/102 ‘2T AIne uo 1s89nb Aq /Bioseuinoleye sanip//:dny wouy pspeojumod

Spatiotemporal Transition to Conduction Block
in Canine Ventricle

Jeffrey J. Fox, Mark L. Riccio, Fei Hua, Eberhard Bodenschatz, Robert F. Gilmour, Jr

Abstract—Interruption of periodic wave propagation by the nucleation and subsequent disintegration of spiral waves is

thought to mediate the transition from normal sinus rhythm to ventricular fibrillation. This sequence of events may be
precipitated by a period doubling bifurcation, manifest as a beat-to-beat alternation, or alternans, of cardiac action
potential duration and conduction velocity. How alternans causes the local conduction block required for initiation of
spiral wave reentry remains unclear, however. In the present study, a mechanism for conduction block was derived from
experimental studiesin linear strands of cardiac tissue and from computer simulations in ionic and coupled maps models
of homogeneous one-dimensional fibers. In both the experiments and the computer models, rapid periodic pacing
induced marked spatiotemporal heterogeneity of cellular electrical properties, culminating in paroxysmal conduction
block. These behaviors resulted from a nonuniform distribution of action potential duration alternans, secondary to
aternans of conduction velocity. This link between period doubling bifurcations of cellular electrical properties and
conduction block may provide a generic mechanism for the onset of tachycardia and fibrillation. (Circ Res. 2002;90:
289-296.)
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Our current understanding of the mechanism for ventric-
ular fibrillation is incomplete, as reflected by the statis-
tic that sudden death continues to be the leading cause of
mortality in the Western world. One candidate mechanism for
fibrillation is the nucleation of a pair of counterrotating spiral
waves, which subsequently disintegrate into multiple wave-
lets,>2 in association with a period doubling bifurcation of
cellular electrical properties.3-6 However, the mechanism by
which a period doubling bifurcation may precipitate the local
conduction block necessary for the initiation of spiral wave
reentry is unknown.

Previous studies have shown that the induction and prop-
agation of period doubling bifurcations in cardiac tissue
depend on the recovery properties for action potential dura-
tion (D) and conduction velocity (V), where D or V for a
given action potential (D, or V,,, respectively) isafunction
of the preceding interval (I,,) between action potentials.”° |f
the function D,.,=f(l,) has a maximum slope =1, 1:1
stimulus:response locking during pacing at long cycle lengths
is replaced by 2:2 locking at short cycle lengths, with 2:2
locking being characterized by beat-to-beat, long-short alter-
nations of D and I.

During 2:2 locking, aternation of | also causes an alterna-
tion of V, where V,.;=c(l,). Alternation of V influences
action potential propagation and the spatial distribution of D
aong a cardiac fiber.1112 |f the fiber is sufficiently long, the

long-short D pattern at one end of the fiber reverses phase and
becomes a short-long pattern at the other end. This phenom-
enon, known as discordant alternans, has been observed in
computer simulations of homogeneous one-dimensional ca-
bles'12 and in experimental studies in isolated hearts.13.14
However, in the experimental studies, discordant aternans
was attributed to intrinsic heterogeneity of cellular electrical
properties, with little or no role assigned to dynamical
heterogeneity or to conduction velocity aternans. 1314

The objectives of the present study were to determine
whether dynamical heterogeneity is sufficient for the induc-
tion of discordant alternans and conduction block. Studies
were conducted in unbranched Purkinje fibers, to approxi-
mate as closely as possible a homogeneous linear strand of
cardiac tissue, and in ionic and coupled maps models of
homogeneous one-dimensional fibers. After verifying that the
experimental results and the results generated by the ionic
and coupled maps models were in agreement, the coupled
maps model was used to identify the dynamical mechanism
for the spatiotemporal transition to conduction block.

Materials and Methods

Purkinje Fiber Experiments

Adult dogs of either sex weighing 10 to 30 kg were anesthetized with
Fatal-Plus (390 mg/mL pentobarbital sodium; Vortex Pharmaceuti-
cals; 86 mg/kg V) and their hearts were excised rapidly.’> Free-
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Figure 1. Dispersion of action potential duration, as measured
at 50% and 90% of repolarization (APDs, and APDg,, respec-
tively), in a canine Purkinje fiber during pacing at =400 ms. a,
Mean (=SE, n=10) APDs, and APDy, for each of the 4 recording
sites, represented by different symbols from left (site 1) to right
(site 4). There were no significant differences between the 4
sites. b, Difference between the longest and shortest APDs, and
APDg, (AAPD) from the 4 recording sites. Data are shown for
each of the 10 fibers (individual points), as well as the mean
(£SE) differences.

