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Abstract Aims Here, we investigate the mechanisms underlying the onset of
conduction-related arrhythmias in a three-dimensional (3D) computational model
of acute regional ischaemia.

Methods Ischaemia was introduced by realistic gradients of potassium, pH,
oxygen and electrical coupling in a 3D slab of ventricular tissue using the LRd model.
We focused on a specific stage (10—15 min after occlusion) at which an intramural
non-conductive ischaemic core (IC) surrounded by a border zone (BZ) has formed.
Results At pacing frequencies greater than 4.5 Hz, we observed narrow areas
(0.5 mm wide) of 2:1 conduction blocks at the periphery of the IC. As the pacing
frequency increased, the area of block widened to 9 mm and gave rise to reentry at
the periphery of the BZ. Alternating conduction blocks produced discordant action
potential duration (APD) alternans throughout the slab and T-wave alternans in
pseudo-ECG. Slowing the recovery of the calcium current broadened the range of
pacing frequencies at which blocks were observed. Hyperkalaemia alone was
sufficient to induce the alternating blocks.

Conclusion Computer modelling predicts that ischaemia-related arrhythmias are
triggered by calcium-mediated alternating conduction blocks in the ischaemic
border zone. Alternating conduction blocks lead to intramural reentry and APD
alternans.
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Introduction

Cardiac death remains the leading cause of mor-
tality in the industrialized world [1—3]. Ventricular
arrhythmias, ventricular fibrillation (VF) in partic-
ular, are the major cause of sudden cardiac death
[3]. There is compelling clinical evidence that
acute myocardial ischaemia is one of the most
important causes of ventricular arrhythmias in
humans [4].

The onset of ischaemia-related arrhythmias
occurs rapidly after coronary occlusion [4—6] and
they are usually associated with T-wave alternans
[7—11], which has been found to be a strong
marker for electrical instability leading to sudden
cardiac death [12—14]. It has been hypothesized
that T-wave alternans is due to repolarization or
action potential duration (APD) alternans at the
single cell level [12,15,16]. In normal tissue it has
been shown that APD alternans can lead to
conduction blocks and multiple reentry
[12,17,18]. In ischaemic tissue, however, the
mechanisms linking APD and T-wave alternans to
arrhythmias are less well understood.

In the present study we use mathematical
modelling to investigate possible ionic mechanisms
underlying the onset of ischaemia-related arrhyth-
mias and their link to APD alternans. We construct
a three-dimensional computational model of a slab
of cardiac tissue. We focus on 10—15 min regional
ischaemia after which a non-conductive ischaemic
core (IC) has formed surrounded by an ischaemic
border zone (BZ) with decreased excitability [19—
21]. The excitable properties of the tissue are
described by the dynamic Luo-Rudy model [22,23].
Acute ischaemia is modelled through its major
pathophysiological components: elevated extra-
cellular potassium concentration, acidosis, anoxia
and electrical uncoupling.

Methods
Basic ventricular cell model

To represent the excitable dynamics of normal
cardiac tissue, we used the dynamic Luo-Rudy
model (LRd) developed by Faber and Rudy [22].
The LRd model is a general mammalian ventricular
cell model, mainly based on data obtained from
the guinea pig. The model includes different ionic
channel currents, as well as ionic pumps and
exchangers, and describes intracellular changes
in ionic concentrations. Faber and Rudy introduced
some changes in the calcium induced calcium

release and in the sodium—calcium exchanger.
Moreover, they formulated the Na™-activated K™
current, used to model the cell behaviour under
Na* overload conditions at high pacing frequen-
cies.

Ischaemic ventricular cell model

We have followed the approach of Shaw and Rudy
[23] to model the three main components of
ischaemia at the cellular level: hyperkalaemia,
acidosis and anoxia. Hyperkalaemia was obtained
by increasing the extracellular potassium concen-
tration [K*],. The effects of acidosis were mod-
elled through a decrease in the sodium and L-type
calcium channel conductances, gy, and gc,, re-
spectively, and through a shift V; y, in the voltage-
dependent kinetics of the sodium current. We
mimicked anoxia by reducing the intracellular
ATP concentration, which affects the ATP-depen-
dent potassium and calcium channels.

