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Abstract

This study aims to gain an understanding of anatomi-
cally opposed ischaemia, or “ischaemic ST-segment coun-
terpoise”, by determining and examining epicardial poten-
tial distributions resulting from two regions of subendocar-
dial ischaemia during the ST-segment.

The finite volume method is used to solve the passive
bidomain equation in an isolated semi-ellipsoidal model
of the left ventricle. A model with one moderately sized
ischaemic region is used as a base case. Subsequently, re-
gions of ischaemia of varying size are placed in various
positions in the posterior and anterior, inferior or left lat-
eral regions of the ventricular wall.

Simulations show that having two regions of ischaemia
produces epicardial potential distributions that are differ-
ent from those with one ischaemic region. With two is-
chaemic regions of markedly different size within the left
ventricular wall, the larger region dominates the result-
ing epicardial potential distribution, making the smaller
region difficult to observe. Two ischaemic regions of sim-
ilar size are identifiable on the epicardial potential distri-
bution.

1. Introduction

The phenomenon of anatomically opposed ischaemia,
or “ischaemic ST-segment counterpoise”, is believed to re-
sult in a false negative conclusion from an exercise elec-
trocardiogram (ECQG) [1-3]. The basis for this conclusion
was the contrast between the recording of a normal exer-
cise ECG and subsequent thallium-210 myocardial single-
positron emission computerised tomography imaging of
the heart showing severe myocardial infarction in the an-
terior, septal, posteroinferior and posterolateral planes of
the heart. Severe stenoses in the left anterior descending
and right coronary arteries were also discovered during
coronary angiography. The explanation for these contra-
dictory observations was a cancellation effect in ischaemic
ST-segment vectors due to equally intensive and extensive
ischaemia involving opposite planes of the heart [2].

In order to shed light on these findings, a numerical
model of a blood filled left ventricle, in the shape of a half

ellipsoid, was constructed. To this model, one or two re-
gions of ischaemic tissue were added at various locations
and of varying sizes. Resulting epicardial potential dis-
tributions were obtained by solving the governing passive
bidomain equation [4] via the finite volume method [5].

Areas of ischaemia were added to the model of the left
ventricle at various combinations of right, left, anterior,
posterior and inferior regions of the heart. As a baseline,
only one ischaemic region of moderate size was used. With
two ischaemic regions present, the relative sizes of the is-
chaemic regions ranged from being equal to one region be-
ing significantly larger than the other. The resulting epicar-
dial potential distributions are discussed in Section 3.

2. Methods

Governing Equations: The passive bidomain equation,
which governs the electric potential in a region of cardiac
tissue during the ST segment of the electrocardiogram, is
given by [4]
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where ¢, is the extracellular potential in the cardiac tis-
sue, ¢,, is the specified transmembrane potential distribu-
tion and M; and M, represent conductivity tensors for the
intracellular (7) and extracellular (e) spaces, respectively.
These conductivity tensors contain information about the
local fibre direction.

The conductivity tensors take the form [6]

M, = AGLAT )

for h = i or e, where GGy, is a diagonal matrix contain-
ing the conductivity values along the fibre direction, gp;,
across the sheets of fibres, g, and between the sheets of
fibres, gp,,. Here it will be assumed that g; = gnn. The
matrix A = {a;;} is a rotation matrix mapping the local
fibre direction into the global coordinate system. Under
these assumptions it can be shown that

My, = gnel + (8n1 — gne) 474 3)
where I is the 3 x 3 identity matrix and & is the unit vector
indicating the local direction of the fibres [7].



The ventricular cavity is assumed to be filled with blood
where the electric potential, ¢, is governed by Laplace’s
equation

V3¢, = 0. 4)

Model Geometry: For the purposes of this study it will be
assumed that the computational domain is represented by a
half ellipsoid with a circular cross-section. The semi-major
axis of the ellipsoid representing the epicardial surface has
a length of 6cm and the two semi-minor axes both have a
length of 3cm. The ventricular wall is assumed to be lcm
thick, yielding an inner ellipsoid representing the endocar-
dial surface with semi-major axis of S5cm and semi-minor
axes of 2cm, respectively. The origin of the rectangular
(x,y, z) coordinate system is placed such that the epicar-
dial surface, I'cy;, of the ventricle is represented by the

equation
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for z > 0. Similarly, the endocardial surface, I'c; 40, iS
represented by the surface
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Also, as mentioned above, the central cavity within the half

ellipsoid was filled with blood.

