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It iswell known tha there is consideral# spatid inhomogeneit in the electrica properties of heart
muscle ard tha the mary interventiors that increag this initial degres of inhomogeneit all make
it easie to induce certan cardiac arrhythmiasWe conside here the specifc exampé of myocardial
ischemiawhich greatl increasethe electrica heterogenejt of ventricula tissue and often triggers
life-threatenilyg cardia arrhythmia sudt as ventricula tachycarda and ventricula fibrillation.
There is growing evidene that spiral-wa\e activity underlies thes reentram arrhythmias We thus
investigaé whethe spird waves might be inducal in a realistc modé of inhomogeneous
ventricula myocardium We first modify the Luo and Rudy [Circ. Res 68, 15011526 (1991)]
ionic modé of cardia ventricula musck so as to obtan maintainel spiral-wawe activity in a
two-dimensionh homogeneasi she¢ of ventricula muscle Regiond ischema is simulatel by
raising the externa potassim concentratia ((K*],) from its nomind value of 5.4 mM in a
subsectio of the sheet thus creatirg a localized inhomogeneity Spiral-waze activity is induced
using a pacirg protocd in which the pacirg frequeny is gradualy increased When [K™], is
sufficiently high in the abnorméa area (e.g, 20 mM), there is complet block of propagatia of the
action potentid into tha area resulting in a free erd or wave bre& as the activation wave front
encountes the abnormé area As pacirg continues the free end of the activation wave front
traveling in the normd area increasingy separateor detache from the borde betwea normd and
abnorméatissue eventualy resultirg in the formation of a maintainel spird wave whos core lies
entirely within an area of normad tissie lying outsice of the abnorméaarea (“type '’ spird wave.
At lower [K*], (e.g, 105 mM) in the abnormé& area there is no longe complee block of
propagatia into the abnormé area instead ther is partid entrane block into the abnormé area,
as well as exit block out of tha area In this case a differert kind of spird wawve (transiem “type
II'" spird wave can be evoked whos induction involves retrogra@ propagatio of the action
potentid through the abnormé area The numbe of turns mack by the type Il spird wave depends
on severafactors including the leve of [K*], within the abnorméarea and its physicd size If the
pacirg protocd is change by addirg two additiona stimuli, atype | spird wawve isinsteal produced
at [K*],=105 mM. When pacirg is continuel beyord this point, apparenyf aperiodc multiple
spiral-wawe activity is sea during pacing We discus the relevane of our resuls for
arrythmogenesi in both the ischemt and nonischeng heart. © 1998 American Institute of
Physics [S1054-150(08)02501-4

(“rotors, reverberators,

vortices” ), a form of self-

the industrialized world. In many individuals, death is
causeal by a transient disturbance in the normal rhythm

of the heartbeat (“cardia c arrhythmia” ). The tragic fact
in many of these cases is that the heart muscle is not yet
irreversibly damaged when the arrhythmi a starts up—
prompt treatment to abolish the arrhythmi a som enough
can lead to a successfuoutcome The two mog danger-
ous arrhythmia s encounteral 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 asynchronows fashion. Both of
these arrhythmia s are almog always due to waves of elec-
trical activity circulating in the ventricular muscle (“re-

entry” ). It has been suggestd recently that spiral waves
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sustainel reentrant activity that has been described in
many excitable media, might be responsibk for these ar-
rhythmias. However, experimentd and modeling work
on spiral waves in cardiac musclke has so far, largely
dealt with homogeneos systems Since inhomogeneities
are known to play a role in the induction of reentrant
rhythm s in normal hearts as well as in diseasé hearts,
we investigate amodd of an inhomogeneows shee of ven-
tricular muscle We find that two different forms of
spiral-wave activity can be induced. In both cases the
presene of the inhomogeneiy is critical in initiatin g the
spiral-wave activity. However, in only one of the two
case is the presene of the inhomogeneiy crucial in
maintaining the spiral-wave activity.
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INTRODUCTION

Cardia arrhythmia sud as ventricula tachycardh and
ventricula fibrillation can hawe very seriols consequences
for an individual. Thes malignan arrhythmias are almost
always due to self-perpetuatig circulating wave fronts of
electrica activity within the ventricula muscle!* The clas-
sic “head-eat-tail' circus movemen type of reentry 8 has
historicaly been assumd to be the mechanisn underlying
sud tachyarrhythmiasln a circus movementthe electrical
activity basicaly travek arourd a one-dimensionaring-
shape structure with the circumferene of the ring being
sufficiently long so tha when the wawve front encountes the
startirg point once again tha area will hawe recoverd to an
extent tha allows the wave front to successfull travers that
area ona agan (i.e., “reenter”). In recen years it has been
hypothesizd that a differert form of reentry—spirbwaves
(also called rotors vortices autowavesreverberators—may
instea be the form of reentram activity responsil# for gen-
eratirg thee arrhythmias:™® For example monomorphic
ventricula tachycardi might be producel by a spird wave
with a stationay core®1%®ard polymorpht ventricula ta-
chycarda by a drifting spird wavel’~° Ventricula fibrilla-
tion might be associate with a single drifting spiraf®?* or
multiple coexistirg spird waves®?2* Ther is alo now
sone experimenthevidene for the existene of spird waves
in cardia tissue®?°2-3! While there have been mary stud-
ies showirg that spiral-wa\e activity is generc in simplified
modek of excitabk medi (see reference in Ref. 32), there
hawe been fewer descriptiors of spiral-wa\e activity in two-
dimensionashees of ventricula muscke modelel by realis-
tic ionic models!”193%:3-42 | addition all of this modeling
has been for homogeneaosi shees of muscle i.e., the cells
making up the tisste are assumd to be identicd and to be
connectd to one anothe in a uniform way. However it has
bee known for mary yeass tha norma ventricula myocar-
dium is quite inhomogeneoyswith large-scat gradiens in
electricd properties from the apex to the bag of the
ventricle§3#* and from endocardim to epicardium*#® as
well as more localized smaller-sca inhomogeneitie4®
There is, in addition a systemat rotation of the fiber direc-
tion as the myocardium is traverséd from epicardium to
endocardiunf! Many of the interventiors tha male it easier
to induce ventricula arrhythmia also increag the degres of
inhomogeneit present—e.g.stimulatian of the sympathetic
nervous  systenf®*’  hypothermid®*®  premature
stimulation?® fagt pacing’* ard various drugs?® In fact, it is
widely believel that there is a causé relationshp between
this increasd inhomogeneit (“increased dispersim of re-
fractoriness’) and the increasd incidene of arrhythmiasin
sone of thee examplesthe inhomogeneit is local, in the
seng tha it is the dispersia in the electrophysiological
properties of cells within a relatively smal neighborhood
arourd a given poirt tha is increasedand comparal# in-
creass are sea at othe points in the ventricle.

Myocardid ischema occuis when the blood suppy to
the heat musck is not sufficiert to med its metabolc de-
mands Shoutl ischema be pronouncd enoudn ard lag for a
sufficiently long time, heat musck will die (“myocardial
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infarction”). The mog¢ comman cau® of myocardia infarc-

tion is the occlusio of a stenosd coronay artely by a clot.

Ventricula arrhythmia frequenty occu during the acute
stage of myocardi& infarction Ther is overwhelmimgy ex-

perimenta evidene tha thes arrhythmia are due to altered
electrophysiologidaproperties cause by hypoxia acidosis,
increasd extracellula potassimn concentratia (“hyperkale-

mia”), etc (see Ref 49 for a review). Thes include depo-
larization of the restirg membrae potential fall in overshoot
potentid and amplitude shortenimg of the action potential
duration slowing of the upstrole velocity and conduction
velocity, ard the appearane of post-repolarizatio refracto-
riness Thus the inhomogeneity which in this ca is local-

ized to a very specift area of the ventricle once agan plays

a leadirg role in arrhythmogenesidie therefoe decidel to

investigae the effed of introducirg alocalized inhomogene-
ity representig the ischemc area into an otherwise homoge-
neots sheé of ventricula myocardium The extracellula po-

tassium concentratia was raisal within that area to create
the inhomogeneity.

METHODS
Choic e of ioni ¢ model

A fundamenthdecisian to be taken upan embarkirgy on
modelirg of reenty is the choice of ionic mode| since there
are now mary ionic modek of ventricula muscle
available® 52 The first sevan of thee papes descrile “first-
generation” models all of which are modificatiors of the
origind Beele—Reute (BR) model®® They are much sim-
pler that the latter six “second-generation’'models The ma-
jor differene is that the second-generatiomodek hawe con-
centratiors of sever& of the ionic specis tha vary in time
(rathe than stay fixed), internd Ca" " dynamic (involving
Ca't uptake by and releag from sarcoplasna reticulun),
ard Na"—K* punp ard Na*—Ca'" " exchang currents We
decidal again$ using a second-generatiomodé for two
main reasonsFirst, there are problens of flux balane with
the second-generatioclas of modek tha can lead to slow
driftsin the concentratios of ions®® For example prolonged
periodic stimulation at a BCL of 1000 ms of the second-
generatia atrid modef* leads to a continuirg depletio of
interna [K*] in time tha shows no sign of asymptotimy after
100 sof simulation (Xu and Guevara unpublishedl While
there hawe bee recenty a few papes publishel showing
reentramactivity in second-generatiomodels3’3940:656§ye
hawe chos@ not to work with modek that shov sudh drifts at
the presen time, becaus of the risk tha thes slow drifts
might produe artefactuhresuls (e.g, slow changs in re-
fractory periad or in conductio velocity leadirg to wave
front separatioh in long-lastirg simulations such as our
own, in which mary beas are involved Second since the
investigatian of reenty in ionic modekisrelatively new; it is
perhaps pruden to first investigaeé simpla models where it
will be easie to gain insight into the fundamenth ionic
mechanisra involved.

