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Dynamics of conduction blocks in a model of paced cardiac tissue
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We study numerically the dynamics of conduction blocks using a detailed electrophysiological model. We
find that this dynamics depends critically on the size of the paced region. Small pacing regions lead to
stationary conduction blocks while larger pacing regions can lead to conduction blocks that travel periodically
towards the pacing region. We show that this size-dependence dynamics can lead to a novel arrhythmogenic
mechanism. Furthermore, we show that the essential phenomena can be captured in a much simpler coupled-

map model.
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[. INTRODUCTION spatial modulation of the alternans, called discordant altern-

) ) o _ans[3,4]. During discordant alternans, the APD is following
The coupling of the electrical excitation to the contractile 5 long-short-long pattern in one region of the cable and a
forces in the heart is essential to the blood supply t0 thgport-long-short pattern in another. Separating these regions
body. Abnormal electrical activity, in particular arrhythmias, 516 nodes where the APD is constant. They can be either
can have dire consequences. The most serious of all, veRationary or traveling. In addition, during discordant altern-
tricular fibrillation (VF), is characterized by disordered elec- 55 the amplitude of the alternaftbe difference between
trical activity within the ventricles and leads to death within Appg in subsequent beatsan grow when moving away
minutes. _ _from the pacing site. Hence, at a critical distance, provided
Unfortunately, the precise cause of the onset and maintgne amplitude of alternans is large enough, the tissue can no
nance of VF remains elusive. It is believed, however, thf"‘onger support a traveling wave for each excitation and a
electrical wave reentry plays an important role. Reentry iyiffusive conduction block15] develops: a wave will propa-

initiated when an electrical wave is Ic_)cally bllocked, 'e‘?‘dinggate over a given distance along the cable and will then come
to a broken wave front that can reexcite the tissue behind thg, 5 stop.

conduction block. There are several ways to create a conduc- Here we study the dynamics of the conduction blocks

tion block. Perhaps the most intuitive one is an anatomica)sing a detailed electrophysiological model and a pacing do-
tissue heterogeneity through which the electrical wave failsnain of variable size. We present a quantitative and qualita-
to propagatd 1,2]. Although these heterogenesities exist andijye description of the observed patterns and present results
play a role in the initiation of VF, recently a new mechanismrom numerical experiments in cables and sheets of cardiac
for conduction block in perfectijhomogeneousissue has {issye. Our main results ar@ in addition to a stationary
been described in mod€l8-5] and experiment§5,7]. Akey  conduction block, rapid pacing can lead to periodic patterns
contributor to thisdynamicalheterogeneity is electrical alter- ¢ moving conduction blocks(ii) the type of conduction
nans, which is characterized by a beat to beat oscillation ijock is critically dependent on the size of the pacing region,
the action potential duratiofAPD, defined below under 414 iii) these effects combined can lead to a novel mecha-

rapid pacing conditions. Clinically, the occurrence of T wavepism for reentry. Furthermore, we show that a simple
alternans in ECGs has been associated with sudden Cardié&upled-map model gives qualitatively similar results.

arrest[8,9]. In isolated cells, the onset of alternans can be
determined from the restitution curve which relates the APD
to the diastolic intervalDl), the time interval between two
successive action potential. If this curve has a slope larger
than 1, it is easy to see that a period doubling bifurcation To describe the electrophysiological properties of cardiac
develops, resulting in an APD that is alternatingly short andissue, we used the reaction-diffusion equation,

long [10,11]. This simple vision, however, is most likely not

complete as memory effedi$2] and calcium cycling effects V' =DV?V = (Zignlion * Istim)/C, (1)
[13,14 have been shown to play a role in the mechanism,hareV is the transmembrane potenti@=1 uF cn? is

Ieadin% to alternafns. all ded h _blthe membrane capacitand®V? with D=0.001 cnd s, ex-
In the case of spatially extended systems, the possiblg qqqes the intercellular couplinig,, represents the different

dynamical behavior becomes more complicated. The CONtransmembrane currents, ahgl,, is the applied pacing cur-

duction velocity also depends on the DI, which can lead to 3ent. The ionic currents in,, are governed by nonlinear

evolution equations coupled ¥, and here we have chosen
to use a modified version of the Luo-Rudy modi&b] to
*Present address: Laboratoire de Physique de la Matiére Condedescribe these currents. A detailed description of this model
sée, Ecole Polytechnique, 91128 Palaiseau, France. and our modifications are given in Appendix A. The integra-

