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Interactions between stable spiral waves with different frequencies in cardiac tissue
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Using simulations of inhomogeneous cardiac tissue, we investigated interactions between multiple stable
spiral waves of different frequencies. We found that spiral waves with slower frequéluciger periodsare
swept away by the fastest spiral wave. For a system in which two spiral waves with different frequencies are
initiated, the rate at which the slower spiral wave is terminated is proportional to the inverse of the frequency
difference. This suggests that the conjectured state of multiple stable spiral waves with distinct frequencies
cannot exist in cardiac tissue with homogeneous conduction propg&iE363-651X99)01702-X

PACS numbds): 87.10+¢€, 05.45-a, 87.17.Aa

Reentrant excitation, in which a wave of excitation “re- s the slow inward C& current; | = GXx(V—77) is the
enters” territory it has preViOUSIy eXCited, is Clinica”y the time_dependent outward kcurrent; and|Kl, |Kp, and|b,
most important mechanism of cardiac arrhythmias. Reentraighich are solely functions o¥/, are the time-independent
spiral waves as a substrate of cardiac arrhythmias were firgjytward K* current, platealk = current, and background
predicted in theoretical cardiac moddls—10, and have cyrent, respectivelym, h, j, d, f andx are gating variables,
been observed experimentally in real cardiac tifdle-13. g governed by the same type of linear ordinary differential
In cardiac fibrillation, electrical activity becomes complex equation. For details of the equations and functions see Ref.

and disordered. The precise nature of the activity underlyin ; . _ = _
this disordered state is controversial. Winfiéd] suggested ?18]' In_ou_r simulations Wi S6Bna= 23 MS/F, Gk O'_282
that fibrillation could be modeled as “several pinned ro-MS/F, Gsi=0mS/F, andj=1. These parameters yield a

tors.” Studying a homogeneous excitable medium based ofi{aP!e spiral wave in homogeneous tissue. We integrated Eq.
the FitzHugh-Nagumo moddll5], Winfree found that the (1) in a square sheet of tissue with no-flux boundary condi-

model was capable of producing stable spiral wagestable  UONS: VI 9X|y=0= VI X[y~ = VI dYly—o= VIdy|y- =0,
spiral wave is defined as a spiral wave with a circular tipwhereL is the tissue length. We used a well-known operator

trajectory and constant period throughout this papeth  SPlitting method 19] with a variable time stef0.01-0.1 ms
two different frequencies for the same parameter valuedC integrate the equations numerically, with a space step of
However, when two spiral waves with different frequencieso'025 cm. ) ) .

were induced in the same tissue, interactions between them 10 reflect the electrophysiological heterogeneity of the
always led to conversion of the slower spiral wave to the'®@l tissue, in which there is regional variation in cycle
faster frequency. Legl6] also found that a stable spiral !engths, we mo+d|f|ed the maximum conductange of_the time-
wave and a focal excitation producing a target wave with dndependentK™ current ly,, whose equation isly;
different frequency could not coexist. In a recent study of the= Ga(V —Vi1). Gyq was modified to be a function of loca-
complex Ginzburg-Landau equation in a weak inhomogetion within the tissue. In the original modeG,,=0.6047
neous domaifjl17], a fa;ter spiral wave was found to SUP- mS/F. Here we choosB4(x,y) as

press slower ones. While these results suggest that this phe-

nomenon may occur generically, it i§ nqt cIear Whgther 0.6047 MSIF, x<L/2y<L/2

multiple stable spiral waves can coexist in cardiac tissue. 0.5140 MSIF, x<L/2y>L/2

Here we further study interactions between stable spiral Gri(X,y)= 2)
waves with different frequencies in a two-dimensional inho- 0.4233 mS/F, x>L/2y<L/2
mogeneous excitable medium, using a more physiologically 0.3326 mS/F, x>L/2y>L/2.

realistic cardiac model.

Ignoring microscopic cell structure, the electrical impulseThus the action potential duration of cells differs from region
conduction in cardiac tissue can be described by the partiab region, since decreasi@kl prolongs the action potential
differential equation duration. As a consequence, spiral waves in the four regions
have different rotation periods or frequencies.

The interaction over time of four stable spiral waves ini-
tiated in the four regions a-d) of the tissue (7.5
X 7.5cnf) is shown in Fig. 1a). Initially, the four spiral

VI gt=—1n/Cpyt DV2V, (1)

whereV is the membrane voltagenV), C,,=1Fcm ? is
]E.h? mtelmbr_alne i‘r‘llp‘f:tazfe’: Jrllcmzsl IS tht‘; d'Ifl:S:on ﬁolef- waves coexist. Then the slowest spiral wave in dhregion
Ic1ent. Tion=InaTlsiT Ik TIka T lkp™1p IS the L1l celular o qressively invaded by the other spiral waves with faster

transmembrane ionic current density from the Luo-Rudy,q;vion frequencies. Eventually, the wave fronts of the other

ventricular action potential moddl18]. In,=Gnam®hj(V  spiral waves collide with the tip of the slowest spiral wave,
—54.4) is the fast inward Nacurrent;l;=Gdf(V—Eg)  and drive it to the boundary, where it terminates. In a similar
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I 1 s vt S > FIG. 2. Plot(a) and log-log plot(b) of the termination timeT)
) vs the frequency difference between two stable spiral waves. The

300 20 40 B0 80 00 120 dasheq line inb) is the th_eoretlcal line. The simulation data agree

