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Abstract
Aims—Studies of arrhythmogenesis during ischemia have focused primarily on reentrant
mechanisms manifested on the epicardial surface. The goal of this study was to use a physiologically-
accurate model of acute regional ischemia phase 1A to determine the contribution of ischaemia-
induced transmural electrophysiological heterogeneities to arrhythmogenesis following left anterior
descending artery occlusion.

Methods and results—A slice through a geometrical model of the rabbit ventricles was extracted
and a model of regional ischaemia developed. The model included a central ischaemic zone
incorporating transmural gradients of IK(ATP) activation and [K+]o, surrounded by ischaemic border
zones (BZs), with the degree of ischaemic effects varied to represent progression of ischaemia 2–10
min post-occlusion. Premature stimulation was applied over a range of coupling intervals to induce
re-entry. The presence of ischaemic BZs and a transmural gradient in IK(ATP) activation provided
the substrate for re-entrant arrhythmias. Increased dispersion of refractoriness and conduction
velocity in the BZs with time post-occlusion led to a progressive increase in arrhythmogenesis. In
the absence of a transmural gradient of IK(ATP) activation, re-entry was rarely sustained.

Conclusion—Knowledge of the mechanism by which specific electrophysiological heterogeneities
underlie arrhythmogenesis during acute ischaemia could be useful in developing preventative
treatments for patients at risk of coronary vascular disease.
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Introduction
Sudden cardiac death is the leading cause of adult mortality in the industrialized world, and its
prevalence is increasing.1 It typically results from cardiac arrhythmias that arise following
occlusion of a coronary vessel. The first 12 min following coronary occlusion are termed acute
myocardial ischaemia phase 1A. Experimental studies using animal models indicate that lethal
arrhythmias occur most frequently 4–7 min post-occlusion2–4 and that the arrhythmias are of
re-entrant nature3,5,6 (see also Kléber7 for a review). A body of research8–12 has demonstrated
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that the most prominent electrophysiological changes in the heart during ischaemia phase 1A
are as follows: extracellular potassium concentration ([K+]o) rises, metabolic inhibition leads
to activation of the ATP-sensitive potassium current (IK(ATP)), and intracellular pH drops.
Typically, only part of the heart is affected by the lack of blood due to coronary occlusion
(regional ischaemia), and therefore ischaemic electrophysiological changes are spatially
heterogeneous. Regional heterogeneities in [K+]o, IK(ATP), and pH result in increased
dispersion of conduction velocity,3,5 of action potential duration (APD)6,13 and of effective
refractory period (ERP).6,14–17 Experimental and theoretical studies have shown that the
heterogeneous electrophysiological properties secondary to acute myocardial ischaemia
provide the substrate for the initiation and sustenance of re-entry.6,13,15–18

However, studies of arrhythmogenesis in ischaemia have focused on re-entrant mechanisms
manifested predominantly on the epicardium,6,13,14,17,19 and little is known about the
contribution of transmural heterogeneities to arrhythmogenesis secondary to acute regional
ischaemia. This is mostly due to limitations in the spatial resolution of plunge electrode
recordings, limitations in depth penetration of optical mapping techniques, and the rapidity and
complexity of electrophysiological changes that follow coronary occlusion.

Computer simulations offer the ability to examine the transmural electrophysiological activity
at high resolution, and therefore have the potential to reveal the mechanisms underlying
arrhythmogenesis under this pathological condition. We have previously developed models of
acute global ischaemia in the heart20,21 and applied these models to investigate the effect of
global ischaemia on defibrillation threshold. In the present study, we further develop our model
of ischaemia to include regional heterogeneities associated with occlusion of a coronary artery.
The goal of this study is to use a physiologically accurate computational model of acute regional
ischaemia phase 1A to determine the contribution of ischaemia-induced transmural
electrophysiological heterogeneities to arrhythmogenesis in the ventricles during the first 10
min following left anterior descending (LAD) coronary artery occlusion.

Methods
Tissue representation

We used a two-dimensional model with realistic representation of the electrophysiological
heterogeneities secondary to acute coronary artery occlusion. The model geometry was an
anterior–posterior cross-section through the equator of our model of the rabbit ventricles
described previously,22,23 allowing for an effective examination of the contribution of
transmural heterogeneities in ischaemia 1A to arrhythmia induction and maintenance.
Electrical activity in the slice was modelled using the monodomain approach with isotropic
conductivity of 0.1 mS/mm. Isotropic conductivities were used because inclusion of fibre
directions would have been unrealistic if taken on a two-dimensional cross-section through the
three-dimensional fibre field in the ventricles. Membrane kinetics were represented by a
version of the Luo–Rudy dynamic model24,25 modified to account for alterations in membrane
behaviour due to ischaemia as described below.

Representation of transmural electrophysiological heterogeneities secondary to acute
regional ischaemia

In the two-dimensional cross-sectional geometry of the model, the ischaemic region was
defined as the transmural area affected by the lack of blood flow following LAD occlusion
(Figure 1), as described in experimental studies using rabbit hearts.26,27 The ischaemic
substrate during the first 10 min post-occlusion was represented by changes in membrane
dynamics due to hyperkalaemia, acidosis, and hypoxia, as done previously.12,17,20,21,28–30

Specifically, [K+]o was increased, whereas the maximum conductances of Na+ and L-type
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Ca2+ channels were decreased (via scaling factors SNa and SCaL) to represent inhibition by
acidosis. In addition, activation of the IK(ATP) current caused by hypoxia was represented by
increasing the fraction of K(ATP) channels opened (fATP).12

Implementation of transmural heterogeneities in [K+]o, IK(ATP), and INa and ICa(L)
conductivities in the model of regional ischaemia, as shown in Figure 1, was based on
experimental data. Specifically, the central ischaemic zone (CIZ) was surrounded by lateral,
endocardial, and epicardial border zones (BZs), which provided a transition in ischaemic
parameters between the CIZ and the normal zone, as measured experimentally.26,31–37 In the
absence of adequate data on the profile of ischaemic changes through the BZ, the transitions
were assumed to be linear.17 In our model, the width of the lateral BZ for [K+]o was 5.5 mm,
whereas epi- and endocardial [K+]o BZs were 1 mm wide, consistent with experimental data.
31,32,34,36,38 In accordance with previous experimental and theoretical studies,17,31 BZs for
the acidosis-induced inhibition of INa and ICa(L) were assumed to be half as wide as those of
[K+]o (Figure 1A, bottom, BZs). The BZs of fATP were taken to be narrowest, at only 10% of
the width of the [K+]o BZs, in agreement with experimental findings.17,39,40