Il. MODELING OF A CABLE OF CARDIAC CELLS
AND TERMINOLOGY

1539-3755/2005/7%5)/0519117)/$23.00 051911-1 ©2005 The American Physical Society



H. HENRY AND W.-J. RAPPEL PHYSICAL REVIEW E/1, 051911(2005

the ith one.Vy, was chosen to be equal to —60 mV and
changes in the value &f;, (between —80 mV and -50 mV

{\ did not affect results significantly. In addition, it is useful to
= ] L define a waveback and a wavefront. A wavefront is the

boundary between a region at rest and an excited region
when the latter region is invading the former, while the
t waveback is the boundary when the former is invading the
latter.

The pacing periods used hefe160 mg are short com-
pared to the normal pacing period in humans. Of course, this
pacing period is dictated by the choice of the electrophysi-
ological model used here.

APD

x Ill. RESULTS IN A CABLE

FIG. 1. Top: Schematic time course of the transmembrane po- | et ys first consider a one-dimensional cable. For a small
tential at a point during normal cardiac rhythire., without alter- enough pacing period, a period doubling instability to alter-
nans. The diastolic interva(Dl) is the period of time during which nans takes place. After a transient regime where the ampli-
the transmembrane potential is below a given value and the aCtioﬂjde of alternans grows, a steady state is reached. This re-

22:;':}“%'03:;?2??352 'fhit:ih?:;fs dO(/ztallT;ee %”;l?ogmwgzﬂet;(;ﬂcgime is characterized by the fact that each stimulus will elicit
drawing of the APD along the cable during an even tisalid line an action potential all along the cable and that the action