Three-dimensional model of acute regional
ischaemia

We considered three-dimensional slabs of cardiac
tissue of 37 mm X 37 mm X 7.4 mm. We modelled
the electrical properties of the tissue using
the monodomain approach. The components of
the conductivity tensor were determined using the
same approach as Panfilov and Keener [24] for
uniform fibre rotation of 120° from endo- to
epicardium. We investigated several ranges for
the fibre orientation going from [0°,120°] to
[180°,400°]. The first value denotes the angle of
the fibres on the endocardium, and the second
value denotes the angle on the epicardium, with
respect to the x-direction (see Fig. 1A). The model
parameters were chosen to yield a longitudinal
conduction velocity of 60 cm/s in normal tissue.
The ratio of the conductivities along and across the
fibres was set to 9, yielding action potentials
propagating three times faster in the longitudinal
than in the transverse direction.

We modelled an IC of size 9.25 mm X 37 mm X
1.85 mm at mid-depth in the tissue (see Fig. 1A). In
this region we used parameter values typical of
10—15 min ischaemia: [23] [K*], = 14.5 mM, [AT-
Pli = 3 uM, Vi na = 3.4mV, and we reduced the
conductances gy, and gc, by 25%. The ischaemic
core was surrounded by an ischaemic BZ spanning
a volume of 18.5 mm X 37 mm X 5.5 mm, includ-
ing the core. In the ischaemic border zone, we
allowed all parameters to return to their normal
values along a linear gradient (see Fig. 1B). In
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Figure 1 Three-dimensional model of acute regional

ischaemia. (A) Slab of ventricular tissue of
37 mm X 37 mm X 7.4 mm, including an ischaemic core
(black region), ischaemic border zone (grey region) and
normal tissue (transparent). The fibre orientation is
illustrated on the endo- and epicardial surfaces with
arrows and thin solid lines. (B) Gradients of extracellular
potassium [K*],, sodium and calcium conductances gy,
and gc,, shift Vg n, in kinetics of the sodium current and
intracellular ATP concentration, along the x-direction
and through the ischaemic core.

some simulations we included partial electrical
uncoupling [25,26], by reducing the conductivity
by 50% in the ischaemic core and allowing it to
return to 100% through the ischaemic BZ.

Pacing protocol

In our simulations we paced the entire endocardial
(bottom) surface (Fig. 1) using an incremental
pacing protocol to simulate rapid endocardial
activation through the Purkinje network. The
pacing frequency went from 2Hz up to 10Hz
in steps of 0.2 Hz. All stimuli had an amplitude
of twice threshold and lasted for 2 ms. For the
chosen parameter values we obtained a non-
conductive IC and an ischaemic BZ with decreased
excitability.

Pseudo-electrocardiogram

We computed pseudo-electrocardiograms (ECG)
during our simulations using the dipole approxima-
tion:

ECG=
Where the sum > runs over all points of the slab,
Vm is the membrane potential and r is the position
vector of the point with respect to the electrode.
We placed our electrode 3 cm above the middle of
the epicardial surface.

Numerical approach

The monodomain cable equation was solved using
a forward Euler scheme with a time step of 0.01 ms
a space step of 0.185 mm, yielding a numerical
accuracy of more than 90% with respect to the
conduction velocity. The relaxation equations of
the gating variables in the LRd model were in-
tegrated using a technique presented by Rush and
Larsen [27]. All computations were carried out on
a parallel cluster consisting of 16-nodes equipped
with dual AMD Athlon MP 2200 + processors running
at 1.8 Ghz. We used the MPI-library and a simple
**domain slicing’’ algorithm to parallelize the C+ +
code [28]. A one s simulation took approximately
11 h 45 min of central processing unit time.