running unbranched Purkinje fibers (n=10), 13 to 24 mm in length
and 1 to 2 mm in width, were excised from either ventricle, mounted
in a Plexiglas chamber and superfused with Tyrode's solution at 15
mL/min. The Tyrode's solution was bubbled with 95% O, and 5%
CO,. The Po, was 400 to 600 mm Hg, the pH was 7.35=0.05, and
the temperature was 37.0+0.5°C. The composition of the Tyrode's
(in mmol/L) was MgCl, 0.5, NaH,PO, 0.9, CaCl, 2.0, NaCl 137.0,
NaHCO; 24.0, KCI 4.0, and glucose 5.5. The fibers were stimulated
using rectangular pulses of 2 ms in duration and 2 to 3 times the
diastolic threshold (0.1 to 0.3 mA), delivered through Teflon-coated
bipolar silver electrodes. Transmembrane action potentials record-
ings were obtained simultaneously from 3 to 4 sites along the fiber
using glass capillary electrodes filled with 3 mol/L KCI. The
recordings were sampled at 2000 Hz with 12-bit resolution using
custom-written data acquisition programs. Online data display and
offline data analysis were performed using programs written in
Matlab 4.2c run on an Apple Macintosh PowerPC. All experiments
were approved by the Institutional Animal Care and Use Committee
of the Center for Research Animal Resources at Cornell University.
Animals were obtained from a colony of dogs maintained by Cornell
University.

One-Dimensional lonic Models

Cellular action potentials and wave propagation were simulated
using amodified version of the Winslow ionic model,¢ as described
in detail elsewherer” The model is based largely on data obtained
from canine mid-myocardial myocytes (M cells). Briefly, compared
with the native Winsow model, I«, was decreased at depolarized
potentials, to agree with Freeman et a.28 The maximum conductance
and rectification of |, were increased and activation kinetics were

slowed, to agree with Gintant.® |, was increased in magnitude and
activation shifted to less positive voltages, to agree with Varro et
al.20 L-type calcium current was modified to produce a smaller, more
rapidly inactivating current. Finally, a simplified form of intracellu-
lar calcium dynamics was adapted from Chudin et al.2t

The partia differential equation for a one-dimensional piece of
tissue was solved numerically, as described by Qu et al .22 The length
of the one-dimensional cable was set to 220 cells (30 cells longer
than the minimum length required for the development of at |east one
node), with the length of each cell as 200 um and a diffusion
coefficient of 0.001 cm?ms.

One-Dimensional Coupled Maps Modél

The key determinants of the spatiotemporal dynamics observed
experimentally and in the computer simulations were studied in more
detail using a coupled maps model of a one-dimensiona cardiac
fiber.32324 See the Appendix for details of the model. The defining
equation for the model was a summation over space and a difference
equation in time:

(1) Ine1(X) =Thr1(X) —Dnsa(%)

i AX L AX
T2 T 2 o] )

7 was the period delivered to the pacing site and Ax was the length
of a single cell. T,.,(x), the period between activations n+1 and
n+2, was determined by including the time delays required for an
action potentia to propagate from the pacing site to site x.. Conduc-
tion velocity V,,.(x) depended only on the diastolic interval |
through the function V,,,;=c(l,). Action potential duration D,,.,(x)
depended on the diastolic interval | through the function D,,,,=f(l,).
An expanded Materials and Methods section can be found in the
online data supplement available at http://www.circresaha.org.

Results

Purkinje Fiber Experiments

To determine whether discordant alternans could be induced
in homogenous cable-like cardiac tissue, 10 Purkinje fibers
were stimulated at one end at progressively shorter + and
action potentials were recorded along the length of the fiber.
The electrophysiological properties of cells at the four record-
ing sites were similar, as shown in Figure 1. Although action
potential duration varied between preparations, there was no
significant difference in action potential duration at 50% and
90% of repolarization (APDs, and APDy,, respectively) across
the four recording sites (Figure 1a), indicating that within a
given preparation, action potential duration was relatively
uniform.

To further characterize the ranges of action potential
duration, the differences between the longest and shortest
action potentials during pacing at a cycle length of 400 ms
were calculated for each fiber. As shown in Figure 1b, the
differencein action potential duration was less than 22 msfor
al preparations, with a mean difference of 11.6+1.8 ms for
APDg, and 12.3+2.0 ms for APDy, (mean+SE). Resting
membrane potential and action potential amplitude also were
similar within a given fiber, with maximum differences of
2.1+0.5mV and 3.2+0.7 mV (mean=SE), respectively, and
no significant differences across the four recording sites (data
not shown).