and an odd beddashed lingin the discordant alternans regime. In potentials glicited by two succe;sive stimuli gt a given point
the case of normal cardiac rhyththe., without alternans both in space will have dlffer_ent duratiora short action potential
lines would be the same and the APD would be constant in spac llows a long one Wh'Ch_ follows a short one, and s on
[except at the pacing sitéhe end of the cabjewhere boundary 18] This allows us to define, at a given point in spacthe
effects tend to lengthefshorten the APD]. In the case of concor- amplitude of alternansa(x,m), for the mth stimulus as the
dant alternans, the APD during successive beats would be differetifference between the APD due to this stimulus and the
but constant along the cablapart from boundary effedts APD due to the previous stimulus multiplied ky1)™ so
that a does not change sign every stimulus. In the case of
tion scheme we used was forward Euler with space and timeoncordant alternana,is roughly constant in space and does
discretizations of &=0.025 cm andét=0.02 ms, respec- not change sign. In our simulations, however, since the size
tively. Finally, the space constant was determined to be 0.06f the simulated cable is bigger than the characteristic wave-
cm. length of alternan§l19], we observe discordant alternans. In
The cable was paced at one end with a pefiddrough a  this casea(x,m) is not constant in space and changes sign
1-ms-long constant current stimulus bf;,=—80 uA/cm?  when going along the cable. For example, if a point in the
[26]. The pacing domain consisted ofgrid points, wheren  cable with positivea exhibits a sequence of beats that is long
was varied between 1 and 20, thus corresponding to a pacirghort-long-short. then a point of the cable with negatize
domain ranging in size from 0.025 cm to 0.5 €&Y]. Aswe  will exhibit a sequence of beats that is short-long-short-
will see below, changing the number of stimulated gridlong... . Consequently, between regions of opposit¢here
points can have a dramatic effect. On the other hand, changs a point wherea=0, corresponding to an alternans node.
ing the size of the simulation cable from 10 cm, the length In the case of discordant alternans, one can observe two
used here, to 5 cm did not reveal any qualitative differencesdistinct regimegsee[19] for a full theoretical analysjsthat
This, along with the fact that the propagation speed fromare characterized by the spatio-temporal evolutioa.ofhe
endocardium to epicardium can be much smallabout first regime, called standing alternans, is characterized by
17 cm/9 [17] than the one used hefabout 51 cm/k im-  stationary alternans nodes. This is shown in F{@12 where
plies that the observations reported here might be relevant twe show a gray-scale space-time plotaofln contrast, the
human ventricles. Finally, additional simulations performedalternans nodes in the second regime, called traveling-wave
using either a stronger stimulus or a longer stimulus showedlternans, are nonstationary and are traveling towards the
little effect. pacing site. This is illustrated in Fig(&2), which shows that
We define the beginning of an action potential at positiona is changing slowly in time with a given period. In addition,
x as the moment wheW(x,t) crosses a threshold valig, in this regime,a=0 at the pacing site anld| increases when
from below. Similarly, the end of the action potential is de- moving away from the pacing site.
fined as the moment whevi(x,t) decreases below, The A change in the dynamics of the alternans nodes was ob-
APD is then defined as the time difference between these twserved earlier in the theoretical study of Echebarria and
events(see Fig. 1L Then, the DI is defined as the time be- Karma[19]. There, this change was accomplished by chang-
tween the end of one action potential and the beginning ofng the properties of the tissyee., by changing the model
the next(see Fig. 1 A conduction block for thenth stimulus ~ Here, in contrast, the only difference between the simulations
occurs at theith grid point when an action potential was shown in Figs. 2al) and a2 is the size of the pacing
elicited at theth—1 grid point by themth stimulus but not at region:n=6 in (al) andn=10 in (a2. This finding already
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FIG. 2. (al) and(a2 Gray-scale time-space plot of the alternans
amplitude [a(x,m)| with black corresponding ta(x,m=0 and  FG. 3. Position of the conduction block as a function of the
white corresponding to large values of the amplitude. The pacingtimylus number m for different pacing periddin ms) and pacing
period in both figures is 162 ms and the number of pacing gridegion sizesn. In (a), the inset shows that the conduction block
points isn=6 in (al) andn=10 |n(a2)._ln (al), one can see discor- |eads to a 2:1 rhythm. In bottb) and (d), the conduction block
dant alternans where the nodes, regions of zero amplitttethus  travels towards the pacing site during a number of stimuli, followed
in black), are not moving. Ina), the discordant alternans leads to py a4 small number of stimuli during which there is no conduction
nodes that are traveling towards the pacing $ti¢)—(bS5): Succes-  pjock. In (b) and(d), the thick lines correspond to the stimuli where
sive profiles of \(x), taken at 20 ms intervals, during a conduction o conduction block is observed. One should note the similarity
block event. The waves are initiated on the left-hand side of thgenyeen the trajectories of conduction blocks Tor159 ms and

cable. In(b1), one can see an action potential propagating from the,- 1o (n=6) and the trajectories of the alternans nodes for
left towards the right with its typical sharp wavefront. The smoothert=162 ms anch=10 (n=6) shown in Figs. 2al) and Za2.

waveback of the wave due to the previous stimulus is on the right-
hand side of the plot. The wavefront propagates faster than th . s
wave bacK (b1)—(b3)] and finally reaches a region that has not yet g(c)’ the block occurs at a fixed locatideither away from

recovered and cannot be rapidly activated. Reaching this regiof'® Pacing s.ite or at the pacing sitence every other stimu-
(b4), the wave comes to a stop and fails to propagate fufthesis  1US (i-e., @ 2:1 rhythm Examples of more complex behavior

called throughout this paper a conduction blodk (b5), one can  are illustrated in Figs.(®) and 3d) where the location of the

see that the sharp wavefront has disappeared. The cable is 10 ¢Rnduction block is nonstationary and forms a periodic pat-
long and V ranges from =100 mV to 100 mV. tern. In these cases, a conduction block forms at a certain

location away from the pacing site. In subsequent beats, the

shows that the size of the pacing region may play a criticaposition of this conduction block moves closer to the pacing
role in the alternans-induced arrhythmias. A rationale for thesite (during this regime every other stimulus is blocked
effect of changing the size of the pacing region will be givenEventually, the block disappears, after which no conduction
later in the manuscripend of Sec. V. blocks are observed during several pacing cy(les, propa-