Furthermore, experimental recordings show that during acute ischaemia, increase in [K+]o is
faster in the subendocardium than in the subepicardium,31,40–43 and this results in transmural
gradients in [K+]o within the central ischaemic region. Therefore, in our model, [K+]o was
assumed to be highest in the subendocardium (Kmax) and decreased gradually with the distance
to the subendocardium in the CIZ, reaching 60% of Kmax in the subepicardium (Ksubepi) of the
CIZ.43 Similarly, fATP was increased linearly within the ischaemic region from the
subendocardium to the subepicardium to represent the increased sensitivity of IK(ATP) in
epicardial myocytes to changes in ATP and ADP concentrations.15,44 Subendocardial fATP
was assumed to be 60% of subepicardial fATP (Figure 1A, middle, CIZ).15,45,46

Progression of time post-occlusion was simulated by linearly increasing the magnitude of the
changes in [K+]o, INa, ICa(L), and fATP. Vulnerability to re-entry of the ischaemic substrate was
evaluated in the time period 0–10 min following LAD occlusion at 2 min intervals. Table 1
presents the values for [K+]o,max, min SNa, min SCaL, and fATP,max for each level of ischaemia
severity.

Analysing vulnerability to re-entry
Figure 1A illustrates the electrode locations used for stimulation of the model. To ensure a
steady state in the ionic model, the tissue was paced with a train of nine square-wave
transmembrane stimuli of duration 1 ms and strength 1 A/m2 via the pacing electrode in the
left ventricular (LV) wall, at a basic cycle length of 300 ms. As most premature excitations
(the trigger for arrhythmia induction) in ischaemia phase 1A originate in the subendocardial
BZ5,47 (see Carmeliet8 for a review), in order to evaluate the arrhythmogenic propensity of the
substrate, we chose for the site of premature stimulation a location in that region. Following a
variable coupling interval, a square-wave premature stimulus of the same strength as the pacing
stimulus was applied to the right ventricular (RV) subendocardium near the septum to initiate
reentry.

A vulnerability grid, i.e. a two-dimensional grid that encompasses episodes of premature
stimulation for all timings post-occlusion (0–10 min in 2 min steps) and all coupling intervals
(range 155–205 ms in 5 ms steps), was constructed for the model of regional ischaemia. Each
column referred to a time post-occlusion and each row corresponded to a coupling interval.
Episodes of re-entrant activity within the vulnerability grid were classified as sustained and
non-sustained according to the following criteria. Re-entries in which the re-entrant pathway
was the same for three consecutive beats following the application of the premature stimulus
were considered ‘sustained’. For re-entries in which the re-entrant pathway changed from beat
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to beat, computer simulations were continued either until the re-entry self-terminated, and was
therefore considered ‘non-sustained’, or until the re-entrant wavefront entered into a repetitive
pattern and the re-entry was therefore considered ‘sustained’.

It has been postulated that an epicardial BZ (which may or may not be present)26,33,41,48,49

and a gradient of IK(ATP) in the CIZ6,13,15,44,45,50 play key roles in arrhythmogenesis and
maintenance of arrhythmia following coronary occlusion, although the cause–effect
relationships remain unclear. In order to investigate the mechanisms by which these two
phenomena augment the likelihood of re-entry during acute regional ischaemia, we constructed
additional vulnerability grids with homogeneous ischaemic activation of IK(ATP), and without
representation of the epicardial BZ. Overall, for the three vulnerability grids, more than 600
premature stimulation episodes were simulated, though for the sake of brevity only episodes
over the range of coupling intervals for which re-entry was initiated are presented in Results.

Data analysis
To analyse the arrhythmogenic propensity of the regional ischaemia-induced
electrophysiological substrate, local activation times, APD, and ERP were evaluated
throughout the tissue. Local activation time was defined as the time at which the upstroke
velocity of the action potential was maximal, relative to the last paced beat or to the application
of the premature stimulus. Because of the wide range of action potential amplitudes and resting
membrane potentials in the regionally ischaemic model, APD was computed as the time from
local activation to the point of inflection (negative second derivative of transmembrane
potential to positive second derivative) of the action potential repolarization phase.51 Spatial
variation of the electrophysiological properties within the model precluded the determination
of ERP by attempting to elicit a propagating wave. Instead, we determined the ERP by pacing
the entire model simultaneously eight times at a cycle length of 300 ms, and then examining
the local state of the h and j gates in INa. The time, relative to local activation time, at which
the local product of the h and j gates exceeded 0.012 during recovery (this is the largest value
of the product for which an action potential could not be elicited) was considered to be the
ERP. Conduction velocities, where needed, were calculated by dividing the difference in
isochrone times at a particular location by the distance between the isochrones.

Numerical aspects
Quality triangular meshing of the ventricular cross-section was done using the Triangle
package,52 with an average edge length of 163 μm. The monodomain finite-element
formulation was solved as described previously53 using a fixed time step of 1 μs.

Results
Characterization of the electrophysiological substrate during pacing

Figure 2 illustrates the effect of progression of regional ischaemia on activation (left column)
and repolarization (middle column) maps, as well as on APD (right column) maps, for the last
paced beat before the application of a premature stimulus. Each row corresponds to a time post-
occlusion, indicated on the left of Figure 2. The activation maps in Figure 2 show that as
ischaemia progresses, conduction in the ischaemic region briefly becomes faster (Figure 2; 2
and 4 vs. 0 min post-occlusion, compare green isochrones in the septum at t = 40–50 ms, red
circles), due to supernormal conduction in the ischaemic tissue, as described by Shaw and
Rudy28 and Rodríguez and Ferrero.21 With further progression of ischaemia, propagation in
the ischaemic tissue becomes slower by 6 min post-occlusion (Figure 2, 6 vs. 0 min post-
occlusion, leftward shift of green isochrones in the septum at t = 40–50 ms, red circle), and
this results in changes in the activation sequence, with delayed activation (10 ms longer local
activation times relative to those in normoxia) in the RV septal endocardial BZ and the CIZ.
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Slow conduction in ischaemic tissue is due to the lower availability of Na+ current, resulting
from hyperkalemia-induced resting potential elevation, and to the decrease in the maximum
conductance of the Na+ channel caused by acidosis.21,28 The latest activation time in the CIZ
is extended from 40 ms in normoxia to 80 ms after 10 min post-occlusion.

