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Vulnerable Window for Conduction Block in a One-Dimensional Cable
of Cardiac Cells, 2: Multiple Extrasystoles
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ABSTRACT Unidirectional conduction block of premature extrasystoles can lead to initiation of cardiac reentry, causing lethal
arrhythmias including ventricular fibrillation. Multiple extrasystoles are often more effective at inducing unidirectional conduction
block and reentry than a single extrasystole. Since the substrate for conduction block is spatial dispersion of refractoriness, in
this study we investigate how the first extrasystole modulates this dispersion to influence the “vulnerable window” for conduction
block by subsequent extrasystoles, particularly in relation to action potential duration restitution and conduction velocity
restitution properties. Using a kinematic model to represent wavefront-waveback interactions and simulations with the Luo-Rudy
model in a one-dimensional cable of cardiac cells, we show that in homogeneous tissue, a premature extrasystole can create a
large dispersion of refractoriness leading to conduction block of a subsequent extrasystole. In heterogeneous tissue, however, a
premature extrasystole can either reduce or enhance the dispersion of refractoriness depending on its propagation direction with
respect to the previous beat. With multiple extrasystoles at random coupling intervals, vulnerability to conduction block is
proportional to their number. In general, steep action potential duration restitution and broad conduction velocity restitution
promote dispersion of refractoriness in response to multiple extrasystoles, and thus enhance vulnerability to conduction block.
These restitution properties also promote spatially discordant alternans, a setting which is particularly prone to conduction block.
The equivalent dispersion of refractoriness created dynamically in homogeneous tissue by spatially discordant alternans is more

likely to cause conduction block than a comparable degree of preexisting dispersion in heterogeneous tissue.

INTRODUCTION

In the companion article (1), we analyzed the vulnerable
window for conduction block of a single extrasystole in a
one-dimensional cable of cardiac cells with a preexisting
gradient in refractory period. In the clinical setting, however,
multiple extrasystoles often appear to be involved in the
initiation of reentry. For example, during clinical electro-
physiological studies, programmed stimulation with multiple
premature extrasystoles is often required to induce reentry.
Relevant to this observation, experimental studies have
shown that dispersion of refractoriness, which correlates
with the ventricular fibrillation threshold (2), is modulated by
premature extrasystoles (3) and rapid heart rates (4,5). Other
experiments (6—11) have demonstrated that dispersion of
refractoriness and inducibility of reentry are affected by the
activation sequence of the premature extrasystoles. Previous
computer simulation studies (12—14) have shown that the
ability of a premature extrasystole to modulate dispersion of
refractoriness depends on action potential duration (APD)
restitution and conduction velocity (CV) restitution proper-
ties. Using a kinematic model, Fox et al. (15) showed that the
likelihood of conduction block by multiple premature
stimulations depended on APD restitution and CV restitu-
tion. In addition, spatially discordant APD alternans induced
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by rapid pacing (16,17) also dramatically increases the
dispersion of refractoriness, creating a heterogeneous sub-
strate favoring conduction block and initiation of reentry
(12,18-20). However, a detailed analysis of how such fac-
tors affect vulnerability to conduction block has yet to be
performed.

In this study, we use theoretical analysis and numerical
simulation to extend the analysis for a single extrasystole in
the companion article to multiple extrasystoles. First, we
studied how the first extrasystole induces heterogeneity and
modulates the existing dispersion of refractoriness, thereby
affecting the vulnerable window for a subsequent extrasys-
tole. We then characterized the vulnerability to conduction
block by multiple extrasystoles. Finally, we analyzed how
spatially discordant APD alternans, promoted by steep APD
restitution and broad CV restitution, affects the vulnerable
window of conduction block.

METHODS
Mathematical model

We simulated a one-dimensional (1D) cable using Phase I of the Luo and
Rudy (LR1) ventricular action potential model (21):

1% vV
= (I +14)/Co + D—.,
ot (i +1t) /€ ox’

where V is the transmembrane potential, /,, is the total ionic current
density from the LR1 model, and D is the diffusion constant, set to 0.001
cmz/ms. For the homogeneous cable, we used Na™' channel conductance
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Gna = 16 mS/cm? and the slow-inward current or the L-type Ca>* channel
conductance Gy = 0.06 mS/cm?. We also sped up the L-type Ca®" channel
activation and inactivation by decreasing the time constants 74 and 7¢ to
75%, i.e., Tq—0.75 14 and 7;—0.75 7 These modifications resulted in a
baseline APD of 200 ms and APD restitution steepness close to the
experimental measurements in rabbit hearts (22). Slowing of recovery of the
Na* channel was simulated by increasing the time constant of the j gate in
the LR1 model, e.g., a fivefold slowing of the recovery is achieved by
increasing 7; fivefold as 7;— 35 7j. Other parameters are the same as in the
original LR1 model. In homogeneous 1D cable, Gk = 0.423 mS/cm2 was
used. In heterogeneous cable, action potential gradient was simulated by
creating a gradient in the maximum conductance of the time-dependent K*
channel, i.e., Gk = GK(x). For the case of ascending APD gradient, it is
defined as

QKmax )

GKmin )

where we set xo = (L — h)/2. In this study, we used a cable length L = 40 mm
and & was chosen to be 10 mm. For the descending case, Eq. 2 was used with
Gxmax and Gmin exchanged. In this study, Ggmax = 0.564 mS/cm® and
Gimin = 0.282 mS/cm?>. I in Eq. 1 is the stimulation current density of the
stimuli, which were applied in a 1 mm segment of the cable with strength
being —30 wA/cm? and duration being 2 ms. S1 was the baseline stimulation
and always applied at the left end of the cable with cycle length 1 s, whereas
the premature stimuli (the extrasystoles) were applied at either ends of the
cable as indicated in each case. Eq. 1 was integrated using the explicit Euler
method with a time step 0.005 ms and a space step Ax = 0.0125 cm.