Results

Alternating conduction blocks in the
ischaemic BZ

As the pacing frequency reached 4.5Hz and in-
creased further, we observed a gradually growing
area close to the ischaemic core, showing conduc-
tion blocks on alternate beats. Fig. 2 illustrates
these alternating propagation patterns in a trans-
mural cross-section of the slab. Fig. 2A shows three
consecutive beats when pacing at 8 Hz. During
beats 1 and 3 the wave propagates through the BZ
(dotted line) close to the ischaemic core (white
box). During the second beat a portion of the
ischaemic BZ in the vicinity of the core shows
conduction failure. As a result, the wave detaches
from the core and propagates around the area of
conduction block (see arrow).

To quantify the size of the area showing alter-
nating conduction block we measured the points of
the slab where the transmembrane potential
remained below —65 mV. Fig. 2B shows the area
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Figure 2  Alternating conduction blocks in the ischaemic border zone. (A) Snapshots of the propagating wave front
for three consecutive beats at 8 Hz in a transmural cross-section of the slab. The ischaemic core is depicted as a white
rectangle, while the border zone is delimited by a dotted line. Membrane potential is shown in a grey scale indicated
at the bottom of the panel. The first and third beats propagate close to the ischaemic core, while the second beat
surrounds an area larger than the ischaemic core. (B) The area of conduction block on odd and even beats is depicted
in grey in a transmural cross-section of the slab. A solid line delimits the ischaemic core; a dotted line the ischaemic
border zone. On odd beats the area of conduction block almost perfectly coincides with the ischaemic core, while on
even beats a thin region around the ischaemic core also exhibits conduction block. (C) Width W of the area of
conduction blocks on even beats as a function of the pacing frequency. W was measured at mid-depth in the tissue and
at a cutoff level of 10% action potential amplitude (see panel A).

of conduction block for odd and even beats (white
area). On odd beats the area exhibiting conduction
block roughly corresponds to the IC. On even
beats, however, conduction blocks developed as
well in a layer surrounding the IC. We quantified
the size of the area of conduction block on even
beats by measuring its width W at mid-depth in the
slab (see Fig. 2B). Fig. 2C shows the dependence of
W on the pacing frequency. The initially narrow
area showing conduction blocks rapidly expanded

as the pacing frequency increased above 4.5 Hz
and reached the whole width of the BZ (about
9 mm) at the end of the pacing sequence. Note
that the area showing conduction block on odd
beats also grew as a function of the pacing
frequency (not shown). However, it always re-
mained substantially smaller than the area of con-
duction block on even beats (e.g. less than 1 mm
wide at 10 Hz, compared with almost 9 mm on
even beats).
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Figure 3

T-wave alternans: pseudo-ECGs recorded 3 cm above the epicardial surface, during pacing at 6 Hz (A) and

8 Hz (B). The insets show a superposition of two consecutive T-waves, illustrating T-wave alternans. The amplitude
of T-wave alternans is about 0.2 mV for a pacing frequency of 6 Hz (A) and is about 1.3 mV for a pacing frequency of

8 Hz (B).

T-wave alternans

The development of alternating conduction blocks
coincided with the development of microvolt level
T-wave alternans in the pseudo-electrocardio-
grams. The amplitude of T-wave alternans in-
creased with increasing pacing frequency.
Fig. 3A,B shows the computed ECG when pacing
at 6 and 8Hz, respectively. The insets show
a comparison between two consecutive T-waves.
The amplitude of the T-wave alternans was about
0.2mV for the pacing frequency of 6 Hz (see
bottom panels). When we paced the endocardial
surface at 8 Hz, we observed a T-wave alternans
amplitude of about 1.3 mV (see inset in Fig. 3B). At
the end of our pacing sequence, the amplitude of
the T-wave alternans reached 10 mV (not shown).
The amplitude of the T-wave alternans correlates
with the size of the area showing 2:1 conduction
blocks (Fig. 2C).