Pacing the fibers at 7=120 to 220 ms induced concordant
D alternans, whereas pacing at shorter 7 induced discordant D
aternans (Figure 2a). The latter progressed to 2:1 conduction
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Figure 2. Spatially distributed action potential dynamics in a
canine cardiac Purkinje fiber. a, Pairs of action potentials rec-
orded from 4 cells (see diagram, right; length=22 mm) during
pacing at 7=100 ms. The shorter-duration action potentials are
shown in red. Over time, concordant D alternans (A) was
replaced progressively by discordant D alternans; first, site 4
became discordant (B), then site 3 (C) and then site 2 (D). Note
that as site 4 became discordant, the action potential durations
at site 3 changed from long-short (2:2) to intermediate-
intermediate (1:1), representing the transition zone, or node,
between regions of long-short D and short-long D. Eventually
the node migrated to site 1 and concordant D alternans was
restored temporarily (E), until a new node formed at site 4 (note
reduction in D alternans magnitude between panels D and E,
reflecting the transition from 2:2 to 1:1) and the evolution of dis-
cordant alternans was repeated (not shown). b, Development of
2:1 conduction block at =120 ms, where L and s are long and
short D, respectively, and @ indicates conduction block. Note
discordant alternans (L-s at 1 and s-L at 4) before the develop-
ment of block. ¢, Transient recovery from 2:1 block at =120
ms. During 2:1 block, L and s D at site 1 correspond to block
(@) and L, respectively, at site 4 (left), a pattern that recurs after
restoration of block (right).

block at the distal recording site (Figure 2b). In 5 of the 10
fibers, the 2:1 conduction block was paroxysmal: over time
during pacing at the same 7, a pattern of 2:1—2:2—2:1
locking occurred (Figure 2¢). In the remaining 5 fibers, 2:1
conduction block was stable (nonparoxysmal) and was lim-
ited to the 2 distal recording sites in 3 fibers and migrated to
the site of stimulation in 2 fibers (Figure 3).

Conduction block aways developed initially at the distal
end of the fiber and never in the absence of discordant
aternans. Moreover, the same sequence of dynamics oc-
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curred regardless of which end of the fiber was paced,
attesting to the homogeneity of intrinsic cellular electrica
properties in the preparations.

One-Dimensional lonic Model
Rapid pacing also induced concordant and discordant D
aternans and paroxysmal 2:1 conduction block in computer
simulations of homogeneous one-dimensional fibers (see
Figure 4 and online movies). Unlike in the experiments, it
was possible in the simulations to monitor action potentials
from each cell on the fiber and thereby demonstrate the
spatially distributed transition from concordant D alternans to
discordant D alternans and paroxysmal 2:1 conduction block.
As shown in Figure 4, at longer cycle lengths (eg, 177 ms,
Figures 4a through 4c) the node migrated slowly through the
fiber, leaving in its wake discordant D aternans (Figure 4b)
and 2:1 block (Figure 4c). At a shorter cycle length (170 ms;
Figure 4d), the node migrated more rapidly, eventualy
reaching the site of stimulation. Shortly thereafter, conduc-
tion was restored transiently throughout the fiber, until a new
node developed and migrated to a point on the fiber where 2:1
block resumed. This sequence of events was then repeated.
In agreement with our previous studies in a single myocyte
model,*” both concordant and discordant D alternans along
the one-dimensional fiber were associated with alternans of
peak |, whereas at the node, D and |, were constant (Figure
5). Alternation of other ionic currents also accompanied D
aternans, but alternations of these currents appeared to result
from the D aternans, rather than being the underlying
mechanism for them. For example, peak I, aternated during
D dternans, yet the larger peak was associated with the
longer action potential, contrary to what would be expected if
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Figure 3. Spatially distributed action potential dynamics in a
canine cardiac Purkinje fiber. Action potentials were recorded
from 3 cells along the fiber (see diagram, left; length=24 mm)
during pacing at =100 ms. At the beginning of the record,
alternans of D is discordant (L-s at site 1 versus s-L at site 3).
Over time, 2:1 conduction block occurs at site 3 (indicated by
the asterisk). The development of 2:1 conduction block at site 3
is associated with migration of the node through site 2, as
reflected by the transition from L-s pairs of D to s-L pairs (indi-
cated by the bar). Subsequently, 2:1 conduction block occurs at
site 2, which is, in turn, associated with migration of the node
through site 1 (L-s converts to s-L, as indicated by the bar).
Migration of the node to site 1 is followed shortly thereafter by
2:1 conduction block.
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Figure 4. Spatially distributed action potential dynamics in a one-dimensional ionic model. Top, D time series measured from 22 cells
during propagation from the pacing site (cell 1) to the end of the fiber (cell 220). The amplitude of the sawtooth D pattern indicates the
magnitude of D alternans (see segment of the record shown at an expanded time scale, left). At 7=177 ms, concordant D alternans (a)
converted to discordant D alternans (b), with the transition between behaviors marked by the development of a node (arrow on the left
side). Over time, the node migrated to cell 1 (arrow on the right side). Reducing 7 to 175 ms (c) induced 2:1 conduction block at the
distal end of the fiber (indicated by broken lines). A further reduction of 7 to 170 ms (at the gap in the record) induced repeating epi-
sodes of transient recovery from block (d). Bottom, Snapshots of selected dynamics illustrated using action potentials recorded from all
220 cells. a, Concordant D alternans, where long (L) and short (s) D at cell 1 correspond to L and s D at cell 220. b, Discordant D alter-
nans, where L and s D at cell 1 correspond to s and L D, respectively, at cell 220. ¢, Development of 2:1 conduction block. During dis-
cordant D alternans, the rapidly conducting action potential with long D became shorter and conducted more slowly as it encroached
on the previous action potential (arrow 1). 2:1 block (L followed by @) occurred when the long action potential encountered a rest inter-
val too short to allow conduction (arrow 2). d, Transient recovery from 2:1 block. This figure contains snapshots from the following
movies found in the online data supplement, available at http://www.circresaha.org. lonic Movie A: Concordant alternans (Figure 4a)
and the transition to discordant alternans (Figure 4b). lonic Move B: Discordant alternans and the start of conduction block in the distal

