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A Theoretical Analysis of Acute Ischemia and
Infarction Using ECG Reconstruction on a 2-D Model

of Myocardium
A. Cimponeriu, C. Frank Starmer, and A. Bezerianos*

Abstract—We developed a two-dimensional ventricular tissue
model in order to probe the determinants of electrocardiographic
(ECG) morphology during acute and chronic ischemia. Hyper-
kalemia was simulated by step changes in[K+]out, while acidosis
was induced by reducing Na+ and Ca2+ conductances. Hypoxia
was introduced by its effect on potassium activity. During the
initial moments of ischemia, ECG changes were characterized by
increases in QRS amplitude and ST segment shortening, followed
in the advanced phase by ST baseline elevation, conformation
changes, widening of the QRS and significant decreases in QRS
amplitude in spite of an enlarged . During each phase, potential
proarrhythmic mechanisms were investigated. The presence of
unexcitable regions of simulated myocardial infarction led to
polymorphic ECG. We also observed a nonuniform deflection of
the ST segment from beat to beat. We used similar protocols to
explore the responses of infarcted myocardium after impairment
resolving. We found that despite irreversible uncoupling of the
necrotic region, the restored normal ionic concentrations produced
an isopotential ST segment and monomorphic ECG complexes,
while an enlarged wave was still visible. In summary, these
numerical experiments indicate the possibility to track in the ECG
pathologic changes following the altered electrophysiology of the
ischemic heart.

Index Terms—Enlarged , infarction, ischemia, pointed ,
polymorphic ECG, QRS amplitude, ST deflection, theoretical
ECG.

I. INTRODUCTION

DESPITE amazing advances in medicine in the past years,
recent statistics reveal that heart failure is still number one

cause of mortality in the western countries, surpassing easily
cancer [1]. In the majority of the cases, heart failure has the
origin in an impairment of ventricular function, which in two-
thirds of the cases is caused by a coronary artery disease like
ischemia [1]. Although intensively studied especially in the last
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two decades, many phenomena associated with ischemia are not
yet well understood. Theoretical studies and animal heart exper-
iments were carried out, independently and in parallel, to study
wave propagation in ischemic myocardium [2], the altered con-
duction of ion channels [3], [4], mechanism of re-entry [5], [6]
and spiral wave formation [7].

Most of the phenomena associated with the acute phase of is-
chemia rarely appear in a setting convenient for clinical investi-
gation [8] and the complex modifications induced at the cellular
level are difficult to be evaluated correctly at bedside because of
the modulation induced by the autonomic nervous system and
metabolic influences. Although not an infallible method, the-
oretical modeling has a clear advantage over the experimental
study due to the possibility to manipulate individual parameters
(conductivities, concentrations, etc.) separately or in combina-
tion, making easier to identify the origin of different electrical
changes.

In this study, the electrophysiological and ionic mechanisms
at ischemic cell and tissue level are explored using a simple
model. Starting from Luo-Rudy I (LR I) cellular formulation
[9] we built a two-dimensional (2-D) model of cardiac cells. Al-
though a newer version of this cellular model exists [10], [11],
adding the contribution of the recent patch-clamp data [12], we
preferred the first one in our simulations. The choice was based
on a balance between accurate representation of cell electro-
physiology and reasonable computational load [13]. In addition,
the LR I model performs, to our surprise, extremely well in sim-
ulating most of the complex changes associated with ischemia.
Infarction was simulated by defining a necrotic region in the
2-D layer uncoupled from the normal myocardium by an in-
jured transitional band. For clinical-like evaluation of the results
in both acute and chronic ischemia, the theoretical electrocar-
diographic (ECG) signal was reconstructed. “Recordings” were
made during normal and acute ischemic conditions, infarction
and after impairment resolving when despite of necrotic region
presence the chemical concentrations have returned to normal
levels.

II. M ETHODS

A. Ventricular Cell Model

The starting point in our investigation of ischemia is the
Luo-Rudy I ventricular cell model [9]. Based mainly on data
taken from guinea-pig hearts, this model, following mathemat-
ically the Hodgkin–Huxley formalism [14], is used to study the
electrical activity of a general mammalian ventricular cell.

0018–9294/01$10.00 © 2001 IEEE
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The equation governing the electrical activity of the stimu-
lated cell can be written

(1)

where
membrane capacitance;

transmembranal potential;

the ionic current;

stimulation current injected during excitation.