APD alternans

The underlying mechanism for T-wave alternans
was APD alternans (see Fig. 4). Fig. 4A shows the
effect on repolarization for the three beats shown
in Fig. 2. The white arrow indicates the area close
to the ischaemic core where alternations in re-
polarization were observed: long APD on odd beats
and short APD on even beats.

At pacing frequencies greater than 8 Hz, APD
alternans became discordant or ‘‘out-of-phase’’ in
different regions of the slab of ventricular tissue.
Fig. 4B shows action potential recordings in four

different locations of the slab. In the ischaemic
border zone we observed long APDs on odd beats
and short APDs on even beats (L-S-L sequence), as
shown by the action potential recordings in sites
a and b (upper two traces in panel B). Note that,
close enough to the ischaemic core we had 2:1
responses, with full action potentials on odd beats
and supra-threshold activity on even beats (site a).
In the region of normal tissue located right above
the ischaemic area (site c), we observed alternans
with an opposite phase: short APDs on odd beats
and long APDs on even beats (S-L-S sequence).
Arrows between the second and third trace in-
dicate corresponding action potentials. In the
remaining parts of the slab no alternans was
observed (site d). Fig. 4C schematically represents
the phase of alternans in the different parts of the
slab: no alternans in the dotted region, L-S-L
alternans in the crosshatched region, which corre-
sponds to the ischaemic BZ, and S-L-S alternans in
the hatched area. The spatial distribution of the
phase of alternans is readily explained by noting
that short APDs in the BZ on even beats are
associated with conduction delays and blocks in
the BZ. This results in an increase in the diastolic
interval in the upper part of the slab and, hence, in
longer APDs. The opposite is true on odd beats.

Single cell simulations

To determine whether T-wave and discordant
alternans were caused by repolarization alternans
at the single cell level or occurred secondary to
the alternating conduction blocks, we simulated
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Figure 4 Discordant APD alternans throughout the slab. (A) Snapshots of the wave tail of three consecutive beats at
8 Hz in a transmural cross-section of the slab. The ischaemic core is depicted as a white rectangle, while the border
zone is delimited by the dotted line. Membrane potential is shown in a grey scale indicated at the bottom. APD
alternans is observed close to the ischaemic core (indicated by white arrows). (B) Action potential recordings in four
locations of the slab indicated in panel A (beat 1). In the ischaemic border zone we observed a long-short-long (L-S-L)
sequence (locations a and b), whereas in location c a short-long-short sequence (S-L-S) was found. No APD alternans
was detected in normal tissue at location d. (C) Schematic representation of the phase of alternans in the different
parts of the slab: no alternans in the dotted region, L-S-L alternans in the crosshatched region and S-L-S alternans in

the hatched region.

single cells from three different locations in the
ischaemic BZ: 2.5, 5 and 7.5 mm from the ischae-
mic core at mid-depth in the tissue. We applied
our pacing protocol in those single cells and
recorded the action potentials. Fig. 5 summarizes
our results. Fig. 5A shows action potential record-
ings (solid line) when pacing the three single cells
from different locations (see transmural cross-
section on the left) at 10 Hz. The APD measured
at 90% of repolarization is indicated for each
action potential in milliseconds. For cells isolated
from the region close to the IC (upper trace) only
a small APD alternans of about 2ms could be
observed. Further away from the core (two lower
traces) APD alternans was even smaller. For com-
parison, we show the action potential recordings
obtained in the same location and at the same
moment during the pacing protocol, in the three-
dimensional simulation (dashed line). These re-
cordings are substantially different from the single
cell measurements, as 2:1 responses were ob-
served in the two upper traces and an APD

alternans of about 20 ms was found in the third
location (lower trace). Fig. 5B shows the depen-
dence of APD on the pacing frequency in the point
corresponding to the upper trace in Fig. 5A. Again,
we compare the results obtained in single cells
(solid line) with those in the three-dimensional
tissue (dashed line). At the single cell level, we
observed APD alternans ranging from 1 ms at 8 Hz
to 2 ms at 10 Hz. In the three-dimensional simula-
tion small APD alternans of about 1ms was
observed at frequencies as low as 6 Hz. It rapidly
grew to more than 10 ms for pacing frequencies
of 7.5Hz. For greater pacing frequencies we
obtained a 2:1 responses.