The questio now arises of which of the first-generation
modek to use The origind ‘“first-generation’ ventricular
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mode| the BR model®® which has bee usal in severa pa-
pers modelirg spird waves®332¢:38has an upstrole velocity
of the action potentid of ~100 V s .59 Becaus of the
inhomogeneit of the heart the experimentall reporteal in

situ values span a wide range In one repot on guinea-pig
ventricle the averag value in epicardid musck was
110 V s~ 1, while the avera@ value in endocardib muscle
was 248V s 1.%3 A value as high as ~400 V st has been
estimate using an opticd fluorescene method®® The BR

value is thus at the lower erd of the experimentall reported
range The Luo ard Rudy (LR) modeP® has a maximum
upstrole velocity of ~300 V s™%, which is toward the upper
erd of the experimentalf reportel range The LR modé is
amorg the more recen of the first-generatiac models and
has thus far been usel in abou a scoe of modeling
studies?®®%°In addition it allows for alteratian of the ex-
ternd potassim concentratia ([K*],), which is the param-
ete we chang to simulak the effed of ischemia We there-
fore cho% the LR modé as our bast modé in these our
first, simulatiors of reenty in an ionic modé of ischemic
muscle To obtain persistehspiral-wae activity, we modify
the LR equatios by changimy three parametes away from

their standad values (see the Resuls sectiorn). Unless stated
otherwise we use the nomind value [K*],=5.4 mM usel in

Luo and Rudy (1992 tha is close to the physiological
value.

While, as notad above ther hawe been mary studies
publishel using the LR mode| there are inconsistencis be-
tween the resuls presentd in Luo ard Rudy (1992)°° and the
equatiors given in Table | of tha paper Using the equations
in the table one does nat obtain the resuls shown in Fig. 2
of the paper showirg that there is adiscrepang with respect
to the inwardly rectifying potassim currert (). Since ini-
tial conditiors were nat given, it is nat possibé to verify the
resuls shown in the othe figures of tha pape (with the
exceptio of Fig. 1, which agree with the resuls we obtain
using the equatiors in Table 1). In our work, we hawe used
the equatiors appearig in Table 1 of Luo and Rudy
(1991).°°

Numerica | methods

We simulat a two-dimensionhshed of isotroptc ven-
tricular musck using the cabke equations

FAVAR LY,
( : 1)

V
22 a_yz):PSv(CmE'Hion

wherrV isthe transmembrampotentid (mV), |5, isthe total
ionic currert (wA cm™?), t istime (m9), x and y are spatial
coordinats in the she¢ (cm), C,, is the specifc membrane
capacitane (1 uF cm ?), p is the bulk cytoplasmic resistiv-
ity (02 kQcm), S, is the surface-to-volura ratio
(5000 cm™1). An explicit Euler schene is usel for the nu-
mericd integration of Eq. (1),
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Vioqj(D) =2V j(1) + V(1)
AX?
N Vij—1() =2V (1) + Vi j11(1)
Ay?
Vi (t+ A=V (1)
=pS,Cn — 3 T PSilion(), @

whete Vj; is the voltage of the elemert located at noce (i, j),

Ax ard Ay are the spatid step sizes ard At is the temporal
step size In iterating from time t to time (t+ At), 1,5 in Eq.
(2) is calculatel from V(t) and the activation ard inactiva-
tion variablesé; evaluate at time t+ At,

E(t+ A =¢&() —[£()— &(1)]e™ 4T, ()

whereé;(«) isthe steady-stator asymptott value of & and
7; is the time constan of ¢;, both of which are functions of
V. Both &;() and 7; are stored in a look-up table using
incremensinV of 0.2 mV, ard linear interpolation is used to
obtai the values on the right-hard side of Eq. (3). A simple
forward Euler schene is usal to evaluaé the internd cal-
cium concentratia ([Ca"*];),

diCa™"Ji(t) AL

[Ca" Ji(t+AD=[Ca" |y + ———— AL (4

We use a 100X100 grid, with Ax=Ay=0.025
cm 29:33:3838The gsheg size is thus 2.5 cmx 2.5 cm. The space
constamn (\) her at [K*],=54 mM is 0.6 mm, calculated
from the formula for a one-dimensiorla cabke [\
=(Rn/pS,)Y? wher R,, is the membrae resistane (3.55
kQ cm?)]. We use an integration stegp size At of 0.025
ms 3338 With thes parametersthe linear stability criterion
for the explicit Euler scheme which is (Ax)%/At>4D,
where D= (pS,C) =103 cn? ms ! is the diffusion coef-
ficient, is satisfied’* Using our integration schemethe maxi-
mum upstrole velocity is 300V s~ for a propagatd planar
wawve front in an infinitely restel sheet Neumam boundary
conditiors (i.e., zero-curreh flux acros edge of sheet are
used Stimulws pulses are 1 ms in duration 300 xA cm™2 in
amplituce (~twice the diastolc threshold, and applied to
the leftmod column of the sheet unles otherwis stated.

Numericd integration of Eq. (1) using Egs (2)—(4) was
carried out on an SA Indigo-2 workstatio using programs
written in C (16 significant decimd place$. Data was stored
at 5 ms intervak in a disk file, unles indicated otherwise.
Black-and-whie or colou voltage maps (GIF or PPM
format were constructd from this data and downloade to a
Pentium-basé PC. The figures shown belowv were obtained
by printing out the black-and-whi¢ GIF files on a laser
printer (1200 dpi). The PPM files were made into
MPEG-formd movies using the progran CMPEG (version
1.0). The origind color movies can be obtainel from http://
www.physio.mcgill.ca/guevaralabor http://www.aip.org/
epaps/epaps.htif?
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FIG. 1. (a) Time constans for activatian (74) and inactivation (7;) of the
slow inward currert () in the modified LR model (b) Steady-state
curreni—voltage (1V) relationshp of totd currert in origind (broken curve
and modified (solid curve) LR models (c) Steady-stat |V relationshifg of
individud ionic currens in modified LR model (d) Space-clampaction
potentiab in the origind LR modé (trace 1) and in our modified LR model
(trace 2) from infinite-reg initial conditions Trace 3 shows action potential
in the modified modé in steay stae at BCL=75 ms (414 action potential
shown after the stat of the simulation from infinite-reg conditions. Pulse
amplitude=50 wA cm™2, pulse duratin =1ms.

RESULTS
Modificatio n of LR model

Reentrahmotion consistehwith spiral-wae reenty has
bee describel in the intad ventricle®?%?as well asin thin
slices of ventricula musck afew cn? in area?”283072As
with mary othe simulatiors using unmodified ventricular
models!®333536:38ye have nat beer able to obtan main-
tained spird waves in our simulatiors with a 2.5X2.5cm
shee usirg the standad LR model This might be due to the
wavelengh (the produd of conductim velocity ard refrac-
tory period being too large (perhap with respet to the
shee sizeg), as discussd later. Therefore we hawe found it
necessarto modify the LR modéd in orde to obtan persis-
tent spiral-wae activity.

Perhap the majar deficieng of the LR model which is
a modification of the BR model| is in its descriptiom of the
slow inward calcium currert | ;, which was carried over un-
changé from the BR model It has been known for a long
time that the time constars of activation (74) and inactiva-
tion (7;) are unrealisticaly long in the BR mode| being
much large in the modd than in the experiment®’* We
thus divide both of thes time constarg by a factar of 12 in
orde to bring them close to the experimentall described
values This strategy has bee previousy usal to obtan per-
sistert spiral-wa\e activity in modek of the BR type 3333842
The modified 74 and 7; curves [Fig. 1(a)] are then more
consisten with the experimenth dat (experiment: 74
=2-5ms, 7:=10-50ms (Refs 74 ard 75); model: 74
=27msa —35mV ard 15 msat 10 mV, ;=114 ms at
—20mV anrd 28.3 ms at 10 mV). However with this modi-
fication the voltage then “hangs up” in the plateal range of
potentials so tha the action potentid duration (APD) re-
mairs essentialf unchangedTo redue@ the APD so as to
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allow sustaind spiral-wae activity, we are forced to mace a

secom modification which is to multiply the background
current () by afactar of 1.5, resulting in more repolarizing
current in the plateas range of potentiaé [Figs 1(b) and
1(c)]. Furthe justification for modifying |, in particular at

this stage can be found in the Discussim below. The steady-
stak currert voltage (IV) relationshp in the modified model
[the solid curve in Fig. 1(b)] is then nat too differert from

that of the unmodifiel modé (broken curve), resembliny that
typicd of ventricula muscle’® Figure 1(d) shows tha the

space-clampbaction potentid from infinite-reg initial con-

ditions is markedy reduca in duratian in our modified LR

mode (trace 2) with respetto the origind LR modé (trace

1).