APD and APD restitution

APD was defined as the duration of transmembrane voltage V > —72 mV
and the diastolic interval (DI) as the duration of V < —72 mV. APD
restitution curves were obtained by plotting APD as a function of the
previous DI. APD was measured from the middle of the cable with a regular
S1 pacing train of 500 ms interval, followed by a premature S2 at one end of
the cable.

CV and CV restitution

CV was measured in the same cable by calculating the time AT for the
wavefront propagating from x — Ax to x + Ax, defining 6(x) = 2Ax/AT.
CV restitution curves were obtained by plotting CV versus DI measured at
the middle of the cable.

RESULTS

Modulation of dispersion of refractoriness by a
premature extrasystole

APD and CV restitution strongly influence functional disper-
sion of refractoriness in homogeneous tissue, and modulate
preexisting dispersion of refractoriness in heterogeneous
tissue (3,12,14). Here we show how a single premature
extrasystole (S2) modulates the dispersion of refractoriness
in homogeneous and heterogeneous 1D cables of cardiac
cells, and, depending on their APD and CV restitution prop-
erties, affects the vulnerability to conduction block by a
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subsequent premature extrasystole (S3). As shown in Fig.
1 A, S1 is applied at the left end of the cable, and S2 and S3
were applied at the same location (x = /). S2 stimulates two
waves propagating in opposite directions (Fig. 1 A), one (the
S2 wave) propagates in the same direction, and the other
(S2* wave) propagates in the opposite direction as the S1
wave. The DI preceding the S2 wave satisfies (see the com-
panion article for details)

didi(x)] _ 1 1
dc  6,(x) 0O,(x) )
#‘xSan
if xo <x<xy+h, 2)
ifx=xy+h

with the initial condition d1 (1) = ATSlSQ —a (1) — f(; dx/01 (X),
in which ATjg,s, is the coupling interval of the S1 and S2
beats and a;(/) is the APD of the S1 beat at location x = /. In
Eq. 3, 6,(x) is the wavefront velocity of the S2 or S2* wave,
which is determined by CV restitution, i.e., 6, (x) = g[d; (x)].
Fig. 1 B shows the CV restitution curves obtain form the LR 1
model in the 1D cable for normal and fivefold-slowed Na™
current recovery, and can be fit by

0, = Op(1 — e 7%/ 4)

with 6y = 0.55 m/s and 8 = 0.6. For normal Na™ channel
recovery, 7 = 10 ms and d. = 10 ms. For fivefold-slowed
Na™ channel recovery, 7 = 50 ms and d. = 17 ms. These
parameters are used in the kinematic simulations of this
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FIGURE 1 (A) Schematic illustration of the S1 and S2 beats in a 1D
space. S1 is always applied at x = 0, but S2 is applied in location /, which
stimulates two opposite propagating waves (the S2 wave and S2* wave). 0 is
the wavefront velocity and © is the waveback velocity. (B) CV versus
previous DI for normal (CJ) and 5-fold slowed (O) Na™ channel recovery,
which are fit by Eq. 4 (line). (C) APD versus previous DI. The data are fit
by Eq. 7 (solid line). The dashed line is an APD restitution curve by letting
a = 0and B = 0.4 in Eq. 7, which is a shallower APD restitution curve.
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study. ®(x) is the waveback velocity of the S1 wave, which
relates to the wavefront velocity as (1)

6,(x)

000 =17 0, (x)ar (x)’

®)
where a1y = da;(x)/dx is the spatial APD gradient of the S1
wave and a;(x) is determined by the preexisting heteroge-
neity. Similarly, the DI preceding the S3 wave satisfies
X 0;(x)  Oy(x)

with the initial condition d,(/) = ATsys3 — ax(l), in which
ATs,g;3 is the coupling interval between S2 and S3, and a,(/)
is the APD of the S2 beat at location x = [. In Eq. 6,
03(x) = gld2(x)] and Oy(x) = 02(x)/(1+62(x)azy). az =
day(x)/dx, in which a,(x) = f[x, d (x)], i.e., the APD of the
S2 beat is determined by the preexisting heterogeneity and
the APD restitution relationship. d;(x) is determined by Eq. 3.
The APD restitution curve obtained using the LR 1 model with
our control parameters is shown in Fig. 1 C and can be fit by

_ Be—dl/IS()) )

with @y = 200 ms, « = 0.8, and 8 = 0.4, which are used as
control parameters in the kinematic simulations. To inves-
tigate the effect of APD restitution slope in our kinematic
simulation, we change « in Eq. 7 to change the slope of the
APD restitution curve, i.e., the APD restitution curve be-
comes steeper as « increases (see the example in Fig. 1 C).