The major differences between the single cell
and three-dimensional simulations illustrated by
Fig. 5, led to the conclusion that repolarization
alternans cannot explain the observed APD and T-
wave alternans. Hence, our attention turned to
the depolarization phase and the ionic currents
responsible for propagation in highly depressed
tissue.
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Figure 5 Comparison of APD alternans in single cells

and tissue. (A) Action potential recordings at 10 Hz
pacing frequency in single cells (solid lines) ‘isolated”’
from the ischaemic border zone at distances of 2.5, 5
and 7 mm, respectively, from the ischaemic core. The
APD of each action potential measured at 90% of
repolarization is indicated. The dashed lines show action
potentials from the same locations and at the same
pacing frequency, but recorded in the three-dimensional
tissue. APD alternans was more pronounced in the tissue
than in the single cells. (B) Dependence of APD on the
pacing frequency at 2.5 mm from the ischaemic core
(upper trace in panel A). Results obtained in the single
cell simulation (solid lines + squares) are compared
with those in the three-dimensional tissue (dashed
lines + triangles). In the three-dimensional tissue an
earlier onset and a larger amplitude of APD alternans is
observed.

lonic mechanisms

We investigated the availability of the currents
that were shown to play a role in propagation
through areas of reduced excitability due to
ischaemia: the sodium current and the L-type
calcium current [30]. Availability of these currents

heavily depends on how much their inactivation
and reactivation variables have recovered from
the preceding action potential. In the Luo-Rudy
model, the in- and reactivation of the sodium
current are described by two voltage-dependent
gating variables, h and j. The inactivation of the L-
type calcium current is regulated by a voltage-
dependent gating variable f and a calcium-de-
pendent gating variable fc,.

Fig. 6 shows the time course of the sodium and
calcium in- and reactivation variables in the
ischaemic BZ for three beats at 8 Hz. Fig. 6A shows
the product of h and j during those three beats.
Close to the IC (site a in Fig. 3) there is almost no
sodium current available as h X j is always below
0.05. The availability of the sodium current grad-
ually increased away from the IC. For comparison,
we show the time evolution of h X j in normal
tissue (site d in Fig. 3). In this region, h X j
recovers to 0.9 at the onset of each action
potential. The 2:1 conduction blocks originate in
the immediate vicinity of the ischaemic core,
where no sodium current is available. The alter-
nating conduction blocks should therefore be re-
lated to the inactivation kinetics of the L-type
calcium current, which are shown in Fig. 6B for f,
and panel C for fc,. The voltage-dependent gating
variable f alternates between the values of 0.92 at
the onset of beats 1 and 3 and 0.8 at the onset of
beat 2. The calcium-dependent variable fc, shows
smaller alternations between the values of 0.64
and 0.62.

Both inactivation variables of the L-type calcium
current show alternans. In order to identify whether
the voltage-dependent or the calcium-dependent
properties play the most important role in the
conduction success or failure, we changed their
kinetics separately by: (1) fixing the intracellular
calcium concentration to constant values, result-
ing in a constant fc,, and (2) slowing the kinetics of
the f gate by increasing its inactivation time
constant 75 to 300 ms for membrane potentials
below 0 mV. The effects of these modifications on
the occurrence of the 2:1 conduction blocks are
presented in Fig. 7. Fig. 7A shows the width W of
the area displaying 2:1 conduction blocks (see
Fig. 2) in the control case (squares) and in two
other cases where the intracellular calcium con-
centration was kept constant at 400 nM (circles) or
at 600 nM (triangles). These values were chosen to
yield APDs comparable with the control case. As
can be inferred from this figure, the intracellular
calcium cycling (or the lack of such cycling) has
little effect on the occurrence of the 2:1 conduc-
tion blocks. Fig. 7B shows a comparison between
control (squares) and slowed f gate kinetics
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Figure 6 The inactivation and reactivation variables
of the sodium (h and j ) and calcium (f and fc,) current
during three consecutive beats at 8 Hz. (A) Product of h
and j close to the ischaemic core (solid line) and in
normal tissue (dotted line). Close to the ischaemic core
(site a in Fig. 3) the sodium current is almost completely
inactivated as h X j < 0.05. In normal tissue, the
sodium current is available for each new beat as h X j
recovers to 0.9 at the onset of each action potential. (B)
Alternans of the voltage-dependent inactivation variable
f close to the ischaemic core (site a in Fig. 3). (C)
Alternans of the calcium-dependent inactivation vari-
able fca close to the ischaemic core (site a in Fig. 3).