Restitution , dispersion , and wavelengt h in
homogeneou s sheet

For any sott of sustaind reentrah motion (e.g, circus
movementspird wave to exist it is clea tha an activated
area mug hawe time to recove (“come out of refractori-
ness”) befor it is invadal onee again>’® In a classic
“head-eat-tail' circus-movemencircuit,”®’”"8the minimal
pathlengh tha will theoreticaly allow this to occur is thus
given by the produd of the conductia velocity ard the mini-
mum time possibé betwea two successig activations,
which is termal the refractoy period This minimd path-
length is called the wavelengh (\). The two mog important
parametes controlling reenty are thus the conductia veloc-
ity and the refractoy period [Note tha wavelengh as de-
fined her is the wavelengh of a plana wave and not the
wavelengh of a spird wawve (“spiral wavelength’).]

It is clea from prior modelirg work in simplified excit-
able meda tha the circus-movemenand spiral-wae forms
of reenty are related’® It has been found that the wavelength
measurd during fag pacirg is comparal# to the size of the
reentram circuit in “leading-circle” reentry’® which was
initially describel in atrid musclé’ and subsequenyl iden-
tified as spiral wave in origin4156® Both the
circus-movemefi? ard spiral-wawe (e.g, Ref 27) forms of
reenty can produe tachycardialt is well known in ven-
tricular musck tha decreasig the intervd betwea stimuli
(the bast cycle length or BCL) usualy resulsin afall in the
APD and the refractory period [compare trace 3
(BCL=75msy) with trace 2(BCL=») in Fig. 1(d)], as well
as in the conductia velocity 228! Both of thes changs con-
tribute to a fall in wavelength Since we shal be producing
spird waves by systematicall decreasig the BCL, we
therefoe mace asystemat: survey of how APD, conduction
velocity, and wavelengh are influencel by BCL in our
modified LR model.

A homogeneosishee was first pacal at BCL=1000 ms.
The APD ard conductia velocity were measurd in the cen-
ter of the sheet The wavelengh was then calculatedreplac-
ing the refractoy periad with APD, since the two are very
close The BCL was then systematicajl lowered in a step-
wise fashion until propagatio failed at BCL=69 ms. Figure
2(a) shows the APD restitution curve Fig. 2(b) shows the
velocity dispersim curve ard Fig. 2(c) shows the wave-
lengh curve At the shorte BCLs, the curvesin Fig. 2 are all
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FIG. 2. (a) Action-potentid duratian (APD) restitution curve APD defined
asthe time from —20 mV on the upstrole of an action potentid to —80 mV

on the repolarizirg limb of action potential (b) Velocity dispersia curve.
Conductia velocity calculatel from the time betwea the onse of a stimu-
lus pulse and crossimg of —20 mV in the elemen in the cente of the sheet.
(c) Wavelengh curve Computel as the produd of APD ard velocity. Initial

conditiors obtaina by settirg variables a ead elemen of the she¢ to

steady-stat values appropria¢ to a space-clampe cel at t=—1000 ms,

ard then leaving the sheé to asymptotical}y approab the steag stat over
the next 1000 ms Pacirg protocol BCL=1000 ms (three cycles delivered,

800-300 s (two cycles at each BCL), 200-70 (five cycles at eadh BCL).

Stimuli [curren pulses of duratim 1 ms ard amplituce 300 uA cm™2

(~twice the diastolic threshotl amplitude] applied to the columm of ele-
mens at the left edge of the sheet Data points in this simulatin are stored
every 1.0 ms.

velry close to the curves found in guinea-py ventricula epi-
cardium at an externa calcium concentratia ([Ca"*],) of
1.25 mm.%

Spiral wave in a homogeneou s sheet of muscle

Our modificatiors to the LR modé resut in a reduction
of APD and wavelength thus permitting persisteh spiral-
wavwe activity in our 2.5 cmx2.5 cm sheet Figures 3(a)—3(h)
showv a spird wave induceal by a modified crossed-gradient
protocol™® " in which the left edge of the she¢ is stimulated
at t=0 ms with the first stimulus (S,), and the entire upper-
left quadran®® is stimulatel at t=180ms with a second
stimulus (S,). The periad of rotation of the spird wave is
~75 ms, with the action potentia sufficiently away from the
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core (the centrd area not activatal on a given turn of the
spird wave resembliig that shown in Fig. 1(d) (trace 3).

While the spird wave persisté to the end of the com-
putatian (t=500 mg), there was meande in the position of
itstip. The position of the tip was estimate by eye and Figs.
3(i)=3(l) show the trajectoy of the tip for severhasuccessive
turns of the spird wave midway throudh the computation.
With the exceptim of a brief transiem probaby due to initial
conditions the tip stayel in the sane generd area visited in
Fig. 3 for the ~ 70 turns tha the spird wave mace during the
5000 ms simulation.

Type | spiral wave in an inhomogeneou s sheet of
muscle

As mentionel in the Introduction ischema resuls in
depolarizatio of the restig membrae potential fall in
overshoo potentida and amplitude shorteniny of the APD,
slowing of the upstrole velocity and conductian velocity,
ard the appearaneof post-repolarizatio refractorinessPer-
haps the single mog importart factar in producirg thes al-
teratiors in the action potentia is the ischemia-induce el-
evatim of [K'],.828 We therefoe modéd the effed of
regiona ischema by simply raising [K™], in a delimited
subsectia of an otherwig homogeneosisheet.

Figure 4 shows the voltage in a restirg inhomogeneous
shee incorporatig a 0.75 cmx0.75 cm ischemc area This
simulatel ischeme area is visible at the bottam of the sheet,
ard is lighter in color than the normd area becaus the rest-
ing potentiad is depolarizel to abot —50mV as a conse-
guene of [K*], being s& equd to 20 mM in tha area In
contrast, the resting potential in the normal area
((K*],=5.4 mM) is —87 mV. We chos 20 mM since this is
toward the uppe limit of the range measurd in the ischemic
area during the acue phag of experimenth myocardial
ischemia®? Due to the existene of electrotong interactions,
we obtainal approximag initial conditiors by the following
procedureat t=—1000 ms variables for eat elemen in the
normd (resp, ischemig¢ area were s equa to the steady-
stak space-clampk values appropria¢ to [K*],=54 mM
(resp, 20 mM). The simulatian of the she¢ was then run for
100 ms to allow electroton¢ interactiors to occur This
produce aspatially extendd borde zore centere on the
demarcatia line betwe@ normd ard ischeme tissie (Fig. 4
shows the situatian at t=0 ms). Within this borde zore (ef-
fectively a few spa@ constans wide), ther is a spatiad gra-
dient in the voltage and othe variables The gradiert in volt-
age is manifeste in the fuzzines of the bordes of the
ischemc area in Fig. 4. The values of the variables describ-
ing the stae of ead elemen in the she¢ at t=0ms were
then taken as initial conditiors for the simulatiors we shall
now present.

It has been known for a long time tha electrica stimu-
lation can be usal to provolke tachyarrhythmia sud as ta-
chycarda and fibrillation in both healtty and ischemic
hearts Indeed there are severa protocok by which this is
routinely accomplishd in patiens undergoiry electrophysi-
ologicd investigatio of their arrhythmiase.g, a single ex-
trastimuls (S;—S, protocol sudh as tha usa in Fig. 3),
multiple extrastimui (e.g, S;—S,—S; protoco), ranp pacing
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FIG. 3. (a)—(h) One rotation of a spird wave in ahomogeneasishee describe by modified LR model Time after the stat of the simulation (a) 910 ms (b)
930 ms (c) 940 ms (d) 950 ms (e) 960 ms (f) 970 ms (g) 980 ms ard (h) 990 ms The spird wawe is inducel by a two-pul (S,—S,) crossed-gradient
protocol with the first stimulws (S;) delivera to the leftmod colurm of elemens at t=0ms and a secom stimulus (S,) delivera to all elemens in the
upper-lef quadran of the she¢ at t=180ms Stimuli are currert pulses of durati;m 1 ms ard amplituce 300 A cm™2 (~twice the diastolc threshold
amplitudg. The sane initial conditiors are useal as in Fig. 2. The gray scak at the bottam gives transmembraapotential (i)—(l): Tip trajectoy (estimatel by
hand-and-eyeplotted every 5 ms (filled circles). First point plotted is for t=2000 ms in (i). The white circle indicated by the arrow in pané (a) above

indicates estimae of the tip-position Arrowsin eat pané indicat startirg point and direction of trajectoy [datis continuows from (i) throudh (I)]. Note that
only a pat of the entire shee is shown.
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FIG. 4. Restirg potentid in an inhomogeneasishe¢ containirg simulated
ischeme area with [K*],=20 mM (the lighter area a the bottan of the
sheel. In the reg of the sheé¢ (“normal area”), [K™],=5.4 mM. Initial
conditiors obtainel as describe in the text.

(gradualy decreasig BCL), decrementapacing (a stepwise
decreas in BCL), and burd pacirg (a few stimuli at a very
shot BCL). Here we use decrementapacing which will
resut in aprogressie reduction in the wavelengh as BCL is
decrease [Fig. 2(c)], and so promot the inductian of reen-
trart motions.

