcitable in our numeri-

cal experiments afK*],=20 mM (Figs. 5 and & there is

still flow of current across the ischemic bounde(fspen- Type 1] Spira| waves in heterogeneous preparations
etrable” obstacle Our simulations are thus not exactly com- ] ) o

parable with the other works discussed immediately above, A type Il spiral wave(Fig. 7) by definition occurs only
all of which use “impenetrable” obstacles with zero-flux when the obstacle is excitablend thus penetrableThis is

Neumann boundary conditions. Use of impenetrable boundeXactly the condition of the ischemic area during the earliest
ary conditions is only appropriate in modeling the later Phases of acute myocardial ischemia. Indeed it is the reduced

stages of myocardial infarction, following cell-to-cell uncou- excitability and conduction velocity leading to block within

pling, cell death, and fibrosis. If one wishes to simulate thdN€ ischemic area that is commonly implicated in the genesis

- - 49,105,122-124 | i 4ie o -
acute phase of myocardial ischemia, one must use penetratfit ischemic arrh-ythm|q§? _ “Un|d|rect|ona.l block is
boundary conditions. clearly involved in the induction of the type Il spiral wave in

We also carried out other simulations, setting impen-F19- 7, @s in the classic circus movement. o
etrable, rather than penetrable, boundary conditions along the 't i Well known that extrasystoles or PVCs often origi-

edges of the ischemic area. We find that spiral-wave formahate either from within the ischemic area itself or from the

tion occurs at a slightly lower BCL75 mg than when pen- immediately adjacent normal ar&&.Our type Il extrasysto-
etrable boundary conditions are used wih'J,=20 mM in les arise as a consequence of reentry within the ischemic
[0]

the ischemic areéBCL=71 m3. We are not aware of any aré with activity emerging from the border area into the

other simulations producing type | spiral waves using a pennormal area. As in experimental work, before extrasystoles

etrable inexcitable obstacle. are seen, one also obtains ‘“continuous electrical activity”
There must also be a change in the BCL at which wavdhroughout the entire diastolic  interval(“diastolic
: : 1y 49,125-127
front-separation-induced spiral-wave formation will occur asP"d9ing”).

[K*], in the ischemic area is systematically lowered through M our simulations of type Il behavior, the activation
values below 20 mM. due to the fact that. in the limit of Wave front must travel along the entire length of the top edge

[K*], in the ischemic area approachifig*], in the normal of the ischemic area and turn around the upper-right corner

area, wave front separation cannot occur, since one then hg§fore it can enter the ischemic afgag. 7(m)]. The situa-
a perfectly homogeneous medium. tion is thus similar to that described in a simple Wiener-type

model, where the refractory period of the inhomogeneity is
longer than that of the normal medium around it; the wave
front breaks when it encounters the inhomogeneity and then
keeps traveling until the inhomogeneity is out of its refrac-
A type | spiral wave can also be produced attory period, whereupon the wave front enters the inhomoge-
[K*],=10.5 mM, at which level the ischemic area is not neity (see Fig. 1 of Ref. 108 Similar behavior has been
completely inexcitable, but rather has reduced excitabilitydescribed during ischemf&28129Should the length of the
(Fig. 8. Unlike the situation afKk *],=20 mM, wave front ischemic aredéextension in the horizontal direction in Fig. 4
separation is not involved. We are not aware of any priotbe increased, ofK*], lowered somewhat, or both, one
modeling work showing this route to the induction of spiral- might expect the wave front to enter the ischemic area across
wave activity. In one other study on an excitable inhomogethe top edge before it reaches the upper-right corner. In that

Type | spiral waves in heterogeneous preparations
with an excitable obstacle
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pacing before the type Il spiral wave is indudégdg. 7). We

thus expect that, for a given ischemic zane., size, place-
ment, and level ofK*],), there would be a nice bifurcation
sequence seen in the pattern of activation should BCL be
held steady for a prolonged enough period of time at each
BCL to allow the determination of the steady-state pattern of
activation. For example, previous modeling work has shown
that, as BCL is decreased, a direct transition to 2:1 block is
seen in a homogeneous one-dimensional Purkinje fiber cable,
and Wenckebach-like rhythms occur when the cable is made
heterogeneous by inserting a central segment of diminished
FIG. 9. A multiturn type |l spiral WaVQ[K+]0:10.5 mM in the ischemic exc|tab|||ty and Coup“nd_gz In a homogeneous one-

ared. The vertical dimension of the ischemic area is increased by 0.25 cmy: ; . . L
<0 that the size of the ischemic area is now 0.75dm cm. The second Mimensional BR cable there is a direct transition to alternans

turn of the spiral wave is illustrated. The sequence of BCLs is the same as igNd  then to 2:1  block as BCL is decrea$éd.
Fig. 7. Wenckebactf®1?° and 2:1 block%1?21%6 a5 well as

alternan&®®122123.133h3ye been described in the ischemic

ventricle in the prelude to induction of reentrant arrhythmias.