region (Figure 4c). lonic Movie C: Paroxysmal conduction block (Figure 4d).

I, were the primary determinant of D during aternans
(Figure 5).

Reduction of |, or elevation of I, eliminated €electrical
dternans at the site of stimulation, as expected from our
results using the single myocyte model.1” In the absence of D
aternans at the site of pacing, rapid pacing did not induce D
dternans a other sites on the fiber or a transition to
conduction block aong the fiber (Figure 6). Instead, 1:1
locking eventually was replaced by stable 2:1 conduction
block at all sites (not shown). The link between D alternans at
the site of stimulation and the transition to discordant alter-
nans and conduction block is described in detail in the next
section.

One-Dimensional Coupled Maps Model

Iteration of the coupled maps model (Equation 1) produced a
spatial distribution of D,(x) and T,(x) (Figure 7 and online
movie) similar to that observed experimentally and in the
ionic model. The mechanism for the spatial distribution of D
and T is given in Figure 7, which shows iterations of the
return map at adifferent T. During concordant D alternans, D
alternans magnitude decreased and local T alternans magni-
tude increased from the proximal to distal ends of the fiber
(Figure 7d). Local T aternans grew because differences in
conduction delays increased with increasing distance from
the pacing site. During concordant D alternans, the long
action potential iterated to along T, causing a contraction in
the magnitude of D alternans (compare Figures 8b and 8c).

For sufficiently large T aternans, concordant D aternans
became unstable and converted to discordant D aternans
(Figures 7b and 7c). If I, and |, are the two intervals during
dternans, this instability occurred when the product of the
slopes of the recovery function at those Is was =1 [ie,
[f"(1)f"(1,)|=1, where D=f(I)]. Discordant D alternans had a
larger magnitude because the pattern of iteration switched,
becoming long D to short T (Figure 8d). During discordant D
aternans, the transition point (node) between regions of
short-long and long-short D migrated over time toward the
pacing site. As pacing continued, several nodes accumulated
in the fiber, leading to significant dynamic heterogeneity of D
(Figures 7d and 7e).

Paroxysmal 2:1 block (Figure 7f) occurred when the
magnitude of D and T aternans distal to the node became so
large that attempted activation at short T failed (Figure 8e).
As the node continued to migrate toward the pacing site, the
magnitude of T alternans decreased (became closer to 1) and
recovery from 2:1 block occurred (Figures 7g and 7h and
Figure 8f). As new nodes formed and migrated, this process
was repeated. Thus, for any given activation of the cable
during sufficiently rapid pacing, regions of long D, short D,
and conduction block coexisted, as in the experiments.