The resting inhomogeneasi shee of Fig. 4 is periodi-
cally pacel with atrain of curren pulses applied to the left-
hard row of elemens in the sheet The BCL is held constant
for 1 to 20 pacirg intervals and then suddeny steppé to a
shorte interval Figures 5(a)-5(d) show the propagatio of
the action potentia elicited by the first stimulus The [K*],
is sufficiently high (20 mM) so tha there is block of propa-
gation of the action potentid into the ischemc area [Fig.
5(a)]. The activation wave front thus breals as it encounters
the ischemc area developimg a“fre eend” or “broken end”
tha attachs or anchorg® to the borde betwe® normd and
ischemc tisste [Figs 5(a) and 5(b)]. This free end which
somewharesembls a spird tip (arrow in Fig. 5(b)], curves
arourd the inexcitabk obstack [Fig. 5(b)] and propagates
out of the bottam of the sheet Repolarizatio stars at the
left-hard borde of the ischeme area [Fig. 5(c)] and the re-
polarizatiom wave front then spread out in a more-or-less
radid direction from the ischemc area [Fig. 5(d)].

The BCL was initially 180 ms ard was reducel step-
wise to 150, 120, 100, 90, 80, 74, ard finally 71 ms Figures
5(e)-5(h) show the propagatio of the activation wawve front
of the third action potentid at BCL=71 ms The conduction
velocity is slowed with respet to tha of the first action
potentia [Figs. 5(a)—5(d)] becaus of the presene now of a
ratheg shot excitabk gap betwea this action potentid and
theimmediatey precedig one[Figs 5(e)—5(g)]. Aswith the
first action potentia [Figs 5(a) and 5(b)], the mog curved
paitt of the wave front—agan resemblirg aspird tip—firmly
anchos within the borde zore betwea the normd and is-
chemt area as the action potentid propagate along the top
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FIG. 5. Type | spird wawve in an inhomogeneosishe¢ ((K*],=20 mM in
the ischemc area. Spird wave (type |) producel by the decrementiapacing
protocol See the text for a further description Time after the stat of the
simulation (a) 15 ms (b) 30 ms (c) 95 ms (d) 120 ms (e) 276 ms (f)
2775 ms (g) 278 ms, (h) 2800 ms (i) 3120 ms (j) 3145 ms (k) 3150 ms,
(I) 31% ms (m) 3190 ms, (n) 3206 ms, (0) 3215 ms (p) 3225 ms, (g) 3400
ms, (r) 3406 ms (s) 3430 ms ard (t) 345 ms.

[Figs 5(e) and 5(f)] and the right-hard [ Figs 5(g) and 5(h)]
margirs of the ischemt area eventualy propagatig out of
the bottan edge of the sheet Figures 5(i)-5(I) shav the
propagatio of the activatian wave front of the eighh action
potentid at BCL=71 ms. Note tha the activaticn wave front
has now definitely separatd or detachd from the border
zone ard its free-em beas an even close resemblaneto a
spird tip. Thetip then travekin the retrograe direction (i.e.,
right to left), eventualy encounterig the right-hard border
zone anchorimg theren [resultirg in a situatian similar to
that depictal in Fig. 5(h)]. As stimulatian is continued there
is a progressie beat-to-benincreag in the degree of sepa-
ration [Figs 5(m)—5(p) shav the ninth beaj, but the tip still
always eventualy anchos alorg the right-hard borde of the
ischemt area Finally, the degres of separatiao becoms suf-
ficiently grea by the 11th bed tha therr is sufficiert room
for the spird tip to avoid contad¢ with the right-hard border
of theischemc area as it rotates in the clockwise direction It
thus avoids becomimg anchore within the borde zong and
insteal rotates up into the upper-righ quadran of the sheet.
A sustaind spird wave—vey similar to tha see in the
homogeneosi she¢ (Fig. 3)—is then formed with its core
lying wholly within the normd tisste in the upper-right
qguadran of the sheet Figures 5(q)—5(t) show the first tumn of
the spird wave which last until the end of the computation,
making abou ten turns Note that there is no activatin by
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FIG. 6. Evens precedig the induction of a type | spird wavwe (K*],
=20 mM in the ischemc area. Note the beat-to-betdecreas in the length
of the excitabk gap ard the beat-to-betnincreae in the curvatue of the
activation and repolarizatio wawe fronts (a) The 19th action potentid at
BCL=74ms (b)—(h) the 5th—11th action potentiat at BCL=71ms See
the text for a further discussion Time after the stat of the simulation (a)
248 ms, (b) 2920 ms (c) 2990 ms, (d) 3060 ms, (e) 3130 ms (f) 3200 ms,
(g) 3270 ms, ard (h) 3340 ms.

the spird wawe of the ischemt area which remairsin astate
of complet block We refer to this type of spird wave,
whose core lies within the normd area as atype | spiral
wave to distinguis it from anothe form of spird wave
(“type II"” ) tha we shal encounte later.

Mechanis m of inductio n of type | spiral wave at
[K*],=20 mM

Figure 6 shows frames taken at approximate} equiva-
lent times for eight different action potentiab when
[K*],=20 mM in the ischemt area precediny induction of
the type | spird wawe of Fig. 5. It is clea tha ther is a
comple beat-to-bet positive feedbak process involving
accumulatio of refractorinessdecreas in the width of the
excitabk ggp (both spatid ard tempora), decreas in con-
duction velocity, ard changs in the shag (especialy curva-
ture) of activatian and repolarizatim wave fronts (mog no-
tably in the neighborhod of the upper-right-had corne of
the ischemt area. Thes factors all work to eventué block
propagatio “around the corner’ of the ischemc area but
nat in the upward-and-to-the-righdirection This can be ap-
preciatel quite nicely in Fig. 6(h) [Figs 6(b)—6(h) showv the
lag seven pacal action potential§, wher there is virtually
no excitabk gap left betwea the bulge of the wave front that
will becone the spird tip and the repolarization wave front
of the immediatey precedirg action potential.

Type Il spiral wave in an inhomogeneou s sheet of
muscle

During the first few minutes of regiond myocardid is-
chemia there is a gradua rise in [K*], to levels as high as
20 mM.®2 Due to the prohibitively large computationkre-
guirements we did not systematicajl explor the entire
range of [K*], encounteré during ischema (5.4-20 mM).
However Fig. 7 shows a simulatian in which [K*], is s to
105 mM in the ischemc area and the BCL is lowered step-
wise from 180 msto 150, 120, 100, 90, 80, 74, ard 71 ms At
this leve of [K*],, the restirg potentid is —68 mV, which
is less depolarizé than at [K " ],=20 mM, so tha the activa-
tion
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FIG. 7. A type Il spird wave in an inhomogeneosishe¢ (K" ],=105mM
in the ischeme area. The spird wawe (type II) produce by decremental
pacirg protocol See the text for a further description Time after the stat of
the simulation (a) 975 ms, (b) 985 ms, (c) 1010 ms, (d) 1020 ms, (e) 2090
ms, (f) 2096 ms (g) 2106 ms (h) 2125 ms (i) 238 ms (j) 23% ms (k)
2406 ms (1) 2415 ms (m) 2475 ms, (n) 24% ms, (0) 2506 ms (p) 2510 ms,
(q) 2610 ms (r) 2620 ms, (s) 2630 ms, ard (t) 2640 ms.

wave front now propagate successfull throuch the is-
chemt area for all beas when the BCL is sufficiently large
(=80mg), althoudh the conduction velocity increasingly
slows in both the normd and the ischemt area as BCL is
decreasedThus for the fourth bea at BCL=80 ms, a bulge
now appeas in this wave front [the arrow in Fig. 7(b)],
where a free end previousy appeard when [K*], was 20
mM in the ischemt area [see e.g, Fig. 5(b)]. As when
[K*],=20 mM, the repolarizatim wave spread out radially
from the left-hard edge of the ischemc area but the is-
chemt area itseff now repolarizes first [Figs 7(c) ard 7(d)],
since the APD there is shorte than in the normd area (~45
vs. ~70 ms). When BCL isreducel from 80 to 74 ms, there
begirs to be block of propagatio through the lower patt of
the ischemc area not evely wawve front traveling in the is-
chemt area penetrateall the way throudh to the lower right-
hard borde of the ischemc area There is thus “exit block”
out of the lower pait of the ischemc area The normd area
adjacen to the lower right-hard borde is then activatel by
the wave front tha swees arourd the upper-righ corne of
the ischemc area As BCL is steppd from 74 to 71 ms the
first action potentid propagate throuch the ischemc area
[an activation sequene similar to tha shown in Figs 7(a)—
7(d)], but the secomnl and third beas show exit block On the
fourth beat for the first time in the simulation we now see
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entrane block the middle of the activation wave front

breals and does nat invade the centrd patt of the left edge of

the ischeme area (“partial entrane block”). On the sixth

beat ther is complet entrane block into the ischemc area
acros its left bounday [Figs 7(e) and 7(f)]. The lower part
of the ischemt area is, however now, for the first time,

partially invadel by retrogra@ propagatio enterirg from the
top borde [Figs 7(f) ard 7(g)]. On the tenh bed [Figs.

7(i)=7(1)] there is complet entrane block acros the left and
top bordes of the ischemc area The size of the retrograde
activatian wawve front grows [Figs 7(j)—7(1)], with increasing
penetratia into the ischeme area until the point comes
whet the 11th and lag stimulus resuls in a wave front that
penetrate the ischemc area completey in the retrograe di-

rection [Figs 7(m)—7(0)], emergimy into the normad area ad-

jacen to the left-hard borde of the ischemc area[Fig. 7(p)].