Changes in repolarization time become apparent soon after coronary occlusion (Figure 2, 2
and 4 min post-occlusion panels, middle column). These changes stem from alterations in
activation times as explained above, and from APD shortening, as illustrated in the right panels
of Figure 2. In normoxia (Figure 2, 0 min), the repolarization sequence follows the activation
sequence, as APD is the same throughout the preparation. In regional ischaemia, however,
APD becomes heterogeneously shorter in the ischaemic region, due mainly to the
heterogeneous activation of IK(ATP).54 Shortening of APD in the ischaemic region results in a
decrease of up to 90 ms in local repolarization times relative to those in normoxia. The shortest
repolarization times always occur in the ischaemic portion of the LV mid-myocardium, where
ischaemic tissue has the earliest local activation times. Shortest and longest repolarization times
are 140 and 220 ms in normoxia and become 100 and 220 ms following 10 min post-occlusion.

Although APD in the ischaemic region becomes shorter with progression of time post-
occlusion, elevated [K+]o leads to post-repolarization refractoriness. Figure 3 illustrates the
time course of APD (solid lines) and of ERP, (broken lines) at three locations, one in the LV
normal zone, another in the RV lateral BZ near the point of premature stimulation, and a third
at the centre of the CIZ, all marked with arrows in the top right panel of Figure 2. In normoxia,
APD and ERP are 106 and 117 ms, respectively, and therefore very similar, with ERP only 11
ms longer than APD. However, as acute ischaemia progresses, APD decreases monotonically
from 2 to 10 min post-occlusion in both the CIZ and the BZ (from 96 to 10 ms and from 100
to 80 ms, respectively), whereas ERP decreases monotonically from 109 to 89 ms in the BZ
but exhibits a non-monotonic behaviour in the CIZ: it decreases during the first 2–6 min post-
occlusion from 104 to 92 ms, and then increases over the period 6–8 min post-occlusion,
reaching 106 ms at 8 min post-occlusion, which indicates pronounced post-repolarization
refractoriness. Progression of ischaemia to 10 min results in the prolongation of ERP beyond
300 ms in the CIZ.

Vulnerability grids
Figure 4A–C shows the vulnerability grids (left) and total number of elicited re-entrant episodes
(right) in the regionally ischaemic model, the regionally ischaemic model without a transmural
gradient of fATP, and the regionally ischaemic model without an epicardial BZ, respectively.
In all, for the chosen six times post-occlusion (0 min omitted from the figure), 63 re-entrant
arrhythmias were initiated. Of these, 29 were sustained and 35 were non-sustained. In all three
vulnerability grids, arrhythmias were initiated from 4 through 10 min post-occlusion. None
were initiated at 0 or 2 min post-occlusion. However, significant differences in the number and
type of re-entries were found between the three vulnerability grids.

In the regionally ischaemic model (Figure 4A), the vulnerable window (the range of coupling
intervals over which re-entry, both sustained and non-sustained, is initiated for a given time
post-occlusion) widens with the progression of ischaemia, from 10 ms at 4 min post-occlusion
to 35 ms at 10 min post-occlusion, mainly due to a decrease in the shortest coupling interval
at which re-entry is initiated. However, sustained re-entrant episodes are most common at 8
min post-occlusion. Although the vulnerable window becomes wider at 10 min post-occlusion,
the ratio of sustained to non-sustained re-entrant episodes significantly decreases. Overall, 68%
of the re-entrant episodes in this vulnerability grid are sustained (13 sustained vs. 6 non-
sustained episodes).
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Homogeneous IK(ATP) in the CIZ (Figure 4B) results in an overall increase in the number of
episodes in which arrhythmia is initiated, and in an enlargement of the vulnerable windows for
all stages of regional ischaemia. The vulnerable window increases from 25 ms at 4 min post-
occlusion to 40 ms at 10 min post-occlusion. However, without a gradient of fATP in the CIZ,
the majority of initiated re-entrant episodes are non-sustained. Only two sustained re-entries
are initiated at coupling intervals of 160 and 155 ms, at 8 and 10 min post-occlusion,
respectively. Thus, 7.7% of the re-entrant episodes in this vulnerability grid are sustained (2
sustained vs. 24 non-sustained episodes), much lower than when a transmural gradient of
IK(ATP) is present in the CIZ.

In the absence of an epicardial BZ (Figure 4C), the vulnerable window width increases non-
monotonically as ischaemia progresses from 4 to 10 min post-occlusion; it is 20 ms at 4 min
post-occlusion, 25 ms at 6 min post-occlusion, 20 ms at 8 min post-occlusion, and 30 ms at 10
min post-occlusion. Although the number of re-entrant episodes (19) is the same regardless of
whether an epicardial BZ is present, the absence of an epicardial BZ results in a shift of the
range of the vulnerable window toward longer coupling intervals at 8–10 min post-occlusion.
In the absence of an epicardial BZ, 74% of the re-entrant episodes in the vulnerability grid are
classified as sustained (14 vs. 5 episodes), with only one additional re-entrant episode becoming
sustained here as compared with the case with an epicardial BZ.

Overall, the most re-entrant episodes occur in the regionally ischaemic model which includes
a transmural CIZ gradient of fATP, but does not include an epicardial BZ. The absence of an
fATP gradient in the CIZ results in a significant decrease in the number of sustained re-entries,
with almost all re-entries becoming non-sustained. The absence of an epicardial BZ leads to a
shift in the range of coupling intervals over which re-entry is sustained, towards longer coupling
intervals near the end of the 1A ischaemic period. In the next sections, we examine the
mechanisms by which arrhythmias are generated by premature stimulation in the three models,
representing different electrophysiological substrate scenarios in regional ischaemia phase 1A.