Conduction of the S3 beat fails when d,(x) reaches d.. Due
to the nonlinearity, we are not able to analytically obtain the
vulnerable window for the S3 beat even for homogeneous
tissue, but one can obtain the vulnerable window for the S3
beat by numerically solving Egs. 3 and 6 together.

—d1 /25
a, = ao(l —ae 1/

Homogeneous tissue

Here we show how the S2 beat creates dispersion of re-
fractoriness leading to unidirectional conduction block of the
subsequent S3 beat in homogeneous tissue. In this case,
0;(x) = 01(x) = 6y, and d;(x) can be obtained by solving
Eq. 3 for the S2 wave (Fig. 1 A), which satisfies

%Hoe[d‘ W-dr _gd,(x) = x +C, ®)
where C is an integration constant. Since d;(x) is a function of
space, the APD of the S2 beat, determined by the restitution
relation: a; (x) = f[d, (x)], is also a function of space. In other
words, dispersion of refractoriness is induced by the prema-
ture S2 beat. The induced APD gradient is determined as

dfld\(x)] _ ,0d(x)

01 1
T =Ja Ox =Ja {HZ(x) a 0_0]
: Se [ —dl/7
:f;ieo(l B 5ef[d1(x)*dc]/7)’ ©)
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in which fj = 0f/0d is the slope of the APD restitution
curve. Therefore, the spatial APD gradient induced by the
premature stimulus is proportional to the slope of APD
restitution multiplied by the gradient in diastolic interval.
Using the following relation (based on Eq. 11 in the com-
panion article (1)),
1 1
> — —, 10
a 6. 6, (10)
we can estimate the slope of APD restitution required for
conduction block of the S3 wave to occur, i.e.,

e 1 1 1
aox :fd<9_2_0_0>>7(1—6)60_0_2’ (1)
which leads to
0, — (1 —8)6,
(1=8)(80 — 02)

For di(x) = d., 6, =60, = (1 —8)6p, f;>0 based on
Eq. 12 or a,5 > 0 based on Eq. 10 is required for conduction
block of the S3 extrasystole. For d;(x) > d., 0, >0, =
(1 —8)8y, a larger slope of APD restitution is required. For
example, for di(x) = d. + 10 ms = 20 ms, 6, = 0.43 m/s
based on Eq. 4, which results in f; > 4.3 from Eq. 12, i.e., a
minimum APD restitution slope of 4.3 at d = 20 ms is
needed for S3 block to occur. For di(x) > d., 0, =~ 0,
fi = o is required. Fig. 2 A shows the APD distribution in
space for normal and fivefold-slowed Na™ channel recovery,
showing that an APD gradient is induced by the premature
extrasystole. Broader CV restitution increases the APD
gradient (Fig. 2 A), which increases the vulnerable window w
(open squares versus solid squares in Fig. 2 C). The
vulnerable window increases as « or the slope of APD
restitution increases (Fig. 2 C). However, with the control
APD and CV restitution shown in Fig.1, conduction block of
the S3 beat can only occur for a small range (~5 ms) of S1S2
intervals (Fig. 2 B).

For the S2* wave, which propagates in the opposite
direction to the S1 wave, d;(x) can be obtained from Eq. 3
by substituting 6,(x) by 65(x) = —0,(x) = —6p(1—
Seldix)—dcl/ 7), which satisfies
% Goln (21T _8) — 9o (x) =x+C,  (13)
where C is an integration constant. The induced APD
gradient is

fi> (12)

1 1 2 aef[dl(x)*dc]/T

o= [_Gz(x) _OJ = g

Similarly, we obtain the minimum slope of APD restitu-
tion required for conduction block of the S3 beat. Using
Eqgs. 10 and 14, we have (note that S2* propagates toward
the negative x axis as illustrated in Fig. 1 A)

*__’l+l <_;_i 15
= Jalg b =06, 6
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FIGURE 2 Induction of dispersion of refractoriness by a
premature extrasystole in homogeneous tissue from the
kinematic model (Eq. 3). Two cases were studied: all three
stimuli were applied at the same end of the cable (A-C) and
the S1 was applied at one end, but the S2 and S3 applied at
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the other end (D-F). (A) APD distribution in space
(ay versus x) of the S2 wave for normal (solid line)
and fivefold-slowed (dashed line) Na* channel recovery.
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which leads to induced by the S2 beat is not large enough to cause
0 1= 8)6 conduction block of the S3 beat. We failed to detect a
fi> 2= 0 (16)  vulnerable window for the S3 beat for either normal or

(1 —8)(6) +6,)

Ford,(x) =d., 6, = 6. = (1 — 6)0o, fj > 0 is required for
conduction block of the S3 beat to occur. For d;(x) > d.,
0, >0, = (1 —8)0, a larger slope of APD restitution is
required. For d,(x) > d., 0, ~ 6y, f;>6/2(1 — &) is re-
quired. This is different from the case shown in Eq. 12,
where an infinite slope is required. Fig. 2, D—F, show the
induced APD gradient (Fig. 2 D), the vulnerable window in
the ATg5>-ATsy53 space (Fig. 2 E), and the vulnerable
window w for different APD and CV restitution slopes (Fig.
2 F). Compared to the case shown in Fig. 2, A-C, a larger
APD gradient is induced and thus the vulnerable window for
conduction block of the S3 wave is larger, but the effect of
the slope of CV restitution is smaller (Fig. 2 F).