(circles). The latter had a major effect on the
alternating conduction blocks: they occupied
a substantially larger area at lower pacing fre-
quencies and eventually led to reentry at 9 Hz (last
point on the curve) instead of 10 Hz in the control
case (see below). These results show that the
voltage-dependent recovery of the L-type calcium
current plays an important role in the observed
rate-dependent 2:1 conduction blocks.

Hyperkalaemia, acidosis and anoxia

We investigated which of these three components
of ischaemia was responsible for the occurrence of

the alternating conduction blocks in the ischaemic
BZ. Therefore, we repeated our simulations for
each component separately. In the case of regional
acidosis or regional anoxia, we found no alternat-
ing conduction blocks in the studied range of
pacing frequencies (not shown). However, they
were observed in the model of regional hyper-
kalaemia. Fig. 7C shows a comparison of the width
of the area showing 2:1 conduction blocks between
the ischaemic model (squares) and the hyper-
kalaemic model (circles). The curves show an
almost perfect match.

Effect of electrical uncoupling

Several studies have shown that after 15—20 min of
acute ischaemia electrical uncoupling occurs be-
tween the cells [25,26]. It will affect the conduc-
tion velocity and is believed to play an important
role in the arrhythmogenesis [31]. We investigated
the effect of electrical uncoupling in our simula-
tions by decreasing the conductivity between cells,
both in the longitudinal and transverse direction. In
the ischaemic core the conductivity was decreased
to 50% of its normal value and it gradually increased
to 100% along a linear gradient in the ischaemic BZ.
Fig. 7C shows the effect of this partial uncoupling
on the alternating conduction blocks. Again, we
compare the width of the area showing 2:1 con-
duction block between the ischaemic model
(squares) and the ischaemic model with uncoupling
(triangles). Alternating conduction blocks devel-
oped in both cases at a pacing frequency of ~5 Hz
and then gradually increased. We observed a slight-
ly larger area of alternating conduction blocks in
the uncoupled case, which can be explained by the
even more impaired conduction. In general, both
curves show the same qualitative behaviour, illus-
trating the minor effect of uncoupling on the
observed arrhythmogenesis.

Discordant alternans and reentry

Discordant alternans eventually led to the forma-
tion of reentry, in accordance with earlier exper-
imental and computational studies [12,18]. Fig. 8
shows sequential snapshots of the electrical activ-
ity at 25 ms intervals in a transmural cross-section.
The first four frames (beat 1) show a wave prop-
agating through the BZ close to the ischaemic core
and disappearing on the epicardial surface. The
subsequent wave (the last of our pacing protocol)
initiated 100 ms after the first, fails to propagate
into the BZ and breaks at the interface of normal
and ischaemic tissue, creating a phase singularity
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Figure 7 Effect of modifying the calcium current and
role of selected components of ischaemia on W as a
function of the pacing frequency. (A) Eliminating alter-
nans of fc, by fixing the intracellular calcium concentra-
tion to a constant value (400 nM and 600 nM) has little
effect on the occurrence of 2:1 conduction block. (B)
Slowing down the voltage-dependent inactivation vari-
able f by increasing its inactivation time 7¢ to 300 ms
below 0 mV results in an earlier onset and larger areas of
2:1 conduction block. (C) The role of hyperkalaemia and
electrical uncoupling on the occurrence of 2:1 conduction
blocks. Alternating conduction blocks were observed in
a model of regional hyperkalaemia (no acidosis and
anoxia). The width W showed the same dependence on
the pacing frequency in the hyperkalaemic model
(circles) and the full ischaemic model (squares). In-
corporating partial uncoupling in the ischaemic region
(see Methods for details) had only a minor effect on the
occurrence of alternating conduction blocks (triangles).