Although changes in the magnitude of T alternans were
required for the transitions from concordant to discordant
alternans and for the subsequent transition to paroxysmal 2:1
block, the magnitude of T alternans was small, compared with
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Figure 5. lonic mechanism for electrical
alternans and the transition to conduction
block in a one-dimensional ionic model.
Recordings of action potentials (top), /ca
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the magnitude of D alternans (Figure 7). At the onset of
discordant aternans, AT was only *+0.9 ms (Figure 7c),
increasing to +4.6 ms at the onset of 2:1 block (Figure 7f)
and decreasing to approximately =2.1 ms at the resumption
of 2:2 locking (Figure 7h). The corresponding values for the
experimental data were similar (x1.0, =1.6, and =1.2 ms,
respectively), as were the values for the ionic model (+4.0,
+3.0, and =2.0 ms, respectively). Note that the maximum
beat-to-beat differencesin T occurred in aregion of the fibers
where the magnitude of D aternans was minimal (Figure 7).
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Conversely, the minimum values of AT occurred where D
alternans magnitude was maximal (Figure 7).

Discussion

Spatially Distributed Complex Dynamics

The spatia distribution of complex dynamics observed in the
present study depended on three key cellular electrical prop-
erties. The first was a D recovery function with slope =1,
without which D aternans would not have occurred at the
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Figure 6. Suppression of concordant and discordant D alternans produced by decreasing the magnitude of /s, (left panels) or increas-
ing the magnitude of I, (right panels). Same format as in Figure 5. Reduction of I, (by decreasing pCa from 0.226e * to 0.113e %)
abolished alternans at the site of stimulation and at all sites along the fiber at all = (=170 ms shown). Increasing Ik, (by increasing
GbarKr from 0.0136 to 0.0544) had a similar suppressant effect on alternans.
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Figure 7. D, and AT, (T,—7) versus cell number in the coupled maps model for two consecutive beats (dashed line, beat n; solid
line, beat n+1) during simulation at progressively shorter 7. All time units are in ms and all space units are in mm. Stimuli were
delivered to the first cell and activation propagated along the fiber. 7=232 ms in a, 230 ms in b, 220 ms in ¢, and 202 ms in pan-
els d through h. a, Concordant D alternans. b, Development of discordant D alternans at the distal end of the fiber with increasing
beat-to-beat differences in T. ¢, Discordant D alternans with a single node. d, Discordant D alternans with two D nodes. Note that
D nodes corresponded to maxima (antinodes) in T differences, and D antinodes corresponded to T nodes. e, Time-dependent
migration of existing nodes toward the pacing site and the formation of new nodes at the distal end of the fiber. f, 2:1 conduction
block. g, Time-dependent migration of the boundary between normal conduction and 2:1 block until the T differences at the
boundary became small enough to allow conduction (h). This figure contains snapshots from the following movie found in the
online data supplement. Coupled Maps Movie: Figure 7a, beats 81 and 82 (concordant alternans); Figure 7b, beats 129 and 130
(development of discordant alternans); Figure 7c, beats 235 and 236 (discordant alternans with one node); Figure 7d, beats 1231
and 1232 (discordant alternans with two nodes); Figure 7e, beats 1285 and 1286 (discordant alternans with three nodes); Figure
7f, beats 1289 and 1290 (2:1 block); Figure 7g, beats 1341 and 1342 (migration of the boundary between normal conduction and

2:1 block); and Figure 7h; beats 1351 and 1352 (recovery of conduction).

pacing site or at any other site on the fiber. The second was
the electrotonic interaction between cells, represented by
diffusion in the ionic model and by spatial averaging in the
coupled maps models. The role of spatial averaging was
identified by removing it from the coupled maps model. In
the absence of averaging, concordant and discordant alternans
and 2:1 conduction block still occurred (not shown). How-
ever, paroxysmal 2:1 block did not occur. Rather, conduction
block was stable, as were the steady-state positions of the
nodes. Without migration of the nodes toward the pacing site,
T differences remained sufficiently large to sustain block.