We also numerically simulated a homogeneous 1D cable
with the LR1 model. We first study the case in which all
extrasystoles occur at the same location. Under control pa-
rameter settings, the maximum APD difference and gradient
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slowed recovery of the Na™ channel. Based on the kinematic
analysis of Egs. 10—-12, conduction block of the S3 beat can
theoretically occur as long as there is an APD gradient, yet
the vulnerable window may be very small (e.g., it occurs in
~5 ms range of the S1S2 interval in the kinematic simulation
in shown Fig. 2 B). However, the effects of the stimulus
strength and duration and the electrotonic coupling may
cause a small vulnerable window to disappear. When pre-
mature extrasystoles are applied at a location far away from
the S1 stimulus (Fig. 3), we were able to detect a large
vulnerable window for conduction block of the S3 beat.
Fig. 3 A shows the APD heterogeneity induced by the S2
beat for normal and slowed Na™* channel recovery. Fig. 3 B
shows the vulnerable window for the S3 beat at different
S1S2 coupling interval for normal Na™ channel recovery,
which agrees well with that of the kinematic simulation
(Fig. 2 E). Fig. 3 C shows the vulnerable window versus the
induced ‘‘refractory barrier’” (Aa) for normal and slowed
Na™ channel recovery, showing that the vulnerable window
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FIGURE 3 Induction of dispersion

of refractoriness and conduction block

120 = in homogeneous 1D cable of the LR1
00 a model. The S1 was applied at one end
22 whereas S2 and S3 were applied at the

60 " other end. (A) APD gradient induced
30 4 a " by S2 for normal Na™ recovery with
ATs5o = 280 ms (solid line) and for

0 T fivefold-slowed Na™ channel recovery

T —
0 30 60 90 120
Aa (ms)

with ATs,so = 287 ms (dashed line).
(B) Vulnerable window (shaded area)
of conduction block of the S3 beat for

different S1S2 coupling intervals with normal Na* channel recovery. “‘S2 failure’ indicates an S1S2 interval is too short for S2 to stimulate the S2 waves. (C)
Vulnerable window size w versus the induced maximum APD difference Aa for normal Na* channel recovery (M) and slowed Na™ channel recovery (0J). Data

were obtained from different S1S2 coupling intervals.

is proportional to Aa, but the effect of CV restitution is
limited, similar to the kinematic simulation (Fig. 2 F).

Heterogeneous tissue

Here we show how the S2 beat affects dispersion of
refractoriness and the vulnerable window for unidirectional
conduction block of the subsequent S3 beat in heterogeneous

A S15283 C s1

tissue. In this case, both baseline APD and APD restitution
kinetics may vary from location to location (3), and whether
the premature S2 enhances or reduces dispersion in refrac-
toriness depends on its location relative to the S1 beat and the
preexisting tissue heterogeneity. In Fig. 4 A, we show APD
distribution in space for different S1S2 coupling intervals for
the case in which S1 and S2 are applied at the same end of
the cable and the APD gradient is ascending. As the S1S2

§2,83

|

FIGURE 4 Modulation of dispersion of refractoriness
and induction of reentry in a heterogeneous 1D cable using
the LR1 model. (A) APD distribution in space of the S2
beat for different S1S2 coupling intervals (from fop to
bottom, ATs;s, = 600 ms, 400 ms, 300 ms, and 250 ms)
when S1, S2, and S3 were applied at the same end of the
cable for an ascending APD gradient generated using Eq. 2.

(B) Vulnerable window of conduction block of the S3 beat
for different S1S2 coupling interval for the case as in
A. The shaded area marked ‘‘S2 wave block’’ is the
vulnerable window of conduction block of the S2 wave.

‘S2 failure’’ indicates the S1S2 interval is too short for S2
to stimulate the S2 waves. (C) APD distribution in space of
the S2 beat for different S1S2 coupling interval (from fop
to bottom, ATs s, = 600 ms, 400 ms, 300 ms, and 270 ms)
when S1 was applied in one end and S2 and S3 were
applied at the other end of the cable for a descending APD
gradient generated using Eq. 2 by exchanging the Gimax
and Ggmin values. (D) Vulnerable window of conduction

block of the S3 beat for different S1S2 coupling interval
for the case as in C. “*S2 failure’ indicates the S1S2
interval is too short for S2 to stimulate the S2 waves. (E)
APD distribution in space of the S2 beat for different S1S2

coupling intervals (from fop to bottom, ATs;s, = 600 ms,
270 ms, and 250 ms) when S1 and S2 were applied at the
same end of the cable for a descending APD gradient as in
C. (F) APD distribution in space of the S2 beat for different
S1S2 coupling interval (from top to bottom, ATs;sp =
600 ms, 340 ms, and 312 ms) when S1 was applied in one
end and S2 was applied at the other end of the cable for an
ascending APD gradient as in A.
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coupling interval decreases, the APD gradient deceases. This
decrease in APD gradient causes the vulnerable window of
conduction block of the S3 beat to decrease (Fig. 4 B). In
Fig. 4 C, we show APD distribution in space for different
S1S2 coupling intervals for the case in which S1 and S2 are
applied at the two different ends of the cable and the APD
gradient is descending. The APD gradient increases as the
S1S2 coupling interval decreases. As a consequence, the
vulnerable window of conduction block for the S3 beat
increases as the S1S2 interval decreases, reaching a maxi-
mum before S2 fails to induce a propagating wave in the
cable (Fig. 4 D). Conduction block of S2 wave occurs before
S2 fails to induce a propagating wave in the former case
(Fig. 4 B), but not in the later case (Fig. 4 D) since the
baseline APD gradient is not large enough for S2 to be
blocked. In Fig. 4 E, we show APD distribution in space for
different S1S2 coupling intervals, for the case in which
S1 and S2 are applied at the same end of the cable, but the
APD gradient is descending. As the S1S2 coupling interval
decreases, the APD gradient first deceases but then increases.
In Fig. 4 F, we show APD distribution in space for different
S1S2 coupling intervals for the case in which S1 and S2 are
applied at the two different ends of the cable and the APD
gradient is ascending. The APD gradient decreases first but
then increases as the S1S2 coupling interval decreases.