Decreasing the stimulation period further leads to conducgation with a discordant alternans patteffhen, the conduc-
tion blocks. In other words, some stimuli are not able totion block reforms at precisely the same location as previ-
create an action potential that propagates all along the cableusly and the sequence restarts.
Two different types of conduction blocks were observgp: This gives rise to a periodic pattern of conduction blocks
conduction block at the pacing sjtthe stimulus is not able with a certain “amplitude,” defined here as the distance be-
to elicit an action potential at all an@i) conduction block tween the site where the conduction block first forms and the
away from the pacing sitethe stimulus creates an action site where the conduction block disappears. We found that
potential that begins to propagate along the cable and thithis amplitude can take on values between 2 [see Fig.
action potential fails to propagate at a given point in space(d)] and 5 cm[see Fig. 8)] and that for a given pacing
away from the pacing site. The latter type of conductionperiod, both the amplitude of the conduction block wave and
block is illustrated in Figs. @1)—2(b5). Hence, a conduction its period were dependent on the number of pacing grid
block can be characterized by the point in space where ipoints. We also found that the trajectory of the conduction
took place and also by the index of the stimulus that createBlocks in Fig. 3b), which is close to the onset of conduction
the action potential which failed to propagate at this point. blocks, is strikingly similar to the dynamic pattern of the

In our simulations, we found that the dynamics of thelocation of the alternans nodes shown in Figa2. These
conduction blocks depends on both the size of the pacedlternans nodes also display periodic movement towards the
region and on the pacing period. Examples of the observepgacing site with slow movement followed by fast movement.
dynamics of the conduction blocks are illustrated in Fig. 3,This movement is presumably due to the use of zero flux
where we plot the position of the conduction block as aboundary conditions, which favors the existence of an extre-
function of the pacing cycle number m. In Fig§aBand mum at the boundaries: slow movement corresponds to an
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FIG. 4. Phase diagram showing the type of conduction block: 10 cm
filled circles represent periodic conduction block waves, crosses 3_3¢ 10em
cm

represent stationary conduction blocks at the pacing site, triangles L P
represent stationary conduction blocks away from the pacing site,
and filled boxes represent no conduction bldck., discordant or FIG. 5. Series of gray-scale plots showing the birth of a spiral
concordant alternans.T is expressed in ms. wave. Time(shown in mg is arbitrarily set to 0 at the start of the
last stimulus. The gray scale represents the membrane potential val-
extremum of the alternans amplitude near the boundaryes with white corresponding to maximum depolarization and black
while fast movement corresponds to an alternans node ne§frresponding to maximum repolarization. 0 ms, one can see
the boundary. A phase diagram representing the nature &pe wave elicited by thg previous stimulus propagatlng from left to
conduction blocks as a function of the number of pacing grid'ght- Because of thg discordant alternans, the APD differs s_,trongly
points and of the period is shown in Fig. 4. It is also worth across the sheet with the leftmost clear stripe corresponding to a

mentioning that the use of sliahtly irreqular pacin times’region where the APD is lon(t is not a propagating wave despite
9 : gnty guiar p 9 11he cells in this region being depolarizgtb]) and the central dark

stripe corresponding to a region where the APD is short. At
t=100 ms, one can see on the left-hand side of the plot the wave
elicited by the next stimulus, while on the right-hand side one can
see the waveback of the wave seen in t) ms frame. At
t=200 ms, a conduction block occurred in the top part of the sheet

From the above, it should now be clear how a slight in-while in _the bqttom part the wave was able to continue to propa-
homogeneity in the size of the pacing area can lead to reerJate- This partial wave block results in a broken wave front which
try. Envision a 2D sheet of cardiac tissfrodeled by Eqg. leads to the birth of reentry, as can be seen intth240 ms, 280
(1) using two space variables instead of hraced from one ms, and 320 ms frames. As this wave front curls and attempts to
side by a domain containing two widthsfor the upper part reenter previously excited tissue with a long repolarization time
andn” for the lower part, as shown in’ Fig. 5. Neglecting (gray stripe "."2240 ms framg it breaks up into two Spir.al tips.‘.
spatial coupling in the direction perpendicular of the wave''- 280 M9- Finally att=760 ms, one can see that further instabili-
propagation, the lower and upper part of the tissue will se ties have led to a disordered activity similar to ventricular fibrilla-

iginating f d . ith diff . R jon. The geometry of the computational domain is also shown
waves originating from domains with different sizes. eentryschematically, where the gray region, exaggerated for clarity, corre-

S_hOU|d be p(_)ssible when the _spatial I0(_:ati_0_ns of the_ Condu“sfponds to the cells that are paced. The width of the bottom part of
tion blocks in the two domains are significantly different. s region isn*=8 and that of the top part is=9 grid points.