case, a spiral wave similar to that seen in an early simulationihdeed’ it has been suggested that the detection of subtle
with the FHN equations in an inhomogeneous sheet might bgjiernans on the ECG can be used as an index of

produced, with the spiral tip lying, at least initially, within vulnerability 134135

the ischemic aregsee Fig. 2 of Ref. 109 o For a type Il spiral wave to be induced, one must stop
~ Should the width of the ischemic aréaxtension in ver-  pacing after a critical number of stimuli; pacing continued
tical direction in Fig. 4 be increased instead, and the zonepeyond this point results in the collision and mutual annihi-
placed in the center of the sheet, one can see from a SymMggion of the reentering wave front with the next stimulated
try argument that a pair of counter-rotating type Il spiralyye front (Fig. 8. Analogous behavior, producing “con-
waves might formt*'* displaying activity resembling what cealed reentry,” is seen in experimental wofR13

is called “figure-of-eight” reentry commonly seen in experi- ’

mental ischemid?®1?° In this form of reentry, there is a

shared common pathway lying within the ischemic area, angirections for the future

the centres of the two spiral waves can lie not much farther

apart than the diameter of the spiral-wave cifdn the case
of the type | spiral wave, with this geometry one woul
obtain two counter-rotating spiral waves initially with well-
separated core§®

e

Perhaps the major weakness in our model is the rather

d simplistic description of the border zone and the effects of
ischemia thereon. First, we have used a very sharp corner
with a very acute corner ang(60°) to obtain a type | spiral
wave. The arrhythmogenic potential of the type | spiral wave
will depend on how sharp the corner must be in order to
obtain that kind of spiral wave. Second, while we use a step

The size of the ischemic area is presumably only one ofliscontinuity in[ K™ ], at the edge of the ischemic area, there
the many parameter&.g., another one beingK*],) that is actually a gradient iilK*], over a distance of-1 cm in
control the number of turns made by the type Il spiral wavethe electrophysiologic border zofeThus, in future simula-
In Fig. 7, the spiral wave was transient, dying out after onlytions, a graded, spatially distributed border zone should be
two turns. However, it is possible to obtain longer-lastingused. The decreased excitability present throughout the bor-
spiral-wave activity. Figure 9 shows an example in whichder zone should make wave front detachment and type |
increasing the vertical extension of the ischemic area to 1.8piral-wave initiation easier at a longer BE:*1518There
cm from 0.75 cm resulted in the spiral wave making ninehas been prior work showing the initiation of a transient
turns before being extinguished. It is our hypothesis that aspiral wave in a sheet with a global gradiéh@and it has
the size of the ischemic area grows, the number of nondrivebeen shown that a drifting spiral wave can generate an ECG
extrasystolesPVCs produced in response to pacing at aresembling fibrillatior?>!
given rate will gradually increase until a sustained type Il Models used in future simulations on ischemic reentry
spiral wave is eventually formedsee also Kholopov, should incorporate the Na-K™ pump, internal Ca* dy-
1969?). We believe that the increase in the number of non-namics, and the Na—Ca exchangers all the existing
driven beats with an increasing size of ischemic af@a “second-generation” models mentioned above presently do
increasing K™], in an ischemic aréas connected with the because of the well-known arrhythmogenic effect of in-
experimentdf® and clinicat®! observations that, as ischemia creased intracellulgNa*] or[Ca"*]. In addition, the ATP-
becomes more profound, the frequency of isolated PVCsctivated K currentl arp (Ref. 61 and the transient out-
tends to increase, producing “doublets” and “triplets,” until ward current,, (Refs. 56 and 13/7should be included in the
salvos of PVCs occur, followed by a run of ventricular ta- model. The knowrpH dependence of several of the currents
chycardia that rapidly degenerates into fibrillation. should also be incorporated into such a model.

Both entrance and exit block clearly occur within the Our model is for the earliest part of ischemia—phase la
ischemic area as the BCL is decreased during decrementé2—10 min post-occlusior-where changes in intercellular

Prelude to induction of type Il spiral-wave activity
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