Effects of multiple extrasystoles in a
homogeneous cable

In general, the diastolic interval preceding the Sn + 1 wave
for multiple extrasystoles can be modeled by the differential
equation

dld,(x)] 1 1
0 (%) O,(x)

with the initial condition d;,(I) = ATspsn+1 — dn({), in which
ATg,sn+1 is the coupling interval between Sn and Sn+1
and / is the location at which the extrasystoles occur.
On(x) =0, (x)/(1+6,(x)anx) and B4y (x) = glda(x)]. anx =
df [dy—1(x)]/dx is the spatial gradient in APD of the Sn beat,
in which fld,.;(x)] is the APD restitution function. Using the

a7)
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APD restitution function (Eq. 7) and CV restitution function
(Eq. 4), one can study numerically the DI and APD distri-
bution and conduction block in a 1D cable for multiple
extrasystoles.

Multiple programmed extrasystoles

We first study the case of multiple extrasystoles whose
intervals are pre-selected. Fig. 5 A shows APD distributions
in space induced by multiple extrasystoles from the same
location. The APD gradient induced by the S2 beat is
ascending, which gave rise to a small vulnerable window for
conduction block of the S3 beat, as shown in Fig. 2 B. The
APD gradient induced by the S3 beat after an almost
minimum S2S3 interval (ATs;53 = 65 ms) is descending,
which prevents conduction block of the S4 beat. The APD
gradient induced by the S4 beat after an almost minimum
S3S4 interval (ATsp53 = 125 ms) is ascending and much
larger than that of the S2 beat. Due to this increase in
gradient, the vulnerable window for conduction block of
the S5 beat after the S4 beat is much larger (Fig. 5 B) than
that of the S3 beat after the S2 beat (Fig. 2 B). The vulnerable
window of the S5 beat decreases as S2S3 interval increases
(inset in Fig. 5 B), and finally disappears. Fig. 6 shows APD
distributions in space induced by multiple extrasystoles in a
1D cable of the LR1 model, which are very similar to those
from the kinematics model shown in Fig. 5 A. Although
conduction block does not occur for the S3 beat, since the
APD gradient induced by S2 is not large enough, conduction
block of the S5 beat occurs due to the substantial increase in
APD gradient after the S4 beat. Slowing of the Na™ channel
recovery causes larger gradients (compare Fig. 6, A and B).

Multiple random extrasystoles

We studied multiple random extrasystoles to address the
issue of how vulnerability is affected by multiple extrasys-
toles in homogeneous tissue in general. We first studied
the induction of conduction block by multiple random
extrasystoles in the kinematic model (Eq. 17). The detailed
simulation protocols are stated in the legend of Fig. 7. Fig. 7 A

A S1,52,83,54 B
l
200 s1 ]
160 4 FIGURE 5 Induction of dispersion of refractoriness by
160 = ] multiple extrasystoles in homogeneous 1D cable from the
B 120 - E 1204 § kinematic model (Eq. 3). (A) APD distribution in space for
E S4 0 E ] the S1, S2, S3, and S4 beats, which were applied at the
@ 80+ 52>< I-a 80 3 ] same end of the cable. ATs;5> = 211 ms, ATsy53 = 65 ms,
< ] T and ATs3s4 = 125 ms. (B) The vulnerable window w
407 s | 40 - 180 200 220) ’ .
] AT (tis) (shaded area) for the S5 beat versus the S3S4 interval for
0 — 1 = I" 5,33'11 : ATs1so = 211 ms and ATs,53 = 65 ms. Inset shows w for
0 10 20 30 40 120 160 200 240 280 ATsisz =211 ms and ATsos3 = 200 ms.
X (mm) ATgagq (MS)
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FIGURE 6 Induction of dispersion of refractoriness by multiple extra-
systoles in homogeneous 1D cable of the LR1 model. Shown are APD
distributions for the S1, S2, S3, and S4 beats, which were applied at the same
end of the cable. (A) Normal Na™ channel recovery. ATs;g> = 220 ms,
ATsss3 = 100 ms, and ATs354 = 150 ms. (B) Fivefold slowed Na™ channel
recovery. AT s, = 230 ms, ATsp53 = 110 ms, and ATs354 = 170 ms.

shows the percentage of the simulations in which conduction
block occurs versus the number of extrasystoles. The total
number of simulations for each random extrasystole se-
quence is 2000. The vulnerability linearly correlates with the
number of random extrasystoles applied, and broadening the
CV restitution curve substantially increases vulnerability. In
both cases, the minimum number of stimuli is three extra-
systoles. We then studied how APD restitution slope affects
vulnerability with the random extrasystoles protocol. Fig. 7
B shows the percentage of simulations in which conduction
block occurs versus «, a parameter controls the slope of APD
restitution in Eq. 7. The case of nine random extrasystoles is
shown. The vulnerability increases with the slope of APD
restitution, in a sigmoidal manner. Note that the maximum
slope of the APD restitution exceeds one when « becomes
greater than 0.15, whereas the vulnerable window begins to
increase at « being around 0.25, showing the importance of
the slope of APD restitution curve.