The third requirement for the development of complex
dynamics was a recovery function for conduction velocity. If
V were a constant, D,,,,(x) for any given beat would be the
same for each site on the fiber (see Equation 1), precluding
the possibility of discordant aternans. However, the magni-
tude of V alternans and the resultant T alternans during
discordant alternans typically were small (=2 ms), particu-
larly in the region of largest D aternans (Figure 7). T
aternans of this magnitude is likely to be obscured under
most experimental circumstances, which may account for the
conclusion reached by Pastore and Rosenbaum that T alter-
nans is not required for the induction of discordant D
aternans,1314 whereasintrinsic spatial heterogeneity of action
potential duration is. Although our experiments indicate that
discordant D alternans can be induced in the absence of
intrinsic heterogeneity, it seems likely that preexisting gradi-
ents of repolarization'32526 may affect the development of
discordant D alternans.

Implications
The results of these experiments demonstrate for the first time
a complete transition from planar wave propagation, through

alternansto local conduction block, where the spatiotemporal
heterogeneity required for the induction of these phenomena
developed dynamically. Of clinical interest is the possibility
that the mechanism for conduction block developed in the
present study may contribute not only to the initiation of
spiral wave reentry but also to the subsequent fractionation of
wave propagation associated with stable, meandering, or
disintegrating spira waves.227.28 This idea remains to be
tested. But, if it is found to be valid, interrupting the
spatiotemporal transition to conduction block may provide a
key to prevention of lethal heart rhythm disorders.52°

Appendix
To characterize the determinants of the spatiotemporal dynamics
observed experimentally, we used a coupled maps model of a
one-dimensiona cardiac fiber.22324 The model is given by the
equation:

2 Ins1(X) =Tre1(X) —Dnia(%)

T..1(%) equals the period between activations of site x. T,..(%) is
determined by including the time delays required for an action
potential to propagate from the pacing site to site x. This yields

®) Va(X) =c[14(x)]

i AX Ax
Thea(X) :T+§o lnea(%)] JE clln(%)]

j=0

where Tisthe period delivered to the pacing site, and Ax isthe length
of asingle cell. The conduction velocity V,(x) depends only on the
diastolic interval | through the V restitution function V,=c(l,).

The defining equation for the model is a summation over space
and a difference equation in time:
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Figure 8. Mechanism for local conduction block. a, D, and AT, as a function of beat number for a cell distal to the pacing site. b
through f, Graphical iteration of the return map /,(x)=T,(x)—D,(x;). Because the actual data produce very small changes in the local
period T, we use hypothetical curves to schematically illustrate the mechanism. b, Iteration of the map for the first cell in the fiber. The
curve is a hypothetical function D,=f(l,). The line is the equation D,+/,=7, which in this case is 220 ms. The choice of the period (7)
determines where the line intersects the curve. The map is iterated by starting with some choice of /, then moving up to the curve to
find D. The next I is found by moving over to the period line, and the process repeats. In this example, the map iterates to stable alter-
nans. ¢, Concordant D alternans further out on the fiber. The solid lines are the short and long T that result from beat-to-beat differ-
ences in conduction delays during alternans. The dashed line is the pacing 7. Note that the long D iterates to the longer of the two T
and vice versa, which decreases the magnitude of D alternans, compared with the first cell in the fiber (a). At some point further out on
the fiber, the alternans disappears altogether, which corresponds to the node. d, Discordant D alternans at a cell on the fiber distal to
the node. Here the pattern of iteration is reversed, with the long D iterating to the short T and vice versa, which increases the magni-
tude of D alternans. e, 2:1 conduction block at a location on the fiber distal from the pacing site at 7=202 ms. At the shorter pacing ,
D alternans at the site of stimulation is increased, which increases T alternans at this distal site. The long D now iterates to an / at
which no D is available, corresponding to a blocked beat (X). f, Recovery of normal conduction at the distal site. Over time, as the node
migrates toward the site of stimulation, the magnitude of D alternans at that site decreases, which decreases the magnitude of T alter-
nans at this distal site (compare Figures 7g and 7h). Iteration of the long D to the short T now yields an / at which a new D is available.

as determined by experimental data.’®> For |,<l,,=2 ms, f(I,)=0

' Ax L Ax . L i mn— e TS
(4) lnsr(X) =7+ E SINER] 2 0] Dy 1(X) (conduction block). The V restitution function V,,=c(l,)) is given by
. n+ n
170 =0 (6)  c(1)=0.5(1.43—1.15e"° +-0.67e %' —1.34e70%)
The coupled maps model used the following functions and parame- also determined from experimental data (authors unpublished data,

ters. All time units are in ms and al space units are in mm. The
duration of the n+1" action potential is a function of the n rest
interval, with D,,,=f(l,):

2001) and using the fitting function from Karma3 Coupling is
included by a weighted averaging of D,,,(x) over a distance a4

5 =2 (7) D)= 3 W F[1,(%.)]