Analysis of mechanisms of arrhythmogenesis in the regionally ischaemic model
In this section, in order to investigate the mechanisms underlying the changes in vulnerable
window duration and position within the vulnerability grid (Figure 4A) during the first 10 min
of acute regional ischaemia, we examine the electrical activity following the application of
premature stimuli at several timings post-occlusion in the regionally ischaemic model. Figure
5 shows the activation maps for the first three re-entrant cycles following premature stimulation
at 4–10 min post-occlusion, at a coupling interval of 180 ms. All four cases are within the
vulnerable window.

At 4 min post-occlusion, propagation elicited by the premature stimulus is unidirectionally
blocked by refractory tissue in the RV free wall, but proceeds through the LV and septal
ischaemic tissue. Eventually, propagation re-enters through the RV free wall, once tissue there
has recovered (Figure 5, 4 min, Beat 1). In the second re-entrant cycle, low availability of
Na+ current following the first re-entrant beat results in slow propagation in the CIZ (Figure
5, 4 min, Beat 2, reduced isochrone spacing). Conduction block occurs in the LV lateral BZ
180 ms after application of the premature stimulus. Thus, the re-entrant wavefront propagates
only through the septum, and then re-enters through both LV and RV free walls, resulting in
a figure-of-eight re-entry. A similar pattern of re-entry is observed in the third re-entrant cycle
(Figure 5, 4 min, Beat 3). Premature stimuli applied at a coupling interval of <180 ms result
in bidirectional block of propagation because both the normal RV free wall and the ischaemic
anterior region are refractory, and thus no arrhythmia is initiated. Conversely, premature
stimuli applied at coupling intervals longer than 185 ms at 4 min post-occlusion result in
propagation in all directions and again no re-entrant circuit is established.
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As shown in Figure 5, the pattern of propagation in the preparation remains similar as ischaemia
progresses from 4 to 6 and 8 min post-occlusion. The main difference is the amount of tissue
in the ischaemic zone that experiences low excitability, alternans, and propagation block (black
in activation maps for 6–8 min); this amount increases with time post-occlusion. However, the
type of the re-entrant circuit remains the same, due to the presence of both endocardial and
epicardial BZs, which sustain propagation through septal and LV tissue.

Increase in the width of the vulnerable window from 4 to 10 min post-occlusion is due to earlier
recovery of tissue close to the site of premature stimulation (Figure 3), caused by shortening
of APD and ERP in the ischaemic BZ (Figures 2 and 3). This results in wavefronts being elicited
by premature stimuli at short coupling intervals; these wavefronts are able to traverse the epi-
and endocardial BZs toward the LV and septum, but are blocked in the normal RV tissue. As
a consequence, with the progression of acute ischaemia from 4 to 10 min post-occlusion, the
vulnerable window expands towards shorter coupling intervals (Figure 4).

At 10 min post-occlusion, however, the majority of initiated re-entries are non-sustained. The
activation pattern in the first beat following the premature stimulus is similar to that at 4, 6 and
8 min post-occlusion (Figure 5, 10 min, Beat 1). However, on the second re-entrant beat,
conduction is blocked at the lateral BZ in the septum (red circle), and this leads to termination
of the activity; arrhythmia is thus non-sustained. At 10 min post-occlusion, the lateral BZ tissue
exhibits shorter APD than at 8 min post-occlusion (Figures 2 and 3). Consequently, at 10 min
post-occlusion, tissue in the septal and LV lateral BZs repolarizes before the normal tissue just
outside the ischaemic zone recovers excitability. Thus, propagation there is blocked and is
unable to sustain re-entry. Therefore, short APD in the BZ results in increased likelihood of
propagation block at 10 min post-occlusion, and decreased likelihood of establishment of
sustained reentrant circuits.

Role of the transmural gradient in IK(ATP) activation in the initiation and sustenance of re-
entry

As shown in Figure 4 (compare vulnerability grids in A vs. B and vertical bars), the absence
of a gradient of fATP in the CIZ results in an overall increase in the number of re-entrant episodes
in the vulnerability grid (from 19 to 26), but in a significant reduction in the number of sustained
reentries (to only 2). Figure 6 illustrates the mechanisms underlying this change in
vulnerability. The top row presents the data from the regionally ischaemic model, whereas the
bottom row displays the data from the model lacking a transmural gradient of fATP, both at 6
min post-occlusion. Figure 6A shows the fATP, Figure 6B the APD maps during the last paced
beat prior to premature stimulation, Figure 6C the activation maps of the first and second re-
entrant beats following premature stimulation at a coupling interval of 175 ms, and Figure 6D
the action potential traces at the black (subepicardial) and red (subendocardial) marker dots in
Figure 6C.

Both in the presence and in the absence of a transmural gradient of fATP, the premature stimulus
elicits a propagating wave that proceeds through the septum and LV free wall, and eventually
re-enters through the RV free wall, as shown in the left column of Figure 6C. In the second re-
entrant cycle (right column of Figure 6C), both in the presence and in the absence of a
transmural gradient of fATP, the re-entrant wavefront proceeds through the RV endocardial and
LV epicardial BZs. The wavefront that traverses the epicardial BZ is eventually blocked, in
both cases, at the LV BZ, when it encounters the normal tissue that is still refractory following
the first re-entrant beat (right column of Figure 6C). Propagation then proceeds only through
the LV endocardial BZ, where it is affected by the degree of IK(ATP) activation, which is
different in the two cases. The consequences of this effect, which eventually determine the
outcome of premature stimulation, are analysed in Figure 6D and discussed next.
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In the presence of a transmural gradient of fATP, propagation through the endocardial BZ is
slightly slower than through the epicardial BZ. This is due to the fact that APD during the first
re-entrant beat is longer in the endocardium than in the epicardium, resulting in a shorter
diastolic interval, and thus in lower availability of Na+ current in the endocardium than in the
epicardium. As a consequence, the wavefront propagating through the RV endocardium
reaches the lateral BZ in the septum after the normal tissue in its vicinity has recovered.
Propagation proceeds towards the RV and LV, and sustained figure-of-eight re-entry is
established.