Then, the electrical wave will be blocked in one part of the
tissue while propagating normally in the other part, leadingertheless, we found that the phase diagram was a valuable
to the excitation of the tissue behind the conduction blockoredictor for the occurrence of reentry in full-scale 2D simu-
and to reentry. lations. A typical example of our 2D simulations, performed
We can estimate the likelihood of reentry in 2D, paced byusing the same numerical scheme as in our one-dimensional
domains of sizen andn”, based on our 1D results. Reentry is simulations, is displayed in Fig. 5, where we show a series of
likely when (i) a cable paced witm shows a conduction gray-scale plots of the membrane potential, with black cor-
block while a cable paced with does not exhibit a conduc- responding to repolarized tissue and white corresponding to
tion block, or vice versa, ofii) the difference in spatial lo- depolarized tissue. In this example, the width of the two
cation between the conduction blocks in cables pacedmith pacing domains differed by a single grid point=8 versus
andn” becomes large. We found that faf=n+1, one or n=9. Both domains are paced with a constant period of 158
both of these conditions were met in most of the phase spaaas, leading to traveling conduction blocks with slightly dif-
for which conduction blocks occur away from the pacing siteferent periodicity. During the roughly 100 first stimuli, the
(i.e., filled circles in Fig. 4 In most cases, the conditions position of the conduction block was nearly identical in the
were met within a few hundred stimuli while occasionally aupper and lower parts of the tissue. During the subsequent
larger number of stimuli was necessary. stimulus, however, a wave block remains in the upper part of
Of course, the preceding arguments neglect spatial couthe tissue buhot in the lower part of the tissue, which now
pling perpendicular to the wave-propagation direction. Nev-allows unblocked propagatidsee Figs. &) and 3d)]. As

1 ms, did not change significantly the phase diagram.

IV. RESULTS IN A SHEET OF CARDIAC TISSUE
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10 - 10 ‘ fusion term indicates the perturbation due to intercellular
i i coupling (we consider here that the repolarization wave is a
x -\.\\ x phase wave and does not correspond to the propagation of a
g b wave back and the last term expresses the asymmetry intro-
0 @ 0 (b) duced by the pacing at one end of the cdllg]. The length
200 800 200 m 800 scales¢ and w were chosen here to reproduce the phase
diagram of Fig. 4 in a semiquantitative fashion.
4 ; 200 g The equation describind,, in the pacing domain is
Piiliiis o - Tup(X,n)=T,, with T, being the pacing period, while in the
” | v oo
\\\\\\\\\\ < | cable it is given by
0 ) or )] . L
200 o, 800 0 400 T (=T + f dx 3
up( ’ ) n 0 C[Dl(X',n)], ( )

FIG. 6. (a)—(c) Position of the conduction block as a function of

the stimulus for different pacing period and pacing region sizes . .
calculated using the coupled-map mofle) T=161 ms, n=20(b) where ¢ is the propagation speed of the wave front.

T=161 ms, n=10(c) T=156 ms, n=12 In (3 and(c), the thick This propagation speed is a function of the DI, which itself

lines correspond to the stimuli where no conduction block is ob-S c,)f course a funct|o.n of and 's, the difference betweerl the

served.(d) The restitution curve used in the model for the single &fival of thenth action potential ak and the repolariza-

element(solid line) and for the cableédashed ling Note that the tion following the (n=1th stimulus: DIXx,n)=Tyx,n)

slope of the single cell curve is smaller than the slope of the Wh0|e_Trep(Xa n-1).