We also studied the induction of conduction block by
multiple random extrasystoles in a homogeneous 1D cable of
cells using the LR1 model. The extrasystoles all occurred at
the same location (x = 0) of the cable. Fig. 7 C shows the
percentage of simulations in which conduction block occurs.
The total simulations for each extrasystoles case are 500. For
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both normal and slowed Na™ channel recovery, at least five
extrasystoles are needed to cause conduction block in the
cable and the vulnerability to conduction block correlates
linearly with the number of random extrasystoles. The vul-
nerability is much higher in the case of slowed Na™ channel
recovery. These results agree well with the kinematic theory
shown in Fig. 7 A. The reason that five extrasystoles are
needed in this case is that the gradient induced by the S2 beat
is too small for conduction block of the S3 beat, and the
gradient induced by S3 beat is always descending, which
prevents conduction block of the S4 beat (see Fig. 6). Only
after S4 beat is the gradient large enough for conduction
block of the S5 beat.

Spatially discordant APD alternans and
vulnerability in a homogeneous cable

Spatially APD discordant alternans can be induced in a 1D
homogeneous cable by rapid pacing at fixed pacing cycle
length (PCL). Fig. 8, A and B, show the APD distributions for
two alternating beats using control parameter settings, with
normal or slowed Na™* channel recovery, respectively. With
normal Na* channel recovery, discordant alternans occurs
when 170 ms <PCL <190 ms, whereas with slowed Na*
channel recovery, it occurs when 190 ms < PCL < 240 ms.
Fig. 8 C shows the refractory barrier (Ae) induced by
spatially discordant alternans and the vulnerable window (w)
for conduction block by an additional premature extrasystole
for different PCLs. The premature extrasystole was applied at
the same location as the rapid pacing site after the 30th beat.
Fig. 8 D plots w against Aa for the case of slowed Na™ channel
recovery, showing that once a threshold gradient is reached, w
increases linearly with Aa, as in all other conditions shown in
this and the companion article.

Note that in the same homogeneous cable, the dispersion
of refractoriness induced by a single premature extrasystole
is not large enough to cause conduction block of a subse-
quent extrasystole. However, discordant alternans induced
by rapid pacing resulted in a large vulnerable window. The
APD gradients for the S1 beat shown in Fig. 3 were obtained
for the minimum S1S2 coupling intervals at which S2 prop-
agates successfully; in other words, they are the largest
gradients that can be induced by a premature extrasystole in
the homogeneous cable for the two cases. However, much
larger APD gradients can be induced during discordant APD
alternans due to phase reversal of the discordant alternans
in space.

Besides inducing large spatial APD gradients, discordant
alternans creates additional conditions favoring conduction
block. In the results shown in Fig. 8, the vulnerable window
for slowed Na™ channel recovery is larger than that for
normal Na™ channel recovery for the same refractory barrier
(compare PCL = 175 ms in normal Na™ channel recovery
with PCL = 200 ms in slowed Na* channel recovery in
Fig. 8 C). In addition, w is as large as Aa in the case of
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FIGURE 7 Vulnerability to conduction block caused by
multiple random extrasystoles. (A) The percentage of the
simulations that conduction block occurred versus the
m] number of random extrasystole applied for normal (W) and
fivefold-slowed ((J) Na* channel recovery in a homoge-
neous 1D cable by numerically solving Eq. 17. The
stimulus was given when d,(0) > d, with dy = d. + 60¢.
£ is a random number uniformly distributed between [0,1].
Conduction block is considered to occur when d,(x) < d.
at any location x and for any beat number n. Eqs. 4 and 7
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slowed Na™ channel recovery. This seems to be opposite to
the result for a single extrasystole in which slowing the
recovery of Na* channel tends to reduce the vulnerable
window (see companion article (1)). To reconcile this, we
used Eq. 3 to calculate w of the premature S2 extrasystole
under two conditions: 1), the wavefront velocity of the S1
beat is constant 6, and 2), the wavefront velocity of the S1
wave varies as in discordant alternans, following the CV
restitution relation. In both cases, the same spatial APD
distribution was used. Fig. 9 shows the results and simulation

>

160

120
PCL=175ms

a(ms)

80 <

a (ms)

40

PCL=200 ms

were used. The total number of simulations for each data
point is 2000 and the percentage is calculated as the portion
of the 2000 simulations in which conduction block was
observed. (B) The percentage of simulations in which
conduction block occurs versus « (Eq. 7) by numerically
solving Eq. 17. The number of random stimuli is nine. (C)
The percentage of the simulations that conduction block
occurred versus number of random extrasystoles applied
for normal (W) and fivefold-slowed (0) Na' channel
recovery in a homogeneous 1D cable of the LR1 model.
All extrasystoles were applied at the same end of the
homogeneous cable. Control parameters were used. The
extrasystole was given when d,(0) > d, with dy = d. +
60 &. The percentage was calculated as the number of
simulations in which conduction block occurs against the
total simulations for each random extrasystoles case. The
total number of simulations for each case is 500.