In contrast, in the absence of a transmural gradient of fATP, IK(ATP) and thus APD are similar
in the epicardial and endocardial BZs (Figure 6B), although slight differences exist due to
greater [K+]o in the subendocardium. Similar APD in the endocardial and epicardial BZs results
also in similar diastolic intervals preceding the second cycle of activation (Figure 6D), and
therefore in a similar availability of Na+ current. Consequently, in the absence of a transmural
gradient of fATP, conduction velocity in the endocardial BZ is similar to that in the epicardial
BZ (Figure 6C, right column) and faster than that in the endocardial BZ in the presence of a
transmural gradient of fATP. Therefore, in the absence of a transmural gradient of fATP,
wavefront propagation through the endocardial BZ reaches the normal tissue proximal to the
lateral BZ in the septum 10 ms earlier than in the presence of such gradient, allowing less time
for the normal tissue close to the BZ to recover, and resulting in propagation block 190 ms
after the premature stimulation, and thus in non-sustained arrhythmia. Therefore, the presence
of a transmural gradient of fATP in the CIZ results in an increased dispersion of refractoriness
and conduction velocity in the ischaemic region, and thereby increases the likelihood of
sustained re-entry.

Role of the epicardial border zone in vulnerability to re-entry
In this section, we examine the role of the epicardial BZ in modifying vulnerability to re-entry
in regional ischaemia by analyzing the activity before and after the application of a premature
stimulus in the presence and absence of an epicardial BZ. As shown in Figure 4C, the absence
of an epicardial BZ results in a shift in the range of coupling intervals, over which sustained
re-entry is initiated, toward long coupling intervals at 8 and 10 min post-occlusion. The
mechanisms underlying this effect are illustrated in Figure 7, which presents the activation
maps of the last paced beat (Figure 7A) before premature stimulation, and the first and second
beats of re-entrant activity (Figure 7B) following the premature stimulus, at 10 min post-
occlusion, in the presence (top) and absence (bottom) of an epicardial BZ. In Figure 7B, the
coupling interval at which the premature stimulus is applied is 190 ms.

At 10 min post-occlusion, the majority of the CIZ is inexcitable (black in activation maps). In
the presence of an epicardial BZ, both epicardial and endocardial BZs provide a pathway for
propagation through the ischaemic region (Figure 7A, w/epi BZ, black arrows). In the absence
of an epicardial BZ, however, epicardial tissue experiences prolonged refractoriness and low
excitability caused by ischaemia-induced decrease in the availability of Na+ current. Thus, in
the absence of an epicardial BZ, propagation elicited by the pacing stimulus proceeds through
the endocardial BZ, but is blocked in the CIZ, and eventually fails in the subepicardium,
resulting in a change in the propagation pattern compared with when the epicardial BZ is
present (Figure 7A, compare top vs. bottom panels). As a result of this change in conduction
pathway, the activation time at the site of premature stimulation increases from 60 ms when
the epicardial BZ is present to 80 ms when it is absent. Long activation times at the site of
premature stimulation also result in long repolarization times. Therefore, premature stimuli
applied at short coupling intervals in the absence of an epicardial BZ result in propagation
block because tissue at the site of premature stimulation is still refractory. This explains the
shift in the vulnerable window towards long CIs in this case.
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Our results also show that a greater number of arrhythmias are sustained at 10 min post-
occlusion in the absence than in the presence of an epicardial BZ. Figure 7B illustrates the
mechanisms underlying this phenomenon. In the presence of an epicardial BZ, a premature
stimulus applied at a coupling interval of 190 ms elicits propagation through the epicardial BZ
as well as the RV endocardial BZ. Propagation continues through the LV free wall and the
septum, and eventually re-enters through the RV free wall (Figure 7B, w/epi BZ, Beat 1). In
the second beat (Figure 7B, w/epi BZ, Beat 2), however, propagation proceeds through the
BZs but is blocked in the normal regions of the LV free wall and septum, regions that are still
refractory following the first re-entrant beat. Thus the arrhythmia is not sustained.

In contrast, in the absence of an epicardial BZ, propagation elicited by the premature stimulus
initially proceeds only through the RV endocardial border zone, as the epicardial tissue is still
refractory. Eventually, the wavefront re-enters through the RV free wall and retrogradely
through the epicardium in the central ischaemic region (Figure 7B, w/o epi BZ, Beat 1).
Whereas the latter wavefront eventually dies out due to low excitability in the CIZ (Figure 7B,
w/o epi BZ, Beat 2), the wavefront that re-enters through the RV free wall propagates around
the CIZ and through the RV and LV endocardial BZs in the second re-entrant circuit. The
pathway of propagation in the absence of the epicardial BZ is therefore longer than when the
zone is present, increasing the period of time over which the tissue in the LV free wall is able
to recover before the re-entrant wavefront reaches it. This increase in recovery time allows re-
entry to continue over a longer range of coupling intervals, resulting in a greater number of
sustained re-entries at 10 min post-occlusion.

Discussion
In this study, a two-dimensional model of regional ischaemia in the rabbit ventricles was
developed to investigate the contribution of ischaemia-induced transmural electro-
physiological heterogeneities to arrhythmogenesis in the first 10 min following LAD occlusion.
Our results show that the number of arrhythmias induced by premature stimulation increases
from 4 to 10 min post-occlusion. Increased vulnerability to arrhythmia induction in regional
ischaemia is caused by increased dispersion of refractoriness and conduction velocity in the
ischaemic BZs. The absence of a transmural gradient of IK(ATP) activation in the central
ischaemic region drastically reduces the number of sustained re-entries induced. In contrast,
the absence of an epicardial BZ has little effect on the number of re-entries initiated; however,
it results in a shift of the vulnerable window towards longer coupling intervals at the 8–10 min
post-occlusion period. The specific mechanisms underlying these effects are analysed in detail
in the following sections.