cable curve. The restitution curve also determined the occurrence of a
conduction block: we defined a conduction block to take

time progresses, the propagating wave in the lower part regla}cg when the restitution curve had no value for the dias-
enters the upper part behind the wave block, leading to fPlic interval computed from Eq(3). In this case, we com-
spiral wave. For clarity, we have stopped stimulating the tisPutéd the repolarization times between the origin and the
sue once the reentry appeared, although we have verified th@pSition of the conduction block using E(@) along with
continuous stimulation also resulted in long-lasting reentryPoundary conditionT,e,=T,, at the site of the conduction
In addition, we have checked that smaller domains were aIsB'c’Ck- Th.e repolanzatlon. time for the remainder of the 'cable
able to produce reentry and that using a line of stimulatior{-€- Pehind the conduction blorkvas set to the repolariza-

with a thickness varying randomly can also lead to sustaineffon ime computed at the previous stimulus, except in a
reentry. small transition region, in size equal & immediately be-

hind the conduction block. There, a simple sigmoidal func-
tion was used that smoothly connected the repolarization
times on both sides of this region.

The results from the full ionic model can be reproduced The reduced model is able to capture the essential features
by a coupled map model similar to the ones used in previou§f the full ionic model, including the striking dependence on
work[7,19]. To describe the dynamics of alternans nodes andhe size of the pacing region for both the alternans nodes and
conduction blocks, we consider the following two fields: the conduction blocks dynamics. The latter is shown in Figs.
T,s(X,n), which is the time at which an action potential is 6(a)—6(c), where we plot the position of the conduction block
elicited inx due to thenth stimulus, andr,,(x,n), which is ~ @s a function of pacing cycle fonv=0.025 and§_2:0.04,
the time at which it ends. The equation for the repolarizationVhich are comparable to the values presented in Table | of
time T,e, is the same for both the cable and the pacing doRef.[19] when considering a full ionic model. All qualitative

V. COUPLED MAP MODEL

main, features of Fig. 3 can be readily recognized, including trav-
eling conduction blocks with a large amplituts [28], trav-
Trep(,1) = Tyg(X,Nn) + APD[DI(X,n)] + £2V?T (X, ) eling conduction blocks with a small amplitude, and sta-

) tionary conduction block away from the pacing doméin

Not shown here, but also found within the reduced model, is
The first two terms in this equation express the fact that @ 2:1 conduction block at the pacing site. For the values of
single cell repolarizes at tim&,, plus the duration of the and ¢ employed here, the boundaries between the different
action potential. The latter is taken from the restitution curvetypes of conduction block in the phase diagram derived from
APD(DI). For the paced domain, this curve is calculated usthe full model and the coupled-map model differed by at
ing a single cell while for the cable it is calculated 1 cm most 5 ms.
away from the pacing domain, taken to be large. In this re- Both the full ionic model and coupled map model show,
gion of the cable, we found that the restitution curve wasfor certain pacing periods, a transition from stationary con-
minimally affected by the proximity of the pacing domain duction blocks to traveling conduction blocks as the size of
and that the dispersion of repolarization due to alternans wathe pacing domain is increased. Interestingly, a similar tran-
minimal. The two restitution curves are shown in Figd)6  sition also occurs in the dynamics of alternans nodes when
The last two terms take into account spatial effects: the difone increases this size. To understand the effect of changing

+ W, Trep(X,1).
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the size of the pacing region on the nature of alternans, wquantitatively, the results presented here. Consequently, we
consider the equation for the amplitudeof the alternans expect that the dynamics of conduction blocks will depend

derived in[19], critically on the pacing protocol in a wide range of detailed
« models.
ga= oa—J dx 2 ~Wa,a+ £%,a- gad. (4) Of course, the ultimate test should come in the form of
0 experimental studies similar to the one conducted by &ox