— T
1.0

details. For normal Na™ channel recovery, w = 104.5 ms if
the S1 wavefront velocity is constant but w = 112 ms if
the S1 wavefront velocity varies as in discordant alternans,
similar to the simulation in the LR1 model. For slowed Na "
channel recovery, w = 110 ms if the S1 wavefront velocity is
constant but w = 128 ms if the S1 wavefront velocity varies
as in discordant alternans, similar to the simulation in the
LR1 model. The reason is that the wavefront velocity during
discordant alternans is slower, so that the waveback velocity
0,(x) is also slower. The slowing of the waveback velocity

FIGURE 8 Induction of dispersion of refractoriness and
conduction block due to spatially discordant alternans in
homogenous 1D cable. Control parameters were used
except for the j gate of the Na* channel. (4) APD
distribution in space for two consecutive beats for PCL =
175 ms in the case of normal Na™ channel recovery. (B)

APD distribution in space for two consecutive beats for

9]

120

80 +

40 -

Aa and w (ms)

A
Oom
~rRAAAN ofo

180

T T T T T T T

200 220 240
PCL (ms)

Biophysical Journal 91(3) 805-815

o

120

w (ms)

80
Aa (ms)

120

PCL = 200 ms in the case of fivefold-slowed Na™ channel
recovery. (C) The induced refractory barrier Aa (solid
symbols) by discordant APD alternans and vulnerable
window w (open symbols) for the S2 wave versus PCL for
normal (triangles) and slowed (squares) Na® channel
recovery. Aa was defined as the APD difference between a
minimum and its neighboring maximum in one beat (the
beat marked by the open circles was used). (D) w versus
Aa for the case of slowed Na™ channel recovery. The
vulnerability to conduction block was examined by a S2
stimulus after a 30 beats APD alternans. The APD
distribution in A and B was for 29th beat (@) and 30th
beat (O).
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FIGURE 9 Vulnerable windows for different S1 wavefront velocities, but
the same spatial APD gradient, with normal and fivefold-slowed Na*
channel recovery. (Solid bar) Obtained by solving Eq. 3 with constant S1
wavefront velocity, i.e., 0;(x) = 6. (Shaded bar) Obtained by solving
Eq. 3 with S1 wavefront velocity varies as in the discordant alternans,
ie., 01(x) = 0p(1 — 8el1)=4)/T) (Open bar) From LR1 model in homo-
geneous 1D cable. Normal recovery: the spatial APD distribution of the S1
beat is a;(x) = 167 — 123/(1 + ¢®~115)/3), which was fit from the 30th
beat (for x = 0-24 mm) of the discordant alternans shown in Fig. 8 A.
dy(x) = PCL — ap(x) in which ag(x) = 34 + 130/ (1+e*"139/3) was fit
from the 29th beat (for x = 0-24 mm) in Fig. 8 A. PCL = 175 ms. Fivefold
slowed recovery: the spatial APD distribution of the SI1 beat is
ay(x) = 176 — 128/(14+e*-109/2) " which was fit from the 30th beat
(for x = 0-22 mm) of the discordant alternans shown in Fig. 8 B.
d,(x) = PCL — ap(x) in which ap(x) = 38 + 138/(1+eX~119/2) was fit
from the 29th beat (for x = 0-22 mm) in Fig. 8 B. PCL = 200 ms. Note that
during discordant alternans, the cycle length CL(x) is not constant in space
but varies, however, in a magnitude much smaller than APD; therefore, it is
reasonable for us to calculate d;(x) using PCL instead of CL(x).

of the S1 wave increases the likelihood of conduction block
of the S2 wave. Therefore, discordant alternans creates a
substrate favoring conduction block by inducing a steeper
and larger refractory barrier and by causing the slowing of
the S1 wavefront velocity.

DISCUSSION

In this study, we used kinematic analysis and numerical
simulations to study vulnerability to unidirectional conduc-
tion block caused by multiple extrasystoles. Our major
findings are:

1. In homogeneous tissue, a large dispersion of refractori-
ness, which requires steep APD restitution and broad CV
restitution, can be induced by premature extrasystoles,
thereby creating a substrate for conduction block of sub-
sequent extrasystoles.

2. In heterogeneous tissue, however, a premature extrasys-
tole can either reduce or enhance the dispersion of re-
fractoriness depending on its location and propagation
direction with respect to the S1 beat, which in turn may
reduce or enhance the vulnerability to conduction block
of a subsequent extrasystole. For instance, in the real
heart, the sinus beat propagates from endocardium to
epicardium so that an extrasystole arising from the endo-
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cardium will reduce the inherent transmural dispersion of
refractoriness, whereas an epicardial extrasystole will
enhance the inherent dispersion.

3. The vulnerable window increases linearly with the number
of random extrasystoles arising from the same spatial loca-
tion in homogeneous tissue.

4. Spatially discordant alternans, which is promoted by
steep APD restitution and broad CV restitution, creates a
particularly volatile substrate for conduction block. The
equivalent dispersion of refractoriness in homogeneous
tissue created dynamically by spatially discordant alter-
nans is more likely to cause conduction block than a
comparable degree of preexisting dispersion in hetero-
geneous tissue. This is due to the dynamic variation in
CV during spatially discordant alternans, which causes
slowing of the S1 wavefront velocity, promoting colli-
sion with the trailing wavefronts.