A membrane specific capacitance of 1F/cm and resting mem-
brane potential of 85 mV were considered. The cell was stim-
ulated by “injecting” a current pulse of 50A/cm (the experi-
mented threshold value was 43.4A/cm ) and 0.5-ms duration.
The differential equations used for computing the ionic cur-
rents involved in the model were solved using combined Euler
(explicit) and implicit methods. The less resource consuming
method (explicit) was generally implemented, using the more
accurate and stable implicit algorithm only for the fast time-con-
stant components (like sodium activation process). In this way
a 125- s ( ms) time integration step was enough to obtain a
stable algorithm.

The most important factor altering the electrical activity of
the heart during early ischemia is the intracellular loss and
the consequent extracellular accumulation of potassium ions,
known as hyperkalemia [15], [16]. Acidification and hypoxia
are the other major pathological conditions manifesting during
ischemia. Accounting on nonelectrical cellular changes, these
two phenomena are quite difficult to simulate in an electrical
model. Based on the experimental results, the two conditions
were introduced in the model by altering electrical parameters.
The main effect of hypoxia is thought to be the activation of the
adenosine triphosphate (ATP)-sensitive potassium channels,
practically closed during normal conditions. One of the results
is the increased extracellular potassium level. We preferred
tuning this parameter to simulate partially hypoxia, instead of
adding new equations in the cellular model. Another reason of
not using the ATP-sensitive potassium current in our model is
justified by the fact that it has not been confirmed yet whether
the associated channels actually open during the early phase of
ischemia or not [17], [18]. During acidosis, both intracellular
and extracellular pH are known to affect the function of several
ionic channels. Sodium and calcium channels were observed to
be affected by a drop in their specific conductances by 25% to
50% during the first 10 min of ischemic episode (corresponding
to one unit drop in pH value) [19]. We simulated the effect
of acidification by considering a fixed sodium conductance
25% smaller than the normal value and a calcium conductance
having 50% of its original value.

Inducing the mentioned pathological conditions individually
or in combination, we investigated the electrical response of
the ischemic cell. Cell excitability was studied by measuring
at each step the action potential (AP) amplitude, AP maximum
up-stroke velocity and sodium current peak amplitude. We also
evaluated the resting membrane potential, AP duration and cell
refractory period.

B. Two–Dimensional Model of the Ventricular Myocardium

The myocardium, generally, consists of muscle fiber cells
connected one by one through some low resistance “bridges”,
called gap junctions [20], [21]. The structure of this “emergency
tunnels” is similar with the ion channel morphology and seem
to open in response to changes in membrane potential, so they
might be voltage-gated. The junction provides continuity be-
tween the inner fluid of one cell and the other’s cell cytoplasm.
In these circumstances, the gap junctions communicate mem-
brane depolarization signals directly from one cell to the neigh-
bors through the flow of charged ions. This structure resembles
an interconnected network in which the mentioned mechanisms
of transmission seem to help the myocardial contraction by co-
ordinating the firing of all the cells with minimum delay. Im-
plementing a 2-D model of the myocardial tissue is not an easy
problem taking into account the complex morphology of the car-
diac muscle. The nonuniform arrangement of cells is difficult to
represent with high fidelity, but complex phenomena associated
with heart electrophysiology were successfully analyzed even
in a simple squared-grid arrangement of cells [2], [22]. This
topology will be used here (Fig. 1), as the one who gives rea-
sonable computational speed. On the other hand, this structure
can be seen as a linear arrangement of electrical cables, sim-
ilar with fiber arrangement in the myocardium. The cell-to-cell
junctional impedance was taken to be purely resistive as we did
not observed an improved accuracy of representation by con-
sidering a parallel capacitive component and there is no clear
evidence that such component exists [23].

A 2-D model is a finite representation of the myocardium.
Thus, the propagation of action potential in such a structure
is implicitly affected by the presence of borders were the
propagation velocity drops suddenly to zero due to an abrupt
change in connective resistances. At these borders there is no
current flowing out of the system, so the boundary conditions
stated in this way are called no-flux boundary conditions.
The sealed-end boundary conditions distort the propagating
AP due to the impedance mismatch, so a 2-D structure of
sufficient dimension should be implemented in order to observe
a not-distorted propagation. This observation justifies partially
our choice concerning the cellular formulation as the one that
permitted to implement a relative large 2-D grid (
cells).