This spird wave makes two turns before being extinguished,
with the secoml turn retograde} traveling throuch the is-

chemt area in a fashim similar to the first turn. Figures
7(9)-7(t) shawv the erd of the secoml turn, which dies out

after the spird tip collides with the bottam bounday [Fig.

7]

In an intad heart eadt of the two nondriven beas would
be identified from the electrocardiogna as aventricula ex-
trasystoé or prematue ventricula contraction (PVC), and a
mappirg study would recod them as emergirg from the is-
chemt area It is well known tha suc prematue beas can
induce ventricula fibrillation, in which the normad tissue sur-
roundirg the ischemt area is involved®® We refer to this
form of spird wawve whos initiation involves retrograde
propagatio through the ischemc area as atype Il spiral
wave to distinguid it from the type | spird wave described
earlier, which does nat involve sud retrogra@ propagation.
It is possibé to obtan more than two turns of the type Il
spird wave (see the Discussion.

In the computatios of Fig. 7 (and Fig. 8 below), the
stimulus amplituce is increasd to 600 A cm™2, because
the stimulws is nat always able to produ® a propagatd re-

spong at our standad value of 300 uA cm™2.

FIG. 8. Evens precedirg induction of a type | spird wave ((K*],=10.5
mM in the ischeme areg. (a)—(h) The 6th—13th action potentias at
BCL=71 ms Seethetext for afurther discussionTime after the stat of the
simulation (a) 20% ms, (b) 2170 ms, (c) 2240 ms, (d) 2310 ms, (e) 2380
ms (f) 245 ms (g) 2520 ms (h) 2590 ms.
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Type | spiral wave at [K*],=10.5 mM

Shoul additiona stimuli be injected beyord the point in
time at which stimulation was stoppel in Fig. 7, the type Il
spird wave will nat be produced since ead of thes addi-
tiond stimuli produce an anterograd wave front tha col-
lides with the retrograé wawe front resulting from the im-
mediatey precedilg stimulus Instead with continued
stimulation a type | spird wave eventualy forms Figure 8
shows the sequene of evens leadirg up to the formation of
the type | spird wawe at [K*],=105 mM. Once the point in
time is passd at which a type Il spird wave would start
shout stimulatian be stoppé (e.g, the wave front shown in
Fig. 8(f) would form atype Il spird wave), the anterograde
wave fronts traveling in the ischemc area collide with retro-
grack wave fronts producirg an area of complet block for
the nex beat In addition the wave front traveling in the
normd areain Fig. 8(g) is blocked from traveling downward
ard to the right by the refractorines left in the wake of the
precedirg action potentid (which retrogradeg} invadal the
ischemc area, ard so is forced to travd upwad ard to the
right [Fig. 8(h)]. The wave front shown in Fig. 8(h) thus
evolvesinto atype | spird wawe tha is similar to tha see at
[K™],=20 mM [Figs 5(q)-5(1)], excep tha the ischemic
area which is now no longe inexcitabe at [K™],
=105 mM, is activatal on ead turn of the spird wave.

DISCUSSION
Modification s to LR model

The LR modd has three improvemend over the BR
modeé from which it was modified (i) a faster more realis-
tic, upstrole velocity due to the incorporation of a revised
descriptian of the fag inward sodium currert | ,; (i) amore
accurag¢ descriptiomn of the inwardly rectifying potassium
currert |4, which involves the introductin of the plateau
potassim currert |y, ; (i) the introduction of [KJ] as a
parameter.

We change three parametegin the standad LR model:
the time constars for activation (74) ard inactivation (7¢) of
the slow inward current (lg) are divided by a factar of 12,
ard the backgroun current (1) is multiplied by a factar of
1.5 As detailed above the two changs to | are well justi-
fied, base& on the resuls of more recen voltage-clamp ex-
perimens on the kinetics of the L-type calcium currert | ¢, .
However this modificatian on its own resuls in an APD that
is too long to suppot a maintainel spird wave The other
currens in the LR modé are ly,, Ik, ki, lkp, and Iy.
Since the descriptiors of Iy, Ik, Iki, and Iy, are quite
plausibk in the standad LR model we decidel to modify
I ,—which is anywgy a composie currert representig the
hodgepodg of otha currens left in the cel (e.g, Na—K
punp curren} ona one takes into accout the othe currents
included in the model—b redue the APD to a workable
level.

The maja deficiengy in our modified modé is in the
shae of the action potential From infinite-reg initial condi-
tions the plateas pha® is much depressé [trace 2 of Fig.
1(d)], startirg out abou 30 mV hyperpolarize with respect
to tha of the unmodified LR modé [trace 1 of Fig. 1(d)]. A
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triangula action potentid morphology with complet loss of

the plateas phase similar to tha sea in our modified model
[trace 3in Fig. 1(d)], is also seen in sonme experimenth(e.g.,
Refs 27, 72) and modelirg (e.g, Ref 36) work on spiral
waves The existene of a nice plateal pha in the unmodi-
fied LR modé is largely due to the fact tha | persiss into

that phase which is, in turn, a consequereof its artefactu-
ally slow inactivation carried over unchangd from the BR

model The othe first-generatio modek also hawe a pro-
longd | pha® tha serves to suppot the plateau The
second-generatiomodek employ eitha a long-lasting sus-
tained componenof the Ca™* current (termed I o, O | cat

insteal of |) or the Nat—Ca" " exchang currert | y,c,to

sustai the plateas phasé’ While action-potential-clam ex-
perimens shav a long-lastig componet when I, is
blocked® the current revealel by thes AP-clanp experi-
mens is the sum of I, and ary Ca"“-activatel currents
(especial | yaca- Theris apressig neal for incorporating
a more accura¢ characterizatio of |y,c,and internd Ca*™*

handlirg into ionic models.

Spiral waves in ioni c model s of homogeneous
preparations

Figure 3 shows a spird wave in a homogeneosi sheet
modela by our modified form of the LR model A main-
tained spird wave—ly which we mean the persistencewith-
out breakup of a single spird wave until the computatio is
terminated—ha previousy been describe in homogeneous
shees of ventricula musck using origind and modified ver-
siors of four differert ionic models the Beelg and Reuter
(1977°° model1%:30:33:363%he Mogul et al. (1984°2 modell’
the Drouhad ard Roberg (1987° (BRDR) model343542
and the Noble et al. (1992)°” model®"**4%We are not aware
of arny publishel repors using the LR model We now go
throuch a detailal comparisa of the resuls of the differ-
ert studies and compae the strategis usel by different au-
thors to obtan maintaine spiral-wa\e activity.

Unlike the case with the Noble et al. (1991) model| the
BR and BRDR modek hawe had to be modified to allow
maintaingl spiral-wawe activity. One stratey adopted
(which we hawe also taken in the BR and BRDR modek has
been to redue the time constantsry and 7 of I, which has
the effect of reducing the APD, and thus the
wavelength?®2%3842The sanre effed is achievel in the BR
mode by reducirg g, usualy in combination with areduc-
tion of gy, to redu@ conductio velocity 2**° The APD of
the spird wave which typically meandersis reducel in
thes cases to 48+3—81+31 ms (Ref 35); <100 ms [see
Fig. 1(b) of Ref. 36], and ~25-200 ms (see Figs 12-14 of
Ref. 38). In the work using the Mogul et al. (1984 model,
[K*], is increasd throughot the entire sheé to 7 mM,
which reduce the wavelengh since both conductian velocity
and APD would presumaby be reduced-’

In one study employirg the BRDR model®* the bulk
resistivity [p in Eqg. (1)] was 10-12 K cm, which is very
much highe than the nomind value of 0.2 k) cm found in
the literature (which is wha we use here. The conduction
velocity of a plane wave at BCL=500ms then falls to

85cms!, which is much lower than the value of
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35-65cm s ! found in the BR, BRDR, LR and Noble et al.
(1991 modebk at a more physiologica value of coupling
resistance33:35.37.38.67.69.708% 1 i experimers on ven-
tricular muscle?829.69808}ence spiral-wave activity can be
seen even thouch the APD is quite long (245 ms at
BCL=500 ms), since the low conductiam velocity brings the
wavelengh down to only ~2.1 cm at BCL=500 ms. During
spiral-wae activity, the APD fell to 96.7+31.3 ms Another
consideratia to be kept in mind when examinirg the results
of this pape is tha the high value of p makes the space
constam (\) very small which in turn then makes the dis-
cretization factar (Ax/\) quite large®

In two studies where the unmodified Noble et al. (1991)
modeP” has been used®’:*° the APD during spiral-wae ac-
tivity is agah quite smal (~100 ard ~120 ms, resp). The
conductim velocity was ~0.4-0.5 m s~ for a solitary wave
in the first study, while it was not reportel in the second
study. The APD at a long BCL is ~150-200 ms in this
guinea-py modé (see Fig. 11 of Ref. 57).

The approximaé periad of spiral-wa\e rotation reported
in thee modeling studies is quite variable =190 ms (Ref.
33), ~300 ms (Ref. 19), 200—235 ms (Ref. 38), 96.7+36.8
ms (Ref. 34), 66117 ms (Ref. 35), 100-110 ms (Ref. 37),
~100 ms (Ref. 39), ard 705 ms (Ref. 42). The periad of
spiral-wae rotation in our modé (~ 75 mg) thus lies toward
the lower erd of the® results presumabt becaue the APD
is alo lower.