Beat Number well with the theoretical line.
FIG. 1. Interactions between four stable spiral waves with dif- 1
ferent frequencies in electrophysiologically inhomogeneous tissue. Tt —. (5)
(a) Snapshots at various times after initiatiG@at t=0) of the four [f1— 15|

spiral waves. White indicates depolarized tissue, and black repolar- o .
ized tissue(b) Trajectories of the tips of the four spiral waves over 10 test the above argument, we divided the tiseze, the

time. (c) The cycle lengths near the four cornees-) vs the beat ~ Size is 5.0<5.0 Cﬁ) into two equal parts from the center line
number. The spiral waves with slow frequencies are gradually=L/2. We setG,;=0.6047 mS/uF in the left region, and

pushed to the boundary where they termin_ate. The system eventyxried Ekl in the other region. Therefore, the frequency of
ally selects the frequency of the fastest spiral wave. the spiral wave in the left region was constant, and the fre-

. - . . guency of the spiral wave in the right region varied with
fashion, the slowest of the remaining spiral waves is next- . . . L .
In each simulation, we used identical initial conditions

pushed to the boundary and terminates, and this process %ﬂ : _ ! .

repeated until the system is finally dominated by the fastestrl0 initiate two sp|ra_l waves, so.that the distaren Eq: (4)

spiral wave(with the shortest cycle length or periodnd or all |n|t|ated.sp|rgl waves is nearly constant. Figure 2

selects its unique frequency. shows the relationship between the termination timersus
The motions of the tips of the four spiral waves are also

shown in Fig. 1b). As described above, the tips of all slower t=0.06s  t=0.2s  t=0.4s _t=1.0s (a)

spiral waves drift to the boundary and disappear. The cycle d p “ )

lengths in each regiofmeasured near the four cornever- .

sus the beat number are shown in Fi¢c)1The cycle length c@ a @

of each slower spiral wave is almost constant until the spiral - (b)

wave disappears at the boundary, at which point that region — @&
assumes the shorter cycle length of the fastest spiral wave. 390'\ b
The larger the cycle length difference with respect to the £ Vot —m g
fastest spiral wave, the shorter the time to termination. Sup- £ 70 R e d
pose the cycle lengths of two spiral waves areg(f; § A
=1/T;) andT,(f,=1/T,) (T;<Tp, f,>f,). Then the drift- 2 - '*{-; Y
ing speedv of the tip of the slower spiral wave is approxi- & N s
mately proportional to its difference in frequency with the
faster spiral wave¢l7,2Q: 30 . ,
0 10 20 30
p | fl_ f2|, (3) Beat Number

. ) FIG. 3. Interactions between four anchored spiral waves with
If the distance from the tip of the slower wavé,] to the gitferent frequencies in a tissue (%35 cn?) with four circular
boundary isD, then the disappearance time of the slowergpstacles of different sizea) Snapshots at various times after

wave is approximately initiation (att=0) of the four spiral wavesb) The cycle lengths
near the four cornersai-d) vs the beat number. Each anchored
T~ E o D (4) spiral wave with slow frequency rotates several tirftege plateay
v |fi—f," before it is entrained by the fastest spiral wave. The final state of the

system is governed by the anchored spiral wave with the fastest
If D is constant, then frequency.
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the frequency difference between the two spiral wg¥eg.  wave. The cycle lengths near the four corners marked by
2(a), and their log-log plotdFig. 2(b)]. As the difference a—d, respectively, versus the beat number, are shown in Fig.
between the two frequencies becomes small, the terminatio®(b), and are similar to that of Fig. Again, the system goes
time T dramatically increases. The dashed line in Fign 23  to a final state with a unique frequenc$ince here the an-
the theoretical line according to E¢5), and shows close chored spiral waves just need to become entrained to the
agreement with data from simulatigsolid dot3. fastest frequency rather than pushed to the boundary, the
In the above analysis, the frequencies of the spiral wavesystem arrived at the final state much sooner than in Fig. 1.
were altered by changing the properties of the cellular action In conclusion, we have presented simulations demonstrat-
potential modelby varyingGy,). It is also possible to alter N9 that for systems containing stable spiral wavdsinc-

spiral wave frequency by “anchoring” the spiral wave to tional” or anchoredl with different frequencies, all spiral

defects of variable size, without changing the cellular actionVaVes with slower frequencies are swept away by the fastest

potential model. To extend our analysis to this situation, wePiral wave, so that the system is always dominated by the

created four circular obstacles with different sizes in a hoJ@Stest spiral wave. This may be the case even in generic

mogeneous tissue (¥515 cnf). We then initiated four spi- excitable medie_\, but it i.S -especiallly imp‘?”"".m to gardiac tis-
ral waves anchored to the four obstacles which rotated witifU€: Recently, in describing cardiac fibrillation Winfilee]

different frequencieqcycle lengths The interaction over conjectyred that “Several pinned rotqfanchored Sp'r"’.ll
waves in our terminologywould collectively resemble fi-

time between the four anchored spiral waves is shown in Figb lation.” O | his h hosis | ikelv i
3(a). Initially four anchored spiral waves each rotated around?!'ation.” Our results suggest this hypothesis Is unlikely in
medium with homogeneous conduction properties. In such

their obstacles several times, then the anchored spiral wae . - .
with the fastest frequency gradually invaded the whole tis-2 Medium, itis necessary for a spiral wave to at least become
sue. Instead of disappearing completely, the slower anchoréwStable("e" tp en_terl a meanderlng or breakup regirte
spiral waves continued to rotate around part of their opJ€Semble cardiac fibrillatiof8—10].

stacles, but could not complete a full rotation before the

wave front from the fastest spiral wave arrived, causing them This work was supported by NIH Grant No. P50
to become entrained to the fast spiral watg,16. The sys- HL52319 and by the American Heart Association, greater
tem, therefore, selected the cycle length of the fastest spirdlos Angeles affiliatdF.X. and Z.Q).
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