The partial differential equation (PDE) describing the 2-D
model includes, additional to cellular formulation, the spatial
derivatives

(2)

being the cell-to-cell interconnecting resistance. This PDE
can be re-written using finite differences as:

(3)

where the notation

(4)
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Fig. 1. Squared-grid arrangement of cells in the 2-D model of myocardium.

was used assuming an equal space integration step in the longi-
tudinal and transversal direction .

Despite of implementing an efficient integration algorithm it
was difficult to carry out the simulations on a layer of more
than 200 200 cells. This is, however, a more than satisfactory
dimension as can be concluded from studies of related litera-
ture. Usually a dimension is implemented and some-
times simplification of the space integration algorithm is used
in order to reduce the computational load. The 2-D structure
presented here took the advantage of a simple, yet realistic,
cellular model which permitted an increase in the size of the
simulated layer without affecting the precision of the integra-
tion algorithm, using a constant step along the whole spatial
matrix.

Propagation was initiated by exciting one edge of the 2-D
layer over a thickness of five cells, value exceeding in our sim-
ulation the liminal region. We employed an interconnecting ef-
fective axial resistance lumped at cell-to-cell junction having
a value of 200 cm. We assumed that the interior of the cell
is equipotential taking into account the negligible resistance of
the cytosol compared with the interconnecting resistance. The
spatial integration step used was 125 m ( mm) and
the time integration step employed had a value of 62.5s
( ms).

The propagation was analyzed during normal conditions
and in a simulated myocardium partially or totally affected
by acute ischemia. The alterations induced by hyperkalemia
and hypoxia manifest mainly at the cellular level. Acidosis,
however, has in addition to cellular changes, a macroscopic
effect. The coupling of cells through gap-junctions is appar-
ently affected by intracellular pH [15]. It was suggested that the
fall in the internal pH value (acidic conditions) has cell-to-cell
uncoupling effect. Usually these changes are nonreversible and
lead to chronic alterations of the myocardium. The chronic
phase was investigated defining a two-regions topology of the
infarcted part of the myocardium: a necrotic area (2 kcm
effective axial resistance) and a surrounding transitional band

of injured tissue (1 k cm effective axial resistance). This
implies a two-steps change of the cell-to-cell interconnecting
resistance from normal to necrotic region. This gives a more
realistic representation of the infarcted myocardium as the
abrupt uncoupling is not likely to manifest in the real tissue.

In order to evaluate the results from a clinical point of view,
the theoretical ECG signal was reconstructed. To do this job
in an efficient way a comparison with real myocardium was
made: the real myocardium is a nonbounded, continuous struc-
ture and the ECG recording is not affected by boundary reflec-
tions. While for studying the propagation in the 2-D structure,
simple stating the boundary conditions proved to be enough, the
reconstruction of ECG on this structure was affected by artifacts
due to finite dimension of the analyzed layer. When the prop-
agating wave reaches the far end border the current does not
have where to leak (no-flux boundary conditions) and the back
recovery is delayed (behavior similar with conduction block).
Thus, in that region the membrane is kept at higher potential
until the second stimulus injects current in the tissue and initi-
ates a new depolarization wave. This “clamp” of the membrane
potential introduces unwanted changes in the theoretical ECG
if the reconstruction takes place considering the whole struc-
ture. This observation led to the conclusion that the best way to
reconstruct the signal is to consider a smaller region of the 2-D
structure. In this way, the “external” recording sees the electrical
field of the myocardium coming from a virtually nonfinite struc-
ture and the results are more closed to reality. This approach was
considered simpler than building a continuous spherical struc-
ture, using the layer as envelope.

The ECG represents the electrical potential derived from the
activation of cardiac tissue as a function of time, observed in one
point situated at some distance from the heart. Using the volume
conductor theory we computed the ECG by integrating the total
membrane current , including the capacitive com-
ponent , weighted by the inverse of Euclidean dis-
tance between the 2-D layer and the remote observation point.
If the observation point is defined by and we con-
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Fig. 2. Effects of hyperkalemia and acidosis on computed AP characteristics.

sider the plane of the tissue as reference level along theaxis
then the electrical potential in that specific point can be

written as

(5)

(6)

where and are the coordinates of the current point of the
integrated 2-D structure . Three observation points were
considered for building the Eindthoven triangle. Every pair of
observation points defines one lead. For each lead described by
the extremity points and , the
“projected” ECG signal is the potential difference

(7)

A 60 orientation of the cardiac vector was considered when
defining the leads [24]. In other words lead II is parallel with
the direction of propagation under normal condition (homo-
geneous tissue, not affected by pathological changes). The
electrodes coordinates were and

relative to the 200 200 layer. “Recordings”
were taken during normal and ischemic conditions, including
infarcted myocardium after impairment resolving when despite
of necrotic region presence the chemical concentrations have
returned to normal.