1+ewn j=a
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e w2
Wj =

a
E e m?

j=—a

with =50 and ©=0.06. We set the length of each cell Axto 0.1 mm.
If the index « falls outside the 150-cell cable, that term is not
included in the sums in Equation 7.
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Online Data Supplement

To study the ionic mechanism efectrical alternans icanine myocytes, we
constructed a canine ventricular myocyte (CVM) model using appropriate formulations
of ionic currents from the LRd, Winslow’ and Chudifimodels, altered as necessary to
fit experimental voltage clamp data from canine ventricular myocytes. It has been well
established that cellular electrical properties in the canine ventricle vary, both between
right and left ventricles and within a given ventricle, according to whether a cell resides
in the epicardium, endocardium or mid-myocardiimBecause the Winslow model is
the only existing ionic model based on the electrical properties of canine ventricle, we
elected to use that model as the basis for the CVM model. Consequently, the CVM
model, like its predecessor, recreates the mid-myocardial or M cell action potential.
Further alterations of various currents, includipg I, and |-, would be required to
model the electrical activity of canine endocardial and epicardial myotytes

The CVM model contains the following ionic current formulations:

dv _

dt __(Istim+|Na +|K1 +|Kr +|Ks +|to +|Kp +INaK +INaCa +|Nab +|Cab +IpCa +|Ca -HCaK)

stim
The stimulus current used to drive the model is a square wave pulse consisting of

—80 uA/uF of current for 1 ms.

The sodium current is the same as that used in the Winslow ihexie¢pt that

the discontinuities in the h and j gate formulations were removed.
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E—G n1-m-B, B =.08 "
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. g-_ 15
:aj(l_j)_.Bj h™ 14 @ UV+1Y
V+100
[Na’], _ 17
= ) g
_ 3
b= frema

|, was formulated to agree with data from Freemtaai®. These data indicate a

smaller outward current at depolarized potentials than is seen in the Winslow model.

= o [K']
I, =G K 0 -E
K1 K11 [K+]0+Km|<1)(v k)
o 1
K = F
1.62——(V-Ey )
2+ RT
E ——| ([K ]o)
F K

IKr

The rapid delayed rectifier current was fit to the data from Gihtdntparticular,
we reproduced the voltage clamp experiment used to generate figure 2 in his paper. The
Winslow formulation of the current was altered to increase rectification, slow kinetics at

depolarized potentials and increase maximum conductance.
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The slow delayed rectifier current was fit to data from Vatral™, specifically
the results shown in figure 2 of their paper. The Winslow model was altered to increase

the magnitude of the current and shift activation to less positive voltages.

IKS = €KSXI§3(V - EKS)
e RT | IK], +.0183¢NaT,
“ F T[K', +.01838Na",

des — Xr?s - XKS

dt Tys
o 1
XKs = V-16
. 1
ks = 70000719V - 19 _ 000131V - 10
1 _ e—.148(V—1Q + e 0687V - 10 _ 1

to

The transient outward current in the model is the same as in the Winslow model.
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aqv Yo V+335
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The plateau potassium current is the same as in the Winslow model.

IKp = GKpKKp(V - EK)
1

KKp = 7.488-V

I NaK

The sodium-potassium pump current is the same as in the LRd model.

e = T 1 K,
NaK NaK "NaK 1+( KmNaj )1.5 [K+]0 + KmKo
[Na'];
1
P = —IVE —F
1+.124% R +.0365e R
[Na'],

o==(e®® -1
= )

INab, lNaCa, IpCa, lCab
INab = GNab(V - ENa)
The sodium-calcium exchange current, sarcolemmal pump current, and calcium

and sodium background currents are the same as in the Winslow

model.
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The L-type calcium current in the model is a modified version of that found in the
LRd model. A time-dependent, enhanced Ca-induced inactivation was used, as well as a

decrease in the current magnitude. These changes produced a smaller more rapidly

inactivating calcium current, in agreemevith experimental observatiolsy Zygmunt

(personal communication).
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I CaK

The potassium current through the L-type calcium channel is also a modified

version of the LRd formulation.