Changes in electrophysiological properties in the model of acute regional ischaemia
Previous studies have shown that changes in myocardial electrophysiological behaviour during
ischaemia phase 1A mainly result from the impact of hyperkalaemia, acidosis, and hypoxia on
ionic concentrations and currents.8,28 However, the time course and spatial distribution of these
changes depend on a variety of factors, including the degree of coronary flow reduction, animal
species, pacing rate, recording site, and characteristics of the experimental setup, such as the
medium surrounding the preparation. This study focuses on arrhythmogenesis in the rabbit
heart subsequent to complete occlusion of the LAD; thus, changes in [K+]o, maximum
conductances of Na+ and L-type Ca2+ channels, and IK(ATP) activation incorporated in the
model are specific to the rabbit heart during the first 10 min of no-flow ischaemia. Accordingly,
changes in electrophysiological properties in our rabbit model are consistent with the
experimental results as discussed below.

Following coronary occlusion, acute ischaemia-induced activation of IK(ATP) and increased
[K+]o result in APD shortening in the ischaemic zone. Our simulations show that
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heterogeneities in IK(ATP) and [K+]o lead to heterogeneous APD shortening. Action potential
duration shortening is greatest in the CIZ, where mean APD is 84.2±2.1% of its normal value
(mean± standard deviation, n = 6336) at 2 min post-occlusion and 44.2±27.0% of its normal
value at 10 min post-occlusion. Although there is normal tissue just beneath the epi- and
endocardial surfaces, electrotonic effects resulting from coupling to the CIZ lead to ischaemia-
induced changes in electrophysiological properties even in these regions. In our simulations,
APD was shorter in the epicardial layer of the ischaemic zone (ranging from 91% of normal
APD at 2 min post-occlusion to 73% of normal APD at 10 min post-occlusion) than in the
endocardial layer (ranging from 94% of normal APD at 2 min post-occlusion to 76% of normal
APD at 10 min post-occlusion), due to the greater degree of IK(ATP) activation in the epicardium
than in the endocardium. However, at 10 min post-occlusion, high [K+]o in the endocardium
results in slightly shorter APD on the endocardium (56% of normal) than in the epicardium
(59% of normal). Shortening of APD in our regionally ischaemic model is in agreement with
the experimental recordings. In several studies,9,55–58 APD was recorded from rabbit RV
endocardium during global no-flow ischaemia at various pacing rates. Experimental data from
the globally ischaemic endocardium paced at a cycle length of 400 ms, which are similar to
ours (cycle length of 300 ms), indicate that APD was shortened to 59% of the normal over the
first 10 min post-occlusion.9 Action potential duration shortening on the epicardial surface of
the rabbit heart has been also observed by Behrens et al.13 (to 77% of normal after 10 min)
and Cheng et al.59 (73% after 30 min), although these reductions in APD were less than those
in our study, as these studies induced reduced-flow rather than no-flow ischaemia.

Activation delay (i.e. local activation time in ischaemia minus local activation time in
normoxia) in our model resulted from a combination of reduced conduction velocity and
transient conduction block in the ischaemic zone. As shown in Figure 2, in regional ischaemia
in the presence of an epicardial BZ, activation delay at the epicardium was minimal, ranging
from −1 ms during supernormal conduction (2–4 min post-occlusion) to 5 ms at 10 min post-
occlusion. However, tissue in the CIZ experienced more extensive activation delay, reaching
a maximum of 31 ms at 8 min post-occlusion–the time at which the preparation was most prone
to sustained re-entries. In the absence of an epicardial BZ, the greatest delay was at the surface
of the epicardium, rather than in the CIZ. At the epicardium, maximum activation delay ranged
from −2 ms during supernormal conduction at 2 ms post-occlusion to 25 ms at 10 min post-
occlusion. Both activation delay and the number of sustained re-entries peaked at 10 min post-
occlusion in the absence of an epicardial BZ. Although the maximum activation delay is highly
dependent on the geometrical characteristics of a given preparation, the coincidence of peak
activation delay and peak arrhythmogenesis is common across a variety of preparations.
Kaplinsky et al.3 reported a peak in both epicardial activation delay and arrhythmogenesis at
5 min post-occlusion in the dog. Likewise, Fleet et al.4 observed, in pigs, a peak in activation
delay at 5 min post-occlusion and a mean time to onset of ventricular fibrillation of 4.6 min.
The alignment of the time of peak activation delay and peak arrhythmogenesis both in the
present study and in experimental studies supports the validity of our model of
arrhythmogenesis in ischaemia and emphasizes the important role that ischaemia-induced
transmural heterogeneities play in the pro-arrhythmic ischaemic substrate.

Elevated resting potential is a hallmark of myocardial ischaemia, caused primarily by
extracellular accumulation of potassium. Although volumes of experimental data exist on the
time course of potassium accumulation in ischaemia, few studies have actually quantified the
degree to which resting potential is elevated, and to our knowledge, only one has provided
quantification of ischaemia-induced elevation of resting potential in a preparation comparable
to our model. In that study,60 the resting potential in the rabbit RV subendocardium (depth
<500 μm) was found to be elevated by 17.9 mV after 11.5 min of no-flow ischaemia. Their
preparation was paced at a cycle length of 350–400 ms, comparable to the cycle length of 300
ms used in our model. We observed resting potential elevation in the subendocardium (~100
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μm depth), from −88.3 to −72.0 mV after 10 min of simulated no-flow ischaemia, a net
elevation of 16.3 mV. Accounting for the additional 1.5 min elapsed in the experimental
recordings (no data were provided at 10 min post-occlusion), this is an excellent match to our
data. Other studies have quantified elevation of resting potential in rabbit papillary muscle61

and guinea pig62 and are not directly comparable to our findings, although they agree
qualitatively with our results. In animal models, the rate of increase in [K+]o depends on pacing
rate. It should be noted that [K+]o is not updated dynamically in our model and is therefore not
affected by pacing rate. As such, the agreement discussed above is a confirmation that we have
chosen adequate levels of [K+]o for the pacing rate used in our simulations.