III. RESULTS

A. The Ischemic Cell

As we mentioned, our primary objective in this study was
to use a simple, yet realistic, cellular formulation that permits
ischemia analysis on relatively large 2-D structures. We chose
the Luo-Rudy I [9] model as the one that offered the best com-
promise between the accurate physiological representation and
computational load. We first tested the accuracy of this model in
simulating such a complex phenomenon like ischemia. Despite
of ATP sensitive potassium current lack (present in the up-dated
Luo-Rudy II model [19]), this model still performed very well
in simulating the ischemic conditions.

Alterations in extracellular potassium concentration at dif-
ferent levels of acute ischemia, induced in this model, change all
main characteristics of the action potential. The major changes
that can be observed are the elevated resting membrane poten-
tial and the shortening in action potential duration previously
presented by [19] (not shown).

Fig. 2 shows the effect of 10 min of acute ischemia considering
hyperkalemia alone (K 9 mM/l [15]) and the more re-
alistic representation of combined effects, hyperkalemia and aci-
dosis corresponding to the same moment in time. Combined with
hyperkalemia, acidosis produced in our simulations further de-
crease of the action potential duration. This is the result of short-
ening of the AP plateau phase due to reduced Cachannels con-
ductivity, demonstrated also by the simultaneous reduction in the
plateau level. Not affecting significantly potassium activity, aci-
dosis does not visibly influence the resting membrane potential.
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Fig. 3. AP up-stroke computed at different levels of hyperkalemia.

Fig. 4. Sodium current computed during acute ischemia.

Intracellular potassium concentrationK seems to be influ-
enced (up to 14% decrease) [15] by acidosis, but the resulting
membrane depolarization (3–4 mV) is small when comparing

with hyperkalemic effect. Although simulating this condition is
not a problem, it was not considered important for our study,
which is focused on cellular analysis of ischemia only partially.
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Within minutes of coronary occlusion, experimental record-
ings showed a decrease in action potential amplitude and max-
imum up-stroke velocity . As reported before in
other studies [19], we observed from our simulations that cell
excitability is not lost immediately after the occlusion. Fig. 3
shows the AP up-stroke for values ofK ranging from
5.4 mM/l to 13 mM/l. A stimulus of the same characteristics
(50 A/cm amplitude and 0.5 ms duration) was in this case
applied at different moments in time in order to separate the
curves on the graphs. During early stages of ischemia (2–3
min after coronary occlusion whenK is situated around
7 mM/l [15]), the AP up-stroke is slightly increased (Fig. 3)
and only later does the AP up-stroke starts to decrease. The
partial depolarization of the membrane, in the first moments
drives the cell closer to the threshold of Nachannel acti-
vation and the current requirement for excitation is reduced
since - is reduced with minimal changes in
Na channels availability. After further increase of the extra-
cellular potassium concentration, the membrane reaches higher
degree of depolarization and the excitability is diminished as a
result of sodium channel inactivation. These observations are
confirmed also by analyzing the AP maximum up-stroke ve-
locity (Fig. 3—right corner).

The initiation phase of the action potential (the up-stroke)
accounts on fast sodium current response. We explored the
changes in sodium current during acute ischemic conditions
(Fig. 4) by injecting a stimulus current of the same amplitude
(50 A/cm ) and time characteristics (0.5 ms duration, 100 ms
moment of excitation) in the normal and ischemic cell. During
normal conditions our results display a 2–3 ms initiation delay
of the sodium current peak. Membrane depolarization during
acute ischemia accelerates the response of the sodium channels
as the membrane is situated closer to the threshold. At early
stages (K mM/l) the sodium current peak amplitude
is higher as the sodium channels are not yet affected by the in-
activation process and the membrane requires less current to be
injected in order to compensate the difference - .
The almost instantaneous response of the Nachannels at
higher levels of hyperkalemia, however, is not a sufficient
condition for generating larger sodium current, as the channels
inactivation becomes the dominating factor. The response of
the ischemic cell shows a shift from fast sodium-based to a
slow calcium-based up-stroke (Fig. 3).