The elemens in the spird core are depolarizede.g, at
one site within the core ther is continuos activity resem-
bling a sine-wae oscillating betwee —70 and —40 mV.
Similar activity has been seen in othe modelirg work (e.g.,
Refs 37, 91, and 92) ard in experimers (e.g, Ref. 72). In
contrast in the core of sone atrid rotors one can find dis-
creke electrotont subthreshal evens associatd with block
of propagatia into the cente of the spird wawve from its
periphey (Fig. 2 of Ref 77).

While we hawe focusel abowe on ventricula muscle,
spiral-wae activity has also been describé in modek of
atrid muscle®®%¢ Purkinje fiber'® and the sinoatria node®?

Meander in ionic model s of homogeneous
preparations

The tip of a spird wave can sometims be found to be
following a closal circular or elliptical trajectoy (“fixed
core”). Otherwi® the tip meandersTher hawe bee two
bast types of meandedescribé in systemat studies on the
FitzHugh—Nagurmo (FHN) equations simple meande and
hypercompl& meander? In simple meanderthere is aqua-
siperiodc motion tha arises from a torus bifurcatior?**°
with the tip tracing out a nice regula geometr¢ pattern of-
ten flower-shapd (see e.g, Figs 13-15 in Ref. 32). In hy-
permeandetrthe nice flora patterrs are lost, and replaca by
curves tha are much more irregula (see e.g, Fig. 16 of Ref.
32). It has been shown tha hypermeandein the FHN equa-
tions is chaott at one particula se of parametevalues®®

We know of only two instances in which fixed cores and
simple meande hawe bean unambiguousi describé in ven-
tricular models in the BR modd when both gy, and gg; are
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reducel to approximate} half-norma valuest®*® ard in the

unmodifiel Noble et al. (1991 modef® (see however Ref.

37). In the BR modé modified so that the kinetics of | are

more realistic>*8 one see atrajectoy similar to tha which

we find (Figs. 3 (i)—(I)), which is somewhareminiscemn of

the hypercomplg meande sea in the FHN and Oregonator
equations”? The natue of the bifurcatiors involved in the

transitian from fixed core to simple meande to more com-

plex meande in modek of ventricula musck remairs to be

sortad out, as does the questia as to whethe chaott activity

is present Finally, it is perha of interes$ to note in the

contex of our resuls involving type | spird waves tha a

recen study on the FHN equatiors shows tha the transition
from fixed-cole motion to simple meande i s determine by

the sarre conditiors for the transitian from wave—tip separa-
tion to attachmenof the wawve to the erd of athin ... unex-
citable strip ... .” %7

Spiral waves in experiment s on homogeneous
preparations

Basal on topologicd consideratioa arising from the
phase-resettirespone of limit cycle oscillatorst®’ win-
free suggestd tha a crossed-gradignstimulation protocol
shoutl be capabé of inducing spiral-wae activity in excit-
able cardia tissue This suggestia was first testal in intact
dog ventricle using an array of extracellula recordirg elec-
trodes to recod activatin wave fronts?® Reentrah activity
(mog probaby scrol wawve in origin), which degenerated
into fibrillation, was indeal produced The first few circuits
of reentramactivity followed severhof Winfree's theoretical
predictiors (e.g, re direction of rotatiory amplitude and tim-
ing characteristis of pair of stimuli).

The activatin sequene of crossed-gradient-indudee-
entran activity in thin epicardi& preparatios has also been
mapped usirg eithe a matrix of extracellula electrode® or
the voltage-sensitive-dy fluorescene techniqué?’%72 In
addition spiral-wawe activity has been seen in epicardial
shees in which TTX was addel to redue excitability and
conductim velocity, when the mechanim of initiation in-
volves detachmenfrom an inexcitabk obstacle’® While in
the bulk of thes repors it is not clea how long the spiral
wave lasted in ore lab they persistel for up to an hour?®
When the spird wawe drifts and eventualy anchos to an
inhomogeneit (e.g, asmal artery), the spird wave persists
for an indefinite periad of time.”

In the mog extensie repot on the epicardi& preparation
to date’? the refractoy period was 131 ms and the conduc-
tion velocity 0.1-04 ms ! at BCL=500 ms (see also Table
2 of Ref. 69), thus leadirg to awavelengh of abou 1-5 cm.
The core size was abou 3X 6 mm (hemiaxid lengthg, the
spird period 97-250 ms In our modelirg study the refrac-
tory periad was considerab} shorte (79 ms) and the con-
duction velocity at BCL=500 ms large (60 cms %), lead-
ing to awavelengh (7 cm) that is of abou the sane orde of
magnituek as in the experimenthwork. Our spird rotation
periad (75 ms) is towar the lower end of the experimentally
recorde range and thus the APD during spiral-wa\e reentry
is consideraly} shorter Our core diamete is abou 5 mm,
which agres with experiment.
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Spiral waves in epicardia | preparation s and
ventricula r arrhythmias

It is not clea to us why a maintainel spird wave albeit
often drifting,?”" can be sea in epicardia sheets since
electrica stimulatian of the intad ventricle generaly induces
fibrillation and not monomorpht ventricula tachycardia.
This is true even when the crossed-gradignprotocd is
used?® Ther are severad possibe explanatios for this
discrepancy® 8% 0ne possibilily is tha propagatio in the
epicardid shees might be essentialf two dimensiongland it
has bee recenty shown in modelirg work tha spiral or
scroll-wawe breakup which might be the mechanis under-
lying the transition from tachycarda to fibrillation, is more
likely in three-dimensiorla propagatio than in two-
dimensional  propagation, for identical cell
characteristic§:1°%1%*Anothe possibilily is tha the epicar-
dia preparatios are much more homogeneosithen the in-
tad heat (e.g, the apex-bas gradien is removed, thus
eliminating inhomogeneity-induak breakup Drifting spiral
waves hawe beea sea in relatively homogeneasiepicardial
preparationg/"2as well asin two much more heterogeneous
preparationspieces of ventricula musck coolal to 28 °C—
30 °C, with half of eat preparatio treatel with the drug
quinidinel®? ard the intact ventricle coola to 32 °C.1829 |t
has been suggestd tha spird drift will resut in arrhythmias
resemblily polymorpht ventricula tachycardid® 2 or ven-
tricular fibrillation.?%?* It is well known that there are global
gradiens in the electrophysiologidaproperties of the heart
(e.g, apex-baseendocardim—epicardium and spird drift
can be sea in simple modek with a globd gradient®1%
One way out of this dilemma is to allow tha ventricular
fibrillation is actualy the resut of a single drifting spiral
wave?®?! given tha mog stationay spird waves in experi-
ments with epicardid shees were anchoré to inhomogene-
ites in the preparation, such as “anatomical
discontinuities”?” or “small arteries or band of connective
tissue.” " The stability of spird waves in the opticd studies
on perfusel epicardi& preparatios might be artefactugldue
to inadequat oxygenatiom (leadirg to decreasg APD and
conductia velocity), or pharmacologidaeffecs of the elec-
tromechanich uncouplirg aget DAM (e.g, making APD
smalle and the APD restitution curve less steep (Chialvo,
personh communicatio and Refs 98, 99). However the
last-namé eventualiy does not explan spiral-wawe induc-
tion in one cae where DAM was nat used?® Finally, a re-
cert study repors tha out of a totd of 108 episods of atrial
ard ventricula tachycardh and fibrillation recordel in ava-
riety of preparatios using extracellula recordirg tech-
niques meande of one form or anothe was see in only 11
instancs of the cases where spiral-wae activity continued
for more than two cycles®® In addition the spiral-wae ac-
tivity was transief in thee cases producirg no more than
seven turns before activity was extinguished.

Circus movemen t versu s spiral wave

The diamete of the core of the spird waveis ~5mm in
our modd at a spird periad of ~75 ms which is very com-
parabé with the elliptical core size of 3.1X5.5 mm (hemi-
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axid lengthg reportel in epicardia preparationg? The core
circumferene of ~1.5cm in our modé is also very similar

to the expecté pathlengh of a circus movemen in the
mode| which can be estimatel from the wavelengh at

BCL=75ms to be ~2cm (Fig. 2). Recen experimental
work in guinea-pg ventricke at [Ca" *],=1.25mM shows
that circus movemen reenty with a period of 97+6.2 ms
can be producel arourd an anatomichobstack ~2.5cm in

circumferenc® (see however Ref 104 for a detail@ cri-

tique of this experiment The fact tha this circumferene is

comparal® in size to tha of a spird core mears tha it might
not be eay to distinguis circus movemenmn from spiral-wave
reenty when the grid spacig betwee& measuremenpoints
is relatively coare (~5-10mm), as is comma in whole-
ventricle work (e.g, Ref. 105). In addition a nice spiraling
out of the activatim wawve fronts can be see in

experimentd’ and modeling?% work on circus move-
ments One might also adop the point of view tha a circus
movemetn is aspecid form of spird wave since ther is

clearly a structue analogos to a spird tip anchore on the
circumferene of the obstack in simulatiors carried out on

the FHN equations”? It would therefoe be incorred to infer

the absene of an anatomich obstack simply becaue the
activation wave fronts far from the cente hawe a spiral
shapeln fact, this observatio suggest tha it might be pref-
erabk to ue aless ambiguows term sud as rotor, to de-
scribe wha we hawe been calling spird waves above.