S (black dot in a white circle). A few milliseconds
later, the outer part of the BZ recovers excitability
and the wave propagates towards the ischaemic
core and back to the endocardial surface, leading
to reentry. The first rotation of the wave after the
end of the pacing sequence is shown in the last
four frames. It involved propagation both through
the normal and diseased tissue. The dynamics and
life span of the reentrant wave were highly
affected by the local fibre orientation. In our
simulations, reentry lasted from two up to four
rotations for different ranges of fibre angles (not
shown). Reentry was reproducible in the model
with only hyperkalaemia and in the ischaemic
model including partial electrical uncoupling.

Discussion

T-wave alternans and APD alternans have been
found to precede arrhythmias during acute ischae-
mia [7—9]. The mechanisms underlying alternans
and the arrhythmogenesis during acute ischaemia
remain, however, poorly understood. In the pres-
ent study, we describe a possible novel mechanism
for T-wave alternans and arrhythmias in a model of
acute regional ischaemia: alternating conduction
blocks in the ischaemic border zone. The observed
2:1 conduction blocks lead to discordant APD
alternans throughout the tissue, which is in its
turn responsible for T-wave alternans. Eventually,
wave breaks occur and reentry is formed.
Simulated electrocardiograms were reminiscent
of T-wave alternans, which has often been associ-
ated with repolarization alternans at the single
cell level [29]. However, an experimental study
performed by Downar et al. showed that during
acute regional ischaemia 2:1 conduction block led
to reentry, without any evidence for repolarization
abnormalities [32]. Later, Smith and Cohen dem-
onstrated, in a computational model, that T-wave
alternans could be obtained through alternating
conduction pathways arising from spatial hetero-
geneities in refractoriness [33]. Our simulations
show that alternating conduction blocks in the BZ
are the underlying mechanism for APD alternans
leading to T-wave alternans, which can explain
earlier experimental results [32]. The computa-
tions performed in single ischaemic cells excluded
repolarization alternans as the underlying mecha-
nism, thus favouring the hypothesis of conduction
abnormalities. We investigated the ionic currents
mediating propagation in the ischaemic border
zone and found that conduction success or failure
depends on the availability of the L-type calcium
channel, through its voltage-dependent kinetics.
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beat 1
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Figure 8 Intramural reentry as a result of alternating conduction block: snapshots of the electrical activity (25 ms
interval) during the last two beats of the pacing sequence and resulting reentry. The grey scale for membrane
potential is the same as in Figs. 2 and 3. During the first beat (four top panels) the wave propagates through the
ischaemic border zone (delimited by a dotted line) close to the ischaemic core (white rectangle). The next wave (four
middle panels) fails to propagate in the border zone and breaks at the boundary between ischaemic and normal
tissue, creating a phase singularity S (black dot in white circle) leading to reentry. The first rotation of the reentrant

wave is shown in the four bottom panels.

This result could potentially lead to new thera-
peutic targets during acute ischaemia.