, 5. ) al. [7] but with a varying in size stimulation region. It should
Here, oa represents a linear growth terge is a nonlinear e possible to conduct quantitative studies of Purkinje fibers,
restabilizing term, and\, W, and ¢ are length scales which which conduct the electrical stimulus in an actual heart to the
area priori different from the onesv and& used in Eqs(2)  ventricles and which penetrate the heart wall to varying
and(3). The transition between traveling nodes in our simu-depths. These fibers can be isolated, resulting in linear
lations (large pacing domainsand standing node@maller  strands of cardiac tissyi&]. On the theoretical side, a further
pacing domainscan be understood when realizing the sizeextension of this work will be the formulation of a coupled
of the pacing domain dictates the boundary conditiorx at map model which takes into account the effects of coupling
=0 of Eq. (4). Pacing a cable using a large piece of tissuetransversely to the propagation direction of the wave.
results in a pacing domain that essentially behaves as a
single isolated cell. If the restitution curve of a single cell
[solid line in Fig. Gb)] has a slope less than 1, this domain ACKNOWLEDGMENTS
will not display alternans and the amplitude equation needs
to be solved with boundary conditioa=0. For a smaller
pacing domain, however, spatial coupling becomes importa
and the relevant restitution curve becomes steg¢pashed
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to see when one considers the standing-wave solution in Eq.
(4) atx=0: the only nonzero term on the r.h.s.d& which
requiresag27/A=0 and finally a,=0. Hence, a standing- APPENDIX A: DESCRIPTION OF THE MODEL

wave solution is only possible for small pacing sizes, and , :
increasing the size of the pacing domain suppresses the 1he Luo-Rudy mode]16], and its subsequent refinements

standing-wave solution. It is likely that this qualitative (S€€. €.9.[23]), have been widely used either in their origi-
change in the nature of allowed solutions underlies the tran?@! form or in modified forms in numerical studies of wave

sition between stationary to traveling blocks observed in théfopagation in cardiac tissye4]. The model describes the
ionic and coupled map model. voltage and time dependence of the ionic curredislio,
used in the equation for the transmembrane potektial a

single cell,
VI. DISCUSSION

To conclude, we have found that the spatio-temporal d—V—-zionhom (A1)

structure of alternans and the dynamics of conduction blocks dt

is strongly influenced by both the size of the paced domain ) . .

and the pacing period. This dependence provides a novdyhereC is the membrqne_ capacitance. In the original Luo-
arrhythmogenic mechanism which we illustrate in a homo-Rudy model, the total ionic current is given as

geneous two-dimensional sheet of tissue, paced by two do-

mains that vary slightly in size. The reentry is initiated Zionlion= = (Ina* Isi+ Ik + Ik1 + lkp + 1p), (A2)
through pacing with a constant period and hence does not - . )

require an abruptly changing pacing frequency nor avherelna=Gnahj(V-Eyg) is the fast sodium currentg
symmetry-breaking change of location as in previous studies Gsdf(V-Es) is the slow inward current representing the
[3]. We have found, using different ionic models, including aL-type calcium current,lx=Gyxx(V-Ey) is the time-
detailed canine moddl7] and the simplified three-variable dependent potassium currenf, =Gy1K1.(V-Ey,) is the
Fenton-Karma mode|20,21], that the results we present time-independent potassium currehg,=GyK,(V—Eg,) is
here are partially model-dependent. This is perhaps not suthe plateau potassium current, dge G,(V—E,) is the back-
prising, as other arrhythmogenic mechanisms have beeground current. In these expressions,h, j, d, f, andx are
show to depend on the details of the electrophysiologicafjating variables describing the opening and closing of ionic
model[22]. Nevertheless, a reduced coupled map model washannels and the dynamics of these variables is described by
able to reproduce, both qualitatively and, to some degreajonlinear ordinary differential equations of the form
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dy vy.(V)-y Explicit expressions for the constants can be found in the
PV (A3)  original work of Luo and Rudy(Ref. [16]). Here, we have
y made two modifications to allow propagation of spiral waves

wherey represents one of the gating variables. Finally, th in a small system. First, we have reduded from 0.09 to

. .0.055. Second, we have sped up the calcium dynamics by
equations for the currents are supplemented by an expres&gﬂermg the time scales of the and f gates. Specifically
for the calcium concentration, ' '

both 74 and 7; were multiplied by 0.8.
Initial conditions that were used consisted of a cable ini-
@ = - 10%1,+ 0.0710°[Cal) (A4) tially polarized that was then paced with decreasing intervals
dt s . between stimuli until the desired period was reached.
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