Spiral waves in model s of inhomogeneous
preparations

To date ther hawe bee far fewer articles publishal on
modelirg spiral-wae activity in an excitabke medium with a
localized inhomogeneit or heterogenejt than on modeling
the homogeneosisituation The work on heterogeneaime-
dia in the cardia context startirg over 30 yeas ag and
continuirg up to the presen time, has almog uniformly
involved individuals from the former Soviet
Union2-1329.86.97.16-113 pajakhovsky Krinskii, ard Khol-
opov eleganty usa the simple phenomenologidaconcepts
of conductia velocity, refractoy period ard block to come
to their conclusionsPetros and Fel'd and Shcherbuno et al.
usel electrophysiologidamodels Reshetile et al. usel a
Weiner-tyge model and the mod recen papes hawe em-
ployed the FHN equatiors in twg®6:97:106,109110,112,11%,
threé® ! spatia dimensions.

Type | spiral waves in heterogeneou s preparations
with an impenetrabl e inexcitabl e obstacle

When [K*],=20 mM, the ischemt area is inexcitable,
and one can obtan a type | spird wawve in respons to fast
pacirg (Fig. 5). Figures 5 ard 6 show tha ther is avery
comple spatiotempotafeedba& proces involved in the in-
duction of the type | spird wave There are three stage in
obtainirg a type | spird wave (i) the wave front mug sepa-
rate or detat from the obstack so as to produe a “free
end” or “wave break’ (“wave front separatiori’ or “de-
tachment”); (ii) there mug be enoudn spae for this free end
to devel@ into aspird tip and turn, avoiding reattachmetnor
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anchorimg to the bounday of the ischemc area and (iii) the
normad tisste outsice of the obstack mug be able to support
a maintainel spird wave.

Wavwe front separatia involving an inexcitabk obstacle
has been producel eithe by fag pacirg or by lowering the
excitability of the mediun surroundig the obstacle In all
case reportal to date there is an extremey shap corne at
the distd end of the obstacle The extert to which this type
of geomety occus in cardia tissie is unclear Perhag the
first experimentawork showirg spiral-wawe formation via
wave front separatia was that carried out in the Belousw—
Zhabotinsly (BZ) chemicé reactin subjecté to fast
pacing*®114115Similar activity was later describe in thin
epicardid preparatios of ventricula musck with a piece cut
out so as to provide an inexcitabk anatomich obstacle?®
Pacirg at a very rapid rate (BCL=90-130 ms, which is at
modg 10% abowe the BCL at which propagatio failure oc-
curred resultal in spird waves with a rotation periad of
140+ 19 ms. Modeling studies with the FHN equatiors re-
ported similar phenomena?-11°

A decreas of excitability promotes separatia and
spiral-tip formation in the BZ reactiont!® While a decrease
of excitability in the normd area arourd the obstact leads to
separatia ard spiral-wawe formation in a modé of another
chemicéa reaction (the oxidation of carbax monoxice on a
platinum cataly$ surface, separatio but not spiral-wave
formation was reportel in the accompanyig experiments°
In the epicardi& preparationaddition of TTX, which blocks
I na @rd SO reduce excitability and conductian velocity, pro-
moted separatia (and the formation of a spird wawe that
mack at leag one turn) at amuch longe BCL than needd in
the absene of TTX.?° While wave front separatia was seen
in the accompanyig modelirg work on the LR modé when
excitability was reducel by decreasig gy, it is not clear
whethe a maintainel spird wave was produced?® Earlier
work in simple two-variabke modek of the FHN type, where
the conductane of the fag inward currert was reduced,
showel wave front separatioft’*'8that led to the induction
of a transien spird wavel'’ The mechanim profferaed by
thes authors and othes working with the BZ reactiont®is
tha separatia occus once the wave front curvatue falls
beneat the critical value tha will suppot conduction at
which point there is a retractio or shrinking of the free end
(“lateral instability” 1. More recen work on equatiors of
the FHN type shows that rapid pacirg can lead to separation
ard spiral-tip formation tha can be “chaotic,” with the ac-
tivity “resembling the initial stags of turbulence.”!?°
Quantitatie criteria for wave front separatia from an inex-
citable barrier, basel on the consideratia of charge balance
in the FHN equationshawe been derived!*® with the behav-
ior within the “boundaly layer” immediatey adjacento the
obstack being of critical importance-!?

In our simulatiors involving a systen with normd rest-
ing excitability and conductiam velocity in the nonischemic
area the three majaor requiremerg to obtan wawe front-
separation-induak spiral-wawe formation are a sufficiently
low BCL, a sufficiently large obstacle and a sufficiently
shap corne of the obstacle.

The first majar effea of fag pacirg is to gradualyy de-
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creag excitability, thus allowing the activation wave front to
detad from the obstacle?®72100.110.114.116.12}\y5 othg ma-
jor effecs of fag pacing reducticn of APD and conduction
velocity, are then also crucid in reducirg the wavelengh to
a point tha a spird wave can form—otherwise one might
hawe wave front detachmenalone The obstack mugd also be
sufficiently large ard hawe asufficiently shap corne so asto
allow separatiao ard to give the spird tip sufficiert spae to
turn ard thus avoid reattachmeinto the bounday of the
obstacle?®196:114.115.123y/a hawe nat exploral thee two cri-
teria systematicail becaus of the heaw computationhre-
guirements However we do not ses wave front separation
when the angk of the uppe right-hard corne of the sheg is
increasd from 90° to 135° or when the width of the obstacle
(extensim in the verticd direction is reducel to 0.25 cm.
The influenc of the sharpnes of the corne (and of anisot-
ropy) on the initiation of reenty is discussd in much greater

deph in arecen tutorial/reviev article%*

Type | spiral waves in heterogeneou s preparations
with a penetrabl e inexcitabl e obstacle

Although the ischeme area is inexcitabk in our numeri-
cd experimers at [K*],=20mM (Figs 5 and 6), ther is
still flow of currert acros the ischemc bounday (“pen-
etrable’ obstacle. Our simulatiors are thus nat exactly com-
parabé with the othe works discussd immediatey above,
all of which use “impenetrable’ obstacle with zero-flux
Neumam bounday conditions Use of impenetral# bound-
ary conditiors is only appropria¢ in modelirg the later
stage of myocardi infarction, following cell-to-cel uncou-
pling, cel death and fibrosis If one wishes to simulae the
acue pha® of myocardid ischemiaone mug use penetrable
bounday conditions.

We also carried out othe simulations settirg impen-
etrable rathe than penetrablebounday conditiors alorg the
edges of the ischemc area We find that spiral-wae forma-
tion occus at a slightly lower BCL (75 ms) than when pen-
etrabk bounday conditiors are used with [K*],=20 mM in
the ischemt area (BCL=71 ms). We are nat awae of any
othe simulatiors producirg type | spird waves using a pen-
etrabk inexcitabk obstacle.

There mug also be achang in the BCL at which wave
front-separation-induckspiral-waze formation will occu as
[K™], in the ischemt area is systematical lowered through
values belov 20 mM, due to the fact that in the limit of
[K*], in the ischeme area approachig [K*], in the normal
area wawe front separatia cannad occur, since one then has
a perfecty homogeneosimedium.

Type | spiral waves in heterogeneou s preparations
with an excitabl e obstacle

A type | spird wave can also be producel at
[K*],=105mM, at which levd the ischemt area is not
completey inexcitable but rathe has reducel excitability
(Fig. 8). Unlike the situatian at [K™],=20 mM, wave front
separatia is nat involved We are not awae of ary prior
modelirg work showirg this route to the induction of spiral-
wavwe activity. In one othe study on an excitabk inhomoge-
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neity, which used the FHN modd in a three-dimensional
geomety replicatirg the geomety of the ventricles!!! a
transiern spird wave (more correctly, ascrol ring) tha made
three turns and was then extinguishe was elicited by a
S,—S, protocol This was aconsequenreof a wave brek that
occurral at the ischemc border due to the fact that the re-
fractory periad of the ischemc¢ area (but not that of the nor-
md tissug was longe than the S;S, interval However we
do not know if the mechanim involved there beas ary re-
semblane to that involved in generatig atype | or type Il
spird wawe at [K"],=105mM in our study.

One fadt tha we find particularly intriguing abou the
productian of a type | spird wave at [K*],=105 mM is that
atype Il spird wave will resut shou two fewer stimuli be
delivered (Fig. 7). This phenomeno might be one counter-
patt of the well-known fact that ventricula tachycardia with
different cycle times and morphologis can be provoked in
patiens during electrophysiologidatestirg by changimg the
stimulatian protocol One othe interestimg repot of bistabil-
ity in a cardia contex involving a spird wawe is the coex-
isten@ of a spird wave with a spiral-like circus movement
arourd an anatomichobstacle’®

Type Il spiral waves in heterogeneou s preparations

A type Il spird wawve (Fig. 7) by definition occuss only
when the obstack is excitabk (and thus penetrablg This is
exactly the condition of the ischemc area during the earliest
phase of acue myocardidischemialndeal it is the reduced
excitability and conductia velocity leadirg to block within
the ischemc areatha is commony implicated in the genesis
of ischeme arrhythmiag!®10512-124 ynjdirectiona block is
clearl involved in the induction of the type Il spird wave in
Fig. 7, as in the classt circus movement.