In general, steep APD restitution and broad CV restitution
promote dispersion of refractoriness in response to extrasys-
toles and thus increase vulnerability to conduction block.

Implications for induction of reentry
in cardiac tissue

The differences that we observed between homogeneous and
heterogeneous tissue are interesting. In homogeneous tissue
or mildly heterogeneous tissue, reentry can occur if a critical
tissue area is depolarized in the refractory phase of a previous
excitation (23,24), either by cross-field stimulation of a large
area with barely suprathreshold current strength, or by a
point electrode with the very high current strength to
depolarize a sufficiently large area (25-28). Under physio-
logical conditions, however, a spontaneous barely supra-
threshold single extrasystole meets neither of these criteria.
Based on our analysis, a premature extrasystole after an S1
beat (e.g., the sinus rhythm) generates two propagating
waves (Fig. 1 A) in opposite directions, which induce dif-
ferent degrees of dispersion of refractoriness (Fig. 2). This
allows a critically timed second extrasystole (S3) from the
same location to block in one direction, but not in the other
direction. Thus, in homogeneous two-dimensional or three-
dimensional tissue, induction of reentry requires at least two
extrasystoles, in which the first generates an asymmetrical
distribution of refractoriness resulting in unidirectional
conduction block of the second extrasystole. Preexisting
tissue heterogeneity is not a requirement for initiation of
reentry for a point stimulus, as long as multiple extrasystoles
with proper timing and electrical restitution properties are
present. This is also demonstrated by simulations using
multiple random extrasystoles (Fig. 7). Extrasystoles arising
from the same location due to automaticity or triggered
activity (29-32) are common in real hearts.

In heterogeneous tissue, on the other hand, the first
extrasystole may either enhance or reduce the dispersion of
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refractoriness, depending on its coupling interval and
location relative to the previous beat. Our analysis shows
that when the S2 extrasystole occurs in the short APD region
and propagates in the same direction as the S1 beat, it
attenuates the dispersion and thus reduces the vulnerable
window for a subsequent S3 beat. If it propagates in the
opposite direction to the S1 beat, it increases the dispersion
and thus the vulnerable window for the subsequent S3 beat.
When the S2 extrasystole occurs in the long APD region, it
first attenuates and then increases the dispersion of refrac-
toriness as the coupling interval decreases, irrespective of its
direction of propagation. Since sinus beats conduct from
endocardium to epicardium, this suggests that an extrasystole
arising from the endocardium will decrease transmural
dispersion, whereas an extrasystole arising from the epicar-
dium will increase the transmural dispersion. Thus the sub-
sequent S3 extrasystole is more likely to induce reentry if it
arises from the epicardium than endocardium. This is oppo-
site to the case of a single extrasystole in heterogeneous
tissue analyzed in the companion article. In this case, the
gradient of refractoriness required to cause conduction block
was less for a single extrasystole arising from the endocar-
dium than the epicardium. Note that conduction block may
not occur with an extrasystole arising from the midmyocar-
dium. However, this extrasystole can attenuate dispersion at
long coupling intervals but increase dispersion at shorter
coupling intervals, which may create a substrate for con-
duction block for a subsequent extrasystole from the same
location.

The importance of electrical restitution on the
initiation of cardiac arrhythmias

The slope of APD restitution has been shown to be an
important control parameter in the genesis of alternans (33)
and stability of reentry (34-36). Specifically, when the slope
is steep (>1), APD alternans often occurs during rapid
pacing (33,37) or reentry around an obstacle (34,38), and
spiral wave breakup occurs in tissue (35,36). APD and CV
restitution are also critical parameters that regulate the
vulnerability to unidirectional conduction block and thus the
initiation of arrhythmias. First, steep APD restitution and CV
restitution generate spatially discordant alternans (12,13),
which creates a substrate that is very vulnerable to conduc-
tion block. Second, steep APD restitution and CV restitution
are also required for a single or multiple premature ex-
trasystoles to cause a large dispersion of refractoriness,
sufficient to cause conduction block. Experimental studies
(39-42) have demonstrated the importance of APD restitu-
tion slope on the stability of reentry, and it will be
informative and clinically important to investigate experi-
mentally the importance of APD and CV restitution on the
vulnerability to reentrant arrhythmias in real cardiac tissue. It
will also be interesting to study how APD and CV restitution
interact with anatomical structures to modulate dispersion of
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refractoriness, given that both experiments (43) and com-
puter simulations (44) show that obstacles enhance the dis-
persion of refractoriness due to ionic heterogeneities.

Limitations

In addition to the limitations outlined in the companion
article (1), the kinematic equation (which does not include
electrotonic coupling) becomes quantitatively inaccurate in
comparison with the ionic model (which has electrotonic
coupling) for the case of multiple stimulations, since elec-
trotonic coupling has important effects on the dynamics of
cardiac conduction and dispersion of refractoriness (45-48).
Nevertheless, the kinematic model is still qualitatively
correct.

This work was supported by National Institutes of Health/National Heart,
Lung, and Blood Institute grants P50 HL53219 and PO1 HL078931, and the
Laubisch and Kawata endowments.
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