Exploration of cell refractorines during acute ischemia led to
convergent results concerning cell excitability (Fig. 5). The cell
was excited using the procedure already mentioned, applying
an additional test stimulus at the firing limit for the normal cell,
following a protocol widely employed experimentally [15]. At
different hyperkalemic levels the stimulus location and charac-
teristics were maintained. Despite shortening of the action po-
tential during ischemia, it was demonstrated that the refractory
period was prolonged as a result of extracellular potassium accu-
mulation [19]. However, the membrane response forK
7 mM/l leads to observation that the early ischemic cell is not
refractory to the second stimulus and manifests an increased re-
sponse. This is the result of increased excitability that we ob-
served during AP up-stroke analysis. These observations serve
as an explanation for increasing the probability of early reen-

(a)

(b)

(c)

Fig. 5. Cell refractoriness during simulated acute ischemia.

trant arrhythmias during ischemia (known also as phase 1a ven-
tricular arrhythmias [8]) and were analyzed in the 2-D study. At
higher K , however, due to the elevated resting membrane
potential, the channels recovery process is slowed down and the
cell becomes more refractory to the second stimulus.
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Fig. 6. Depolorization wave propagation in the simulated normal myocardium.

B. The 2-D Model of the Ischemic Myocardium

Fig. 6 shows a normal propagating depolarization wave simu-
lated using our modeled 2-D structure. The “investigated tissue”
was excited over a whole edge by an initial clamp of the mem-
brane potential to 30 mV over a band of five cells. For sim-
plicity reasons, the coupling resistances in the longitudinal and
transversal direction were considered equal (200-cm effective
value).

In order to analyze the propagation of action potential during
early stages of acute ischemia we induced the conditions of hy-
perkalemia, using a gradual distribution of chemical alterations
over the modeled tissue. A small region of the myocardium was
affected by hyperkalemia and the excitation was applied on the
same side of the 2-D layer in the nonaffected portion (half of the
edge) of the simulated ventricular tissue (Fig. 8).

The differences in propagation velocity, due to nonuniform
excitability of the myocardium [22], create a visible tendency
of re-entry at the interface normal region—pathological tissue.
This phenomenon is more obvious in the initial phase of is-
chemia [Fig. 8(a)] as we expected in the cellular study and is di-
rectly related with the increased excitability and faster recovery.
Under these circumstances, the depolarization wave front is vir-
tually able to re-excite the ischemic part, creating the proper
condition for spiral waves formation and life threatening ar-

rhythmias. At higher values of potassium in the extracellular
space [Fig. 8(b)], although the phenomenon is still visible, the
vulnerability of the ischemic region to re-excitation is dimin-
ished by the longer refractory period. The propagation differ-
ence can be analyzed in Fig. 8 where concentrations of potas-
sium of seven, respectively, 11 mM/l, were considered. The
“shots” were taken at the same moment in time. As it can be ob-
served the tendency of spiral wave formation is decreased as is-
chemia advances. Experimental measurements of extracellular
potassium concentration during acute ischemia [16] suggest that
the dangerous initial phase we observed is situated within the
first 5 min of coronary occlusion. As a consequence, a proper
detection of this phase might be crucial for the patient’s life.
In order to investigate the possibility of this early detection, as
well as other changes related with different phases of ischemia,
the theoretical ECG was reconstructed [4]. The three lead ECG
signal “recorded” from our 2-D model of myocardium during
normal conditions can be seen in Fig. 9. The abscissa shows the
simulated “real” time evolution in ms, while the-axis is pre-
sented in arbitrary units. First observation that should be made
is the missing of -wave. As we modeled the ventricular my-
ocardium, the atrial depolarization is not “recorded” in the ECG
signal. The wave attributed by others [26] to different epi-
cardial/endocardial repolarization durations is generated in our
case by the differences in repolarization moments over the sur-
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Fig. 7. Simulation of infarction in the 2-D model.

face of the tissue [24]. Leads I and II show a negative deflection
of the peak and positive one for thewave, while in lead III
the peak has positive deflection. For the first beat, the simu-
lated myocardium was in total resting state. The next beats show
slightly higher peak amplitude due to the residual charge that is
not able to flow out at the far-end boundary. However, this ef-
fect was greatly reduced by using the reconstruction technique
mentioned in the methods section, and affecting uniformly all
the following beats, does not alter the accuracy of the simula-
tion.