It is well known tha extrasystols or PVCs often origi-
nak eithe from within the ischemc area itseff or from the
immediatey adjacen normd area'?® Our type Il extrasysto-
les arise as a consequere of reenty within the ischemic
areg with activity emergirg from the borde area into the
normd area As in experimenthwork, before extrasystoles
are seen one al obtairs “continuous electrica activity”
throughout the entire diastolic interval (“diastolic
bridgingn)'49,15—127

In our simulatiors of type Il behavior the activation
wave front mud travd alorg the entire length of the top edge
of the ischemt area and tum arourd the upper-righ corner
befor it can ente the ischemc area [Fig. 7(m)]. The situa-
tion is thus similar to tha describé in asimple Wiener-type
mode| where the refractoy periad of the inhomogeneit is
longe than tha of the normd mediun arourd it; the wave
front breals when it encountes the inhomogeneit and then
keeps traveling until the inhomogeneit is out of its refrac-
tory period whereupa the wave front entes the inhomoge-
neity (see Fig. 1 of Ref 108. Similar behavig has been
describe during ischemia®128129Shoutl the lengh of the
ischemc area (extensia in the horizontd direction in Fig. 4)
be increased or [K*], lowered somewhat or both one
might exped the wawve front to ente the ischemc area across
the top edge before it reachs the upper-righ corner In that
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FIG. 9. A multitum type 11 spird wave ((K*],=105 mM in the ischemic
area. The verticd dimensim of the ischeme area is increasd by 0.25 cm

so tha the size of the ischemt area is now 0.75 cmXx1.0 cm. The second
turn of the spird wawe isillustrated The sequene of BCLsisthe sanme asin

Fig. 7.

case aspird wawve similar to that sea in an early simulation
with the FHN equatiors in an inhomogeneasishe¢ might be
produced with the spird tip lying, at lead initially, within
the ischemc area (see Fig. 2 of Ref. 109).

Shout the width of the ischemt area (extensim in ver-
tical direction in Fig. 4) be increasd instead and the zone
placed in the cente of the sheet one can see from asymme-
try argumen tha a pair of counter-rotatig type Il spiral
waves might form **1%° displayirg activity resemblig what
is called “figure-of-eight” reenty commony sea in experi-
menta ischemia?®12° |n this form of reentry there is a
sharel comma pathwa lying within the ischeme area and
the centres of the two spird waves can lie nat muah farther
apat than the diamete of the spiral-wae core*° In the case
of the type | spird wave with this geomety one would
obtain two counter-rotatig spird waves initially with well-

separate cores'®®

Prelud e to inductio n of type Il spiral-wav e activity

The size of the ischemc area is presumabt only one of
the mary parametes (e.g, anothe one being [K*],) that
contrd the numbe of turns mack by the type Il spird wave.
In Fig. 7, the spird wave was transient dying out after only
two turns However it is possibe to obtain longer-lasting
spiral-wae activity. Figure 9 shows an exampé in which
increasimy the verticd extensia of the ischemc¢ areato 1.0
cm from 0.75 cm resulta in the spird wave making nine
turns before being extinguishedIt is our hypothess that as
the size of the ischemct area grows the numbe of nondriven
extrasystols (PVC9 producel in respons to pacirg at a
given rate will gradualy increag until a sustaind type I
spird wave is eventualy formed (see also Kholopov,
1969?). We beliewe tha the increag in the numbe of non-
driven beas with an increasiy size of ischemc area (or
increasimg [K™], in an ischemc area is connectd with the
experimentdf® ard clinical**! observatios that, as ischemia
becomes more profound the frequeng of isolatel PVCs
tends to increaseproducirg “doublets” ard “triplets,’’ until
salves of PVCs occur, followed by a run of ventricula ta-
chycarda tha rapidly degeneratginto fibrillation.

Both entrane and exit block clearly occu within the
ischemt area as the BCL is decreaseé during decremental
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pacirg before the type |l spird wawe is induceal (Fig. 7). We
thus expet that, for a given ischeme zore (i.e., size place-
ment and levd of [K™],), there would be anice bifurcation
sequene sea in the patten of activation shoutl BCL be
held steag for a prolongal enoudn periad of time at each
BCL to allow the determinatio of the steady-stat patten of
activation For example previows modelirg work has shown
that as BCL is decreaseda dired transitian to 2:1 block is
sea in ahomogeneosione-dimensionaPurkinje fiber cable,
and Wenckebach-lik rhythms occu when the cabke is made
heterogeneaiby insertirg a centrd segmeh of diminished
excitabiliy and coupling®®? In a homogeneos one-
dimensiondBR cabk there is a dired transitian to alternans
and then to 2:1 block as BCL is decreaseff’

Wenckebact® % amd 2:1 block!0%122126 55 well as
alternan&®®122123133h5e heen describe in the ischemic
ventricle in the preluce to induction of reentratarrhythmias.
Indeed it has been suggestd tha the detection of subtle
alternais on the ECG can be usel as an index of

vulnerability 13413%

For a type Il spird wave to be induced one mug stop
pacirg after a critical numbe of stimuli; pacirg continued
beyord this point resuls in the collision ard mutud annihi-
lation of the reenterig wave front with the nex stimulated
wawe front (Fig. 8). Analogots behavior producirg “con-
ceale reentry,’ is sea in experimentawork.12%:136

Direction s for the future

Perhag the maja weaknes in our modé is the rather
simplistic description of the borde zore ard the effect of
ischema thereon First, we hawe usal a very shap corner
with a very acue corng angk (90°) to obtain atype | spiral
wave The arrhythmogert potentid of the type | spird wave
will depem on how shap the corng mug be in orde to
obtan that kind of spird wave Secondwhile we use astep
discontinuiy in [K™], at the edee of the ischemc area there
is actually a gradiert in [K*], over a distan@ of ~1cm in
the electrophysiologi borde zone®? Thus in future simula-
tions a graded spatialyy distributed borde zore shoul be
used The decrease excitability presem throughot the bor-
der zore shoutl make wawe front detachmenand type |
spiral-wa\e initiation easie at a longe BCL.2%*5118 There
has been prior work showirg the initiation of a transient
spird wave in a shee¢ with a globd gradient!® and it has
been shown that a drifting spird wave can generat an ECG
resembliny fibrillation.?*2*

Models usal in future simulatiors on ischeme reentry
shoutl incorporae the Na*—K™ pump internd Ca"* dy-
namics and the Na—-Ca exchange (as all the existing
“second-generation’'modeb mentionel abowe presenty do)
becaus of the well-known arrhythmogeri effed of in-
creasd intracellula [Na"] or [Ca""]. In addition the ATP-
activatel K* currert | arp (Ref. 61) and the transiet out-
ward currert |, (Refs 56 and 137) shoul be included in the
model The known pH dependeneof severhof the currents
shoutl also be incorporaté into sucd amodel.

Our modd is for the earlies patt of ischemia—phasla
(2—-10 min post-occlusiop—where changs in intercellular
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FIG. 10. Complex spatiotemporiaactivation patten (([K*],=105 mM in
the ischem€ areq. Stimulatim at BCL=71ms is continual beyord the
point in time at which first a type Il, ard then atype |, spird wave would
hawe been initiated Ischemt area 0.75 cm X 1.0 cm. Stimuli delivered to
the two leftmod columns stimulus amplituce =300 A cm™2,

coupling do not appea to play a majar role in the induction
of reentry**® Modeling of the reentramn arrhythmia occur-
ring in the pha Ib (12—30 min post-occlusioit*® ard in the
later phase Il (several hours to several days
post-infarci'?128 stage of acue myocardia infarction will
necessitat incorporatia into the modé of the changs in
gap—junctiond coupling known to take place!®®* The
slowing of conductia in this settirg will facilitate the induc-
tion and maintenane of reentram activity. Anisotropy, espe-
cially in the setting of slowed conduction is importart in
pha Il arrhythmogenesi¥'® ard so shout definitely be in-
cluded in any modé of late arrhythmia [ see however Win-
free (1997%4.

In our simulations the ionic modd was modified in or-
der to lower the APD ard thus the wavelengh sufficiently to
obtan a sustaind spird wave Increass in computational
powea will permi simulatiors in a sheé large enoudy to
suppot reentrah activity with a longe wavelength In a
modé with alonge wavelengththe maintaine type | spiral
wave we descrile here in the normd area might bre& up
into the more complicatel patten of irregularly circulating
multiple spird waves which might be aform of spatiotem-
pord chaos®>'#11%2 |Indeed we hawe alread sea very
irregula activity when pacirg is continuel at [K*],
=105 mM beyord the point in time at which atype | spiral
wawve would form (Fig. 10). Ther is acontinua production
of new activaticn wave fronts (e.g, a blob alorg the right
marghn of the ischeme areain Fig. 10(b), which is travelling
downward is abou to pinch off), with up to four wave fronts
simultaneousl existing on the sheé¢ [Fig. 10(c)]. Use of a
large shee will also allow a scalirg up of the size of the
ischemc area which will then permt observatio of the phe-
nomera we descrile above but with a longe APD ard a
longe spiral-rotation period both of which would be more
characteristi of reenty in the canine*??'*3 porcine'® or
humart** ventricle This will then open up the doa to ex-
ploring spontaneoslinitiation of spird waves—whi& might
then rapidly bre&k up?®—at a normd heat rate which is
presumaly the mechanim underlyirg the malignan ven-
tricular arrhythmia sean during the naturd history of acute
myocardid infarction.
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