Role of transmural electrophysiological heterogeneities in vulnerability to re-entry in
regional ischaemia

Our simulation results show that the number of arrhythmias induced by premature stimulation
increased progressively between 4 and 10 min following LAD occlusion. Progressive widening
of the vulnerable window over the time course of acute regional ischaemia stemmed from
increased dispersion of refractoriness in the lateral BZ. Specifically, early recovery of tissue
in the ischaemic BZ allowed propagation elicited by early premature stimuli to enter the
ischaemic region, whereas normal tissue adjacent to the BZ was still refractory. This resulted
in unidirectional block and re-entry initiation at shorter coupling intervals in regional ischaemia
than in normoxia. Thus, our simulation results show that an increased dispersion of
refractoriness across the lateral BZ is a key factor in the initiation of re-entrant activity, and
thus in the extension of the vulnerable window duration in acute regional ischaemia.
Experimental studies have shown that spontaneous initiation of re-entry in ischaemia typically
originates close to the ischaemic BZs.5,63 Our simulation results demonstrate that increased
dispersion of refractoriness in the BZ increases the likelihood that premature stimuli applied
there would result in re-entry. Thus, it may be the case that only premature activations occurring
close to the BZ result in re-entry, whereas those occurring at other locations die out because
they do not encounter a unidirectional block.

Our simulation results show that the number of sustained re-entrant episodes in our two-
dimensional model progressively increased until 8 min post-occlusion, and then decreased at
10 min post-occlusion. A biphasic change in the incidence of sustained ventricular arrhythmias
over the first 10 min following occlusion of the LAD has also been observed experimentally
in pigs and dogs.3,4,64 To our knowledge, no data exist regarding the time course of sustained
ventricular arrhythmias in rabbits during ischaemia phase 1A. Smith et al.64 found that the
number of arrhythmic events clearly peaked at 6–8 min post-occlusion in pigs, as in our
simulations. Kaplinsky et al.3 observed in dogs a rapid increase in the incidence of ventricular
arrhythmias from 0 to 5 min post-occlusion, and a slower decline over the period from 5 to 10
min post-occlusion. Similarly, Fleet et al.4 found that in pigs the onset of ventricular fibrillation
occurred in the range of 2.8–6.0 min post-occlusion, and on average 4.6 min post-occlusion,
also consistent with our results.

Sustained re-entry in our model was typically anatomical, circling one or both of the ventricular
cavities (Figure 5). The type of re-entry initially varied between beats, but settled to a figure-
of-eight re-entry, with one rotor around each ventricular cavity and a common pathway in the
septum (Figure 5). If block occurred in both the septal and LV lateral BZs, re-entry was non-
sustained (Figure 5, 10 min). Data from high-resolution transmural electrical recordings in
studies of acute regional ischaemia are not abundant; we are aware of one study in which such
mapping was attempted. Pogwizd and Corr5 mapped re-entry in the cat at 4–5 min post-
occlusion. They observed extensive activation delay in the ischaemic zone, as we documented
at 6 min post-occlusion (Figure 5, 6 min, Beat 2), with re-entry driven by conduction around
the LV.
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Beginning at 6 min post-occlusion, portions of the CIZ were activated or inactivated on
alternating beats in our simulations (Figure 5); it is a common finding in experimental studies
and has been noted to precede the initiation of arrhythmias.14 Our results show, however, that
alternans in the CIZ is not directly involved in the establishment of a reentrant circuit, but it is
an indicator of increased severity of electrophysiological changes with the progression of
ischaemia, and particularly of increased dispersion of refractoriness and conduction velocity,
which is key in re-entry initiation and sustenance. Although the aforementioned patterns of re-
entry are dependent on the site of stimulation in our pacing protocol as well as on the geometry
of the preparation used, the mechanisms underlying re-entry would likely be the same with
another protocol—the specific pathways might be different, but we expect block at the lateral
BZs to be critical to both the initiation (unidirectional block) and termination (in the non-
sustained episodes) of re-entry.

Our simulation results also show that a transmural gradient of IK(ATP) in the central ischaemic
region is key to the sustenance of re-entry. Reduced dispersion of APD and conduction velocity
in the absence of a transmural fATP gradient results in conduction block following the first re-
entrant beat at both LV and septal lateral BZs, and the majority (92%) of re-entrant arrhythmias
initiated are thus non-sustained (Figure 4B). Although a transmural gradient of fATP in the
central ischaemic region exists physiologically in the heart, these results suggest that
pharmacological interventions that reduce the differences in IK(ATP) throughout the ischaemic
region may be useful in preventing sustained arrhythmias during acute ischaemia.

There is experimental evidence of the presence of an epicardial BZ following more than 30
min of ischaemia65 and in infarction,38 but no such BZ has been directly reported in early acute
ischaemia. Its presence or absence may depend on the medium surrounding the heart ex vivo,
or on collateral vascularization. Collateral myocardial vascularization is known to vary
extensively between species27 and even between specimens from the same species. The canine
model, in particular, is well perfused by collateral circulation (as much as 20% during
ischaemia22), which may produce (or enhance the extent of) an epicardial BZ in acute regional
ischaemia. The human heart does not normally exhibit such extensive collateral
vascularization. Nonetheless, a large number of studies of acute regional ischaemia have
favoured canine models.3,6,27,33,34,37,39,41,42,47,66–71 Furthermore, rabbits, another common
animal model in electrophysiology studies, and the basis of our ventricular model, have been
found in some cases to have increased collateral vascularization, particularly as they age (Igor
Efimov, personal communication). Thus, young rabbits may have no epicardial BZ, whereas
one might be present in older specimens.

In this study, the presence of an epicardial BZ had little effect on the number of sustained re-
entries induced, but its absence resulted in a shift of the vulnerable window toward long
coupling intervals at 8–10 min post-occlusion. This shift occurred because at that time,
conduction through the ischaemic zone was restricted to the subendocardial BZs, with no
activity on the epicardium. Thus, in experiments that only image the epicardium, re-entry in
ischaemia in the absence of an epicardial BZ may be misinterpreted as spontaneous activation.