The acute ischemic conditions were induced in the 2-D model
using a homogeneous distribution of hyperkalemia over the 2-D
sheet. The analysis demonstrated an increased propagation ve-
locity in the first moments of ischemia. We mentioned already,
that the origin of this phenomenon is an increased excitability
of the ischemic cell in the first few minutes of coronary oc-
clusion, demonstrated by the cellular analysis. ECG computa-
tion for 7-mM/l hyperkalemia was performed in order to probe
a similar effect in the ischemic myocardial tissue and find out
how this phenomenon can be detected. Fig. 10 shows a signifi-
cant increase in QRS peak amplitude in all the three leads when
comparing with the normal myocardium. Computing the ECG
for 9-mM/l (Fig. 11) and 11-mM/l (Fig. 12) hyperkalemia we
can see that the observed decreased cellular excitability mani-
festing as acute ischemia advances, leads to gradual decrease of

QRS complex amplitude. This transient increase in QRS com-
plex amplitude during acute ischemia, followed later by a con-
tinuous decrease of the same parameter, constitute a good basis
for clinical detection of the two already mentioned phases of
acute ischemia.

The QRST region of the ECG shows during acute ischemia,
deformations in all the three leads due to disturbances in ex-
citability and abnormal repolarization. The ST segment dura-
tion is reduced mainly in response to changes in AP duration in
the same direction. At high levels of hyperkalemia, this effect
is accompanied by the elevation of ST segment leading in the
advanced phase to QRS complex andwave overlap (Figs. 11
and 12). The displacement occurs above or below the zero-po-
tential line, function of the analyzed lead (positive shift for leads
I and II, and negative one for lead III, in our simulations).

At high K values the wave becomes higher and
pointed (Figs. 11 and 12). This observation comes into agree-
ment with clinical recordings of ECG during ischemia [27].
A clear explanation, however, for this phenomenon was not
formulated. As the wave corresponds to ventricular repo-
larization, the dramatic changes in potassium concentration
during advanced phases of acute ischemia strongly disturb
the membrane return to resting state. On the other hand the
absence of epicardial/endocardial cells in our model makes this
alterations difficult to interpret and the conclusions might not
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(a)

(b)

Fig. 8. Wave propagation in the simulated myocardium partially affected by
ischemia.

be the most accurate. However, detection of these changes is
motivated by observation that during this period the Nachan-
nels recover from inactivation, changes inwave morphology
proving to be clear signs of cardiac instability [3].

An additional observation can be made after a direct com-
parison of lead III in normal myocardium (Fig. 9) and for
K 11 mM/l (Fig. 12). The QRS complex becomes
wider as hyperkalemia advances. The origin of QRS complex
is the membrane depolarization or initiation phase of the AP.
We observed in the cellular study that the up-stroke velocity, in
other words the slope of AP’s phase 0, decreases significantly
in the advanced phase of acute ischemia. So, we think we can
correctly emphasize here that the widening of the QRS complex
is not the result of conduction disturbance at tissue level as a
consequence of structural changes (the cell-to-cell uncoupling
does not occur in this phase), but merely the consequence
of decreased AP up-stroke velocity associated with cellular
excitability decrease. As we pointed out earlier the lost of
excitability favors also the decrease of propagation velocity
which in turn can be detected in the ECG from the widening
of QRS complex.

(a)

(b)

(c)

Fig. 9. Reconstructed three-lead ECG from the normal myocardium.

It is clearly seen, especially in the lead III that as ischemia
advances, an enlargedmanifested. It was clinically observed
that the ECG recording on patients suffering of acute ischemia,
shows enlarged waves [27] starting from the first hour of coro-
nary occlusion, phenomenon that may be clearly visible even
after many years have passed from the coronary attack. We do
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(a)

(b)

(c)

Fig. 10. Reconstructed ECG during early ischemia ([K] = 7 mM/l).

not have a certain explanation of the phenomenon, but it might
be related with the time response delay of the sodium channels
as the wave corresponds to the initiation phase of the AP. As
we observed, the sodium time response is improved during acute
ischemia and the faster reaction of the membrane may create the

(a)

(b)

(c)

Fig. 11. Reconstructed ECG during acute ischemia ([K] = 9 mM/l).

spike-like wave. However, the sodium amplitude response
suffers an opposite tendency, degrading gradually as ischemia
advances. So, as it can be seen in lead III recording from Fig. 12,
despite of the enlarged , the QRS complex amplitude drops
dramatically at high levels of hyperkalemia.
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(a)

(b)

(c)

Fig. 12. Reconstructed ECG during acute ischemia ([K] = 11 mM/l).