VE
_ F_)CaK fdfCa 100()\/F2 [K+]ieRT _[ K*]
} VF

ICaK_
Ce gy la RT

ICa.half

o]

ert —1

Ca handling

A modified form of the intracellular calcium dynamics from Chueiral* was
used. We included buffering from calmodulin in the cytoplasm and calsequestrin in the
sarcoplasmic reticulum (SR), omitted spontaneous release of calcium from the SR, and
combined the concentrations of calcium in the junctional sarcoplasmic reticulum (JSR)

and the non-junctional sarcoplasmic reticulum (NSR) into a single variable.
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Numerical Methods

The equations listed above were solved using parameter values and initial
conditions found below. The simulations were run on Macintosh G3 and G4 computers
using a program written in C. The numerical integration scheme was similar to that used
in Luo and Rudy? and in Rush and Larseén Briefly, the time steps of integration were
made small enough so that the changes in voltage and in calcium concentrations
remained below maximum valuedy,,, and ACa,,. If the changes in voltage and
calcium concentration were below a minimum vala¥ (;,, andACa,,;,), the time step
was increased. By keeping the changes in voltage small, we could solve the linear gate
variable equations exactly during each time step. WeAged = .8 mV,AV,,,.=.2 mV,
andACa, ,=1.067e-2 uMACq,,,=2.67e-3 uM. The other time dependent variables in the
model were solved using an adaptive fourth order Runge-Kutta n&thdte errors
were normalized as described Jafri et al*®>. We used a maximum error of le-6, a
minimum time step of .005 ms, and a maximum time step of .5 ms. During the stimulus,
the step size was fixed at .005 ms. To further increase computational speed, lookup
tables were used to avoid repeatedly calculating exponentials and other computationally
expensive functions. The lookup tables were calculated once before each simulation for
15,000 values of voltages ranging from —100 mV to +100 mV. Values of voltages lying

between the indices of the lookup table were calculated using linear interpolation.
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P, =.0000226-" Lmol “
ms Kigea = 05—
Initial conditions:
t=0.0ms h=.99869
[Ca*'], =.0472umol fcq =942
[Ca™], =32Qumol xkr =.229
f =.083 xks=.0001
d=.0001 xto = 3.742x 10°
m=24676x 10* yto=1
References
1. Luo CH, Rudy Y. A model of the ventricular cardiac action poten@ialc Res.
1991;68:1501-1526.
2. Luo CH, Rudy Y. A dynamic model of the cardiac ventricular action potential, I:

simulation of ionic currents and concentration chan@es. Res. 1994;74:1071-

1096.



10.

Winslow RL, Rice J, Jafri S, Marban E, O’'Rourke B. Mechanisms of altered
excitation-contraction coupling in canine tachycardia-induced heart failure, II.
Circ Res. 1999;84:571-586.

Chudin E, Goldhaber J, Garfinkel A, Weiss J, Kogan B. Intracelluldf Ca
dynamics and the stability of ventricular tachycardiophys J. 1999;77:2930-
2941.

Liu DW, Antzelevitch C. Characteristics of the delayed rectifier currgrarfd

l,o INn canine ventricular epicardial, midmyocardial, and endocandyaicytes.

Circ Res. 1995;76:351-365.

Liu DW, Gintant GA, Antzelevitch C. lonic bases for electrophysiological
distinctions among epicardial, midmyocardial, and endocardial myocytes from the
free wall of the canine left ventricleCirc Res. 1993;72:671-687.

Zygmunt AC, Goodrow RJ, Antzelevitch C.,d, contributes to electrical
heterogeneity within the canine ventriclem J Physiol. 2000;278:H1671-H1678.
Freeman LC, Pacioretty LM, Moise NS Kass RS, Gilmour RF Jr. Decreased
density of |, in left ventricular myocytes fronGerman shepherd dos with
inherited arrhythmiasJ Cardiovasc Electrophysiol. 1997;8:872-883.

Gintant GA. Characterization and functional consequences of delayed rectifier
current transient in ventricular repolarizatiodAm J Physiol. 2000278:H806-
H817.

Varro A, Balati B, lost N, Takacs J, Virag L, Lathrop DA, Csaba L, Talosi L,
Papp JG. The role of the delayed rectifier compongninidog ventricular

muscle and Purkinje fiber repolarisatiahPhysiol. 2000;523.1:67-81.



11.

12.

13.

Rush S, Larsen H. A particular algorithm for solving dynamics membrane
equations.|EEE Trans Biomed Eng. 1978;25:389-392.

Press WH, Teukolsky SA, Vetterling WT, Flannery BRumerical Recipesin C.
Second edition. Cambridge: Cambridge University Press, 1992.

Jafri S, Rice JJ, Winslow RL. Cardiac“‘Cdynamics: the roles afyanodine
receptor adaptation and sarcoplasmic reticulum |8aaphys J. 199874:1149-

1168.