Simulation studies performed by Shaw and Rudy
highlighted the importance of the L-type calcium
current in propagation through homogenous hyper-

kalaemic fibres [30]. In completely ischaemic fi-
bres, i.e. including anoxia and acidosis, they found
that calcium-supported conduction was more diffi-
cult to obtain. Later, Wang and Rudy showed in
a computational model of a heterogeneous cable,
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that the safety factor (SF) for propagation across
a central hyperkalaemic part ([K*], = 14 mM) was
less than unity and that, therefore, propagation
should fail [34]. Our findings may seem to contradict
these previous results. However, this is not the
case. The observations in our simulations are
readily explained by the fact that even for SF < 1,
action potentials can propagate decrementally over
afew millimetre. In our model, the highly depressed
areas within the intramural BZ were only a few
millimetre thick, explaining the prominent role of
the L-type calcium current in our study. Note that
recently Ferrero et al. performed two-dimensional
simulations of acute regional ischaemia using the
Luo-Rudy model [35]. Although the scope of their
study was different from ours, they found that the
L-type calcium current, rather than the sodium
current, determined the occurrence of conduction
blocks in the ischaemic core, which is consistent
with our results.

We performed additional simulations to investi-
gate which component of ischaemia (hyperkalae-
mia, acidosis or anoxia) was responsible for the 2:1
conduction block. We repeated separately our
simulations for each component. We observed
alternating conduction blocks and reentry only in
the case of hyperkalaemia. It is the only component
of ischaemia that, by its depolarizing effect on the
membrane, can suppress the sodium current
enough to allow calcium-supported propagation.

Electrical uncoupling has been found to occur
during acute myocardial ischaemia [25,26] and to
play animportant role in the arrhythmogenesis [31].
We found that electrical uncoupling affected slight-
ly the size of the area of conduction block: due to
the reduced conductivity, slightly larger portions of
the ischaemic BZ exhibited propagation failure on
alternate beats. The rate-dependence of the 2:1
conduction block remained, however, unaffected.

Ventricular arrhythmias occur in two distinct
phases after the onset of ischaemia [4—6]. The first
phase, called immediate arrhythmias by Kaplinsky
et al. [5] or phase 1a arrhythmias [27], occurs
between 2 and 10 min after coronary occlusion.
After a relative arrhythmia-free interval, a second
peak, referred to as phase 1b [27], lasts from 15 to
45 min of ischaemia. In our study we used param-
eter values typical of 10—15 min ischaemia [23],
which could be associated with late phase 1a
arrhythmias or early phase 1b arrhythmias. Incor-
porating electrical uncoupling, which is typically
involved in the phase 1b arrhythmias [31], did not
substantially affect the result of our simulations.
Most important for the mechanism described in this
study is the presence of a non-conductive ischae-
mic core surrounded by a border zone of highly

depressed excitability in which conduction is mostly
supported by the calcium current.

Limitations

Our computational model used an idealized rect-
angular geometry for the ischaemic region. How-
ever, it provides some basic insights in the
arrhythmogenesis during acute regional ischaemia.
The observed 2:1 conduction blocks depend on the
local availability of the calcium current and they
are therefore likely to occur for different and
more complex geometries as well. Different
shapes of the area exhibiting alternating conduc-
tion block might, however, affect the subsequent
formation of reentry and its dynamics.

The size of the border zone in the intramural
direction (about 1 cm) was based on experimental
results [21,36]. In the transmural direction, studies
of myocardial infarction have reported the exis-
tence of a surviving epicardial layer. The thickness
of this layer varied from 500 um [37] up to 3 mm
[38]. In our model, the transmural distance be-
tween the ischaemic core and the epicardium is
about 3 mm, which lies within the reported range.
Since the arrhythmogenesis starts at the intramural
(lateral) interface between the ischaemic and
normal tissue, we believe, however, that our results
will also hold for thinner surviving epicardial layers.

Conclusion

We discovered that, at sufficiently high frequen-
cies of excitation, a thin layer surrounding the
ischaemic core shows alternating patterns of prop-
agation with 2:1 conduction block. Although the
conduction blocks occurred in a small region
around the ischaemic core, they caused APD
alternans throughout a large portion of the slab
of cardiac tissue, leading to T-wave alternans and
reentry. Interestingly, during acute regional is-
chaemia, APD and T-wave alternans developed
secondary to the conduction blocks, which pro-
vides a novel mechanism for ischaemia-related
arrhythmias and their link with APD alternans.
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