In order to analyze the propagation during infarction, a 200
200 cells simulated tissue was considered. The infarcted area

was defined as a 40 40 cells region uncoupled from the normal
tissue by high-resistance gap-junction connections (one order
of magnitude higher that in normal tissue). In order to have
a more realistic representation a five cells width transitional
band, surrounding the necrotic area, was considered. The gap-

junction resistance employed for this surrounding region is a
mid-way value between the normal (200-cm effective value)
and necrotic one (2-k cm effective value). This representation
is close to real infracted myocardium where the necrotic region
is surrounded by injured tissue. Conduction in this structure was
implicitly affected by the gradual increase in axial resistance
as the depolarization wave reaches the injured region border.
The propagation velocity drops suddenly in this area and part of
the depolarization wave manifests considerably delay, leading
to gradual separation and wave fragmentation (Fig. 7). This cre-
ates proper conditions for spiral wave formation (not shown), as
the broken parts separate from the obstacle. Evidence exists [6]
concerning a direct relationship between the transitional border
(injured tissue) width and wave break as the separation takes
place within this boundary layer as it can be seen in our simu-
lation (Fig. 7). The two squares in Fig. 7 show the limits of the
necrotic region and injury band and their position relative to 2-D
structure as they were used during the simulations.

The induced nonuniform spatial distribution in gap-junction
resistance combined with altered ion concentrations creates po-
tential differences between different regions of the 2-D layer.
This gives rise to “injury currents” flowing across the infarcted
myocardium. ECG reconstruction reflects the propagation dis-
turbances by showing alteration of all characteristic waves pat-
tern (Fig. 13). The polymorphic changes present in the recon-
structed signal account on tissue re-excitation by “injury cur-
rents” [24] and the consequent spiral waves formation [4], [28]
due to re-entry. Proarrhythmic tendency becomes evident, the
ECG showing signs of ectopic beats occurrence especially in
leads I and II. The ST segment is deflected above or under the
base line due to injury potential of the damaged area, affecting
the whole QRST region conformation.

A post-infarction “recording” was performed to identify per-
sistent alterations of heart electrophysiology after myocardial
impairement. The three-lead ECG was computed (Fig. 14) con-
sidering normal chemical concentrations on a partially damaged
myocardium (Fig. 7), mimicking the resolving period of infarc-
tion. More specific, we preserved the structural alterations (dif-
ferent gap-junction resistance for normal, necrotic and transi-
tional border areas, as presented above) using the normal values
for channels conductivities and ion concentrations. We found
that the ST segment level is the first to return to normal in the ab-
sence of chemical disturbances. However, abnormalwave still
manifests, displaying stubborn abnormal repolarization. During
acute phase of ischemia, we probed the clinically observed en-
larged wave. As it was already mentioned, indications exist
that the phenomenon can be observed even after years passed
from the infarction. Simulations performed on our model prove
this phenomenon, more evident in the reconstructed lead III.
Overall, the function of the myocardium is recovered satisfac-
tory, the remaining alterations showing a shift from polymor-
phism to monomorphic changes.

IV. DISCUSSION ANDCONCLUSIONS

In this study we employed a simple yet realistic, cellular for-
mulation to study the electrical activity of both acute and chronic
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(a)

(b)

Fig. 13. Theoretical ECG reconstructed during simulated myocardial
infarction.

ischemic heart using a 2-D model of the myocardium. The rel-
ative simplicity of the cellular model allowed computations on
relatively large 2-D structures (200200 cells). A cellular anal-
ysis was performed with double purpose: to validate the capacity
of the model in simulating pathological conditions and link the
2-D results with microscopic changes. All the three main char-
acteristics of ischemia were investigated. The results are sim-
ilar with those obtained in other studies using the LR II cellular
model [19] proving that LR I model has the potential to pro-
vide accurate results in studying pathological conditions. The
lack of ATP-sensitive potassium current in this model gave us
slightly different results concerning the AP duration, attributed
to the associated channels under hypoxic conditions. However,
the dramatic reduction in APD proved by animal experiments
using pharmacological opening of these channels [29], cannot
be used in our opinion as motivation for modeling hypoxia in-
duced opening of these channels as there is no clear evidence
that channels open during acute ischemia [17], [18].