Limitations
The model used in this study is two-dimensional rather than three-dimensional. Although the
model geometry does not represent that of the three-dimensional ventricles, the use of a two-
dimensional geometry was necessary to decrease the complexity of the model, in order to
enable dissection of the mechanisms of arrhythmogenesis. Additionally, this study assumed
that the tissue was isotropic. Inclusion of tissue anisotropy might be expected to alter somewhat
conduction pathway and conduction velocity in the model. However, as the mechanisms of
arrhythmogenesis uncovered in this study stem primarily from heterogeneous changes in APD
and ERP, we expect that the main findings of this study would remain valid in an anisotropic
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model. Finally, although many changes in membrane kinetics occur during acute ischaemia,
8 increase in [K+]o and IK(ATP), and acidosis-induced reduction of Na+ and L-type Ca++ channel
conductances, as incorporated in our model, have been shown to reproduce the behaviour of
acutely ischaemic tissue.28 Despite these limitations, the present study provides new insight
into the role of transmural electrophysiological heterogeneities in acute regional ischaemia.
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Figure 1.
(A) Distribution of ischaemic injury in the model, outlining the location of the ischaemic region
(grey–white) and normal region (black). Electrode locations for pacing (square) and premature
stimulation (circle) are marked. (B) Schematic profiles for the transmural distributions of
[K+]o (top), fATP (middle), and SNa and SCaL (bottom). The horizontal axis indicates the
transmural depth within the ventricular wall. The landmarks on this axis are, from left to right:
epicardium (EPI, bottom left), epicardial normal zone (NZ), epicardial border zone (BZ),
central ischaemic zone (CIZ), endocardial border zone (BZ), endocardial normal zone (NZ),
and endocardium (ENDO, bottom right). The widths of the ‘BZ’ landmarks are based on the
transmural distribution of [K+]o. Border zone widths for fATP and SCaL and SNa are shown as
a percentage of [K+]o BZ width. The level of ischaemic injury is plotted on the vertical axes,
from normal through the maximum level of injury for a given time post-occlusion.
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Figure 2.
Activation and repolarization isochronal maps as well as action potential duration maps from
0 through 10 min post-occlusion in the regionally ischaemic model. Isochrones are 10 ms/
colour. Locations of site at which action potential duration and effective refractory period were
recorded for Figure 3 are marked in the 0 min action potential duration map. Red circles indicate
the locations at which a shift in the isochrones occurs due to changes in conduction velocity
at 2–6 min post-occlusion.
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Figure 3.
Action potential duration and effective refractory period at locations in the normal zone
(squares), the lateral border zone (triangles), and the central ischaemic zone (diamonds, grey),
as marked in Figure 2. Solid lines connect action potential duration data and dashed lines
connect ERP data. The cross indicates conduction block beyond 8 min post-occlusion in the
central ischaemic zone.
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Figure 4.
Left: vulnerability grids for the three cases considered ((A) regionally ischaemic model, (B)
regionally ischaemic model without transmural gradient of IK(ATP) activation, (C) regionally
ischaemic model without epicardial border zone). Rows correspond to coupling intervals in
milliseconds. Columns correspond to time post-occlusion in minutes. Episodes (rectangles)
are marked dark grey for sustained re-entry, light grey for non-sustained re-entry, or white for
no re-entry. Right: total number of initiated re-entries by case. Each vertical bar is broken into
sustained and non-sustained re-entry segments. Columns (A–C) correspond to the vulnerability
grids denoted by the same letters.
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Figure 5.
Activation maps of the first three beats of re-entry at 4, 6, 8, and 10 min post-occlusion in the
regionally ischaemic model following application of a premature stimulus at a coupling interval
of 180 ms. White asterisks mark the location of the earliest activation for each beat. Black
arrows outline the path of propagation. Flat line ends indicate termination of wavefront
propagation. Red circle indicates the site of termination of propagation in the septal lateral
border zone at 10 min post-occlusion. Dashed black line in Beat 1 at 4 min outlines the
ischaemic region. Time increases from left to right, with each beat spanning ~120 ms. Time
scales across the bottom indicate the time span of each beat. Isochrones are 10 ms apart in all
maps. Black areas were not activated during the mapped beat.
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Figure 6.
Top row: regionally ischaemic model with transmural gradient of IK(ATP) activation. Bottom
row: regionally ischaemic model without transmural gradient of IK(ATP) activation. Data are
from 6 min post-occlusion. The five columns are, from left to right: fraction of activated
IK(ATP) channels (fATP); action potential duration in the last paced beat prior to application of
the premature stimulus; activation map of the first beat following the application of a premature
stimulus at a coupling interval of 175 ms; activation map of the second beat; and action potential
traces from the locations marked by black and red circles in the fourth column. All isochrones
are of 10 ms spacing. In the activation maps, white asterisks mark the first isochrone in the
second cycle of re-entry. White ‘T’s mark locations of wavefront propagation block, whereas
white arrows indicate that the wavefront continued to propagate. Black areas were not activated
during the mapped period.
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Figure 7.
(A) Activation maps for the last paced beat 10 min post-occlusion with (w/epi BZ) and without
(w/o epi BZ) an epicardial border zone. Black arrows outline the conduction pathway.
Activation time isochrones are in the range from 0 to 90 ms following the application of a
pacing stimulus, 10 ms/colour. Black areas were not activated during the mapping period. Red
circle indicates the site of conduction block. Dashed white arrows indicate the time at which
the site of premature stimulation was activated by the paced wavefront. (B) Activation maps
from the first and second reentrant beats (Beats 1 and 2) with and without an epicardial border
zone. Activation isochrones range from 0 to 240 ms (120/beat) and are spaced at 10 ms/colour.
Black areas were not activated during the mapped period. Solid white arrows indicate continued
propagation from one beat to the next. Dashed white arrows indicate the time at which the
wavefront reached the left ventricular lateral border zone in the second re-entrant beat. Flat
line ends rather than arrowheads (Beat 2, left ventricular endocardium) indicate termination of
wavefront propagation. Coupling interval is 190 ms in all maps.
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Table 1

Central ischaemic zone parameters used in the model of ischaemia phase 1A

Time P-O (min) [K+]o,max (mM) fATP,max (% activated) min SNa, SCaL (% normal)

0 5.0 0.11 100.0

2 7.4 0.28 95.0

4 9.8 0.38 90.0

6 12.2 0.45 85.0

8 14.6 0.54 80.0

10 17.0 0.63 75.0

For each time post-occlusion (time P-O), [K+]o,max (maximum extra-cellular potassium concentration), fATP,max (maximum fraction of activated
K(ATP) channels), and the variables SCaL and SNa (scaling factors of INa and ICa(L) conductances) were incrementally varied toward their values
at 10 min post-occlusion.
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