Some differences were also obtained for the hyperkalemic
depolarization of the membrane during early phase of simulated
coronary occlusion. A baseline membrane potential around

mV was suggested after some 7 min of continuous ischemia

(a)

(b)

(c)

Fig. 14. Theoretical ECG reconstructed from the simulated infarcted
myocardium after resolving.

when K is situated around an 8-mM/l value [15]. Our
results show lower degree of depolarization for that level of
hyperkalemia. It might be suggested that the 5- to 10-mV dif-
ference accounts for the malfunctioning of the Na-K pump
which looses the ability to extrude the corresponding ions, with
direct effect on membrane potential. However the experimental
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results concerning pump’s activity during acute ischemia are
contradictory [8], [15], Kleber’s study on guinea pig hearts
[16] suggesting that during the first 10–15 min of coronary
occlusion, the Na-K pump continues to function in a
relatively normal manner. Since the LR model accounts for
data taken from guinea pig, we support the comparison with
Kleber’s work.

Clinical comparison was supported by the theoretical recon-
struction of the three-lead ECG signal. At each step, we tried
to clarify the origin of electrical changes in the frame of for-
ward problem, pointing out the necessary elements for detecting
the unique solution when dealing with inverse problem of elec-
trocardiography [30]. In the acute ischemia analysis we were
able to distinguish between two phases of altered electrophys-
iology: an early phase characterized by increased excitability
and decreased refractoriness, and a delayed phase showing op-
posite tendencies. These stages correspond quite accurate to the
two phase-occurrence of life threatening arrhythmias in canine
acute ischemic hearts [15]. The first phase, “type 1a” or “imme-
diate”, has a peak incidence of 5–6 minutes, while the second
one, “type 2b” or “delayed” has its maximum occurrence prob-
ability around 15–20 min after coronary occlusion [8]. While
for the first stage we were able to detect the origin of phase 1a
arrhythmia in the tissue vulnerability to reentry, for the second
stage we did not find a phenomenon that might be responsible
for generating the delayed arrhythmias, as this phase shows a
relative electrical stability, characterized by a gradual loss of
cell excitability, reported also experimentally [8], [15]. How-
ever, the exact mechanism for ventricular delayed arrhythmias
in the second phase is not known [8]. In the ECG, changes in
ST segment and wave characteristics permitted to detect the
presence of ischemia. Early stage was identified by the transient
increase in QRS complex amplitude, while the advanced phase
was distinguished by decreased QRS amplitude, widening of
QRS complex and enlarged wave. These observations give
a good basis for prompt detection of acute ischemia and neces-
sary counteracting actions that should be taken according to the
identified stage. The results encourage further studies on theo-
retical analysis of ischemia treatment using modeled drug ac-
tion, currently under our attention.

Polymorphic changes in the reconstructed ECG were identi-
fied to have the origin in irreversible changes associated with
infarction. Non-uniform deflection of the ST segment in our
simulations played a major role in the ECG morphology as-
sociated with infarction and were attributed to flowing of in-
jury currents from the damaged area of the myocardium to
normal tissue regions. Relative restoring of ventricular function
was identified in the theoretical ECG computed from simu-
lated tissue after resolution of the acute phase of infarction.
The restoration of the baseline of the ECG proves that the ST
segment deflection is directly related with chemical alteration
and not with the structural changes at tissue level. This is in
accordance with explanations of ST segment elevation during
acute ischemia formulated in [26] and suggests an injury cur-
rent based deflection. Our acute ischemia ECG reconstruction
did not imply a nonuniform distribution of the chemical alter-
ation and thus cannot rely on this explanation of ST elevation.
On the other hand such assumption of nonuniform distribution

of ischemia over the analyzed tissue would also give a poly-
morphic ECG which is not likely to be obtained during con-
tinuous acute ischemia [27], [31]. In the early phase, however,
such nonhomogeneous chemical alteration might be present as
it is proved by the experimental analysis of ischemia-induced
arrhythmias [8]. We do not have however clinical information
concerning the shape of the ECG during this phase mainly be-
cause the occurrence duration is very short (5–6 min). New
clinical data are expected in order to clarify this problem. Also
further investigation of the still controversial mechanisms of
tissue revascularization after infarction and their monitoring in
the ECG is necessary in order to identify the proper moment of
applying this promising technique.
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