Regions of partial thickness ischaemia, extending from
the endocardium towards the epicardium were placed at
various positions within the ventricular wall. The regions
of ischaemia were parallelepipedal in shape, with sides
aligned with the angular coordinate directions of the el-
lipsoidal coordinate system, as shown in Figure 1.
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Figure 1. Cross-section of the model of the left ventri-
cle showing two regions of ischaemia (shaded gray) within
the cardiac tissue. The regions of ischaemia have limited
ranges in the azimuthal direction.

Boundary Conditions: To solve the governing equations,
several boundary conditions are required. It will be as-
sumed that the epicardial surface is insulated, i.e.
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where n is the outward pointing normal to the surface I'¢,;.
This is chosen to match experimental protocols, where epi-
cardial potentials were measured in an open chest experi-
ment [8]. It will also be assumed that the edges of the
tissue and the blood mass on the z — y plane are insulated,
thatis for z =0
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where r = /2 + y2. Finally, continuity of potential and
current is assumed between the tissue and the blood mass,
soonI'c,do0
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where gy, is the conductivity of blood.

Parameter Values: The conductivity values used in this
study are taken from Clerc [9]: g; = 1.74, go; = 6.25,
git = 0.193 and g.; = 2.36 (all values are in mS/cm). The
conductivity of blood as taken as g, = 6.7 mS/cm [10].

The transition, between the normal and ischaemic tis-
sue, is described by a smooth variation in the transmem-
brane potential during the ST segment. The difference in
plateau transmembrane potential between normal and is-
chaemic tissue, Ay, is set at -30 mV and the transition is
described in terms of exponential and hyperbolic functions
[11,12]. In all cases the ischaemic regions cover 50% of
the ventricular wall, starting at the endocardium, extending
towards the epicardium.

For this study, it will be assumed that fibres rotate
through an angle of 120° (chosen for consistency with pre-
vious models [12, 13]), moving from the epicardium to the
endocardium. The fibres on the epicardium are inclined at
an angle of 45° to the positive z-axis.
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3. Results

In each of the figures that follow the epicardial poten-
tial distribution (EPD) is projected onto a circle with the
apex of the ventricle at the centre of the circle, so that the
view is from below. The anterior of the ventricle is towards
the top of the picture and the left of the ventricle is to the
right. Potentials are plotted relative to a kind of Wilson’s
central terminal, obtained by averaging potentials at the



Figure 2. EPD on the surface of the ventricle from one
region of subendocardial ischaemia located in the anterior
wall of the ventricle. (Min: —1.87mV, Max: 1.52mV)

points (—3,0,0), (3,0,0) and (0,0, 6). In each figure neg-
ative potentials are indicated by dashed lines, positive po-
tentials by solid lines and the zero of potential by the thick
solid line. The contour interval in each figure is 0.2mV.

As a baseline case, consider only one region of is-
chaemia, the EPD for which is shown in Figure 2. Here,
the region of ischaemia is centred on the anterior of the
ventricle and has an azimuthal range, 6, of 180° (ie 0° <
f# < 180°) and a polar angle, ¢, from 20° to 80°. The
EPD shows ST-segment depression over much of the ante-
rior and right sides of the ventricle towards the base. ST-
elevation is observed over the apex and left-posterior of
the epicardium. Such an EPD would produce a significant
electrical dipole, which would be visible on an ECG.

Now consider the situation where there are two is-
chaemic regions, one large and one small. Figure 3 shows
the EPD resulting from a large anterior ischaemic region
(covering 0° < 6 < 180° and 20° < ¢ < 80°) and a
small posterior region (covering 250° < 6 < 290° and
60° < ¢ < 80°). Here the EPD is very similar to the EPD
shown in Figure 2 over the anterior surface and apex of the
ventricle. Also, the range in potentials is not significantly
different. In fact, the presence of this new ischaemic re-
gion appears to have very little effect on the zero and neg-
ative potential contour lines. However, over the posterior
surface a small region of ST depression is observed. It is
doubtful if this small change would be observable on an
ECG.

In other simulations (results not shown), as the small
posterior region of ischaemia moves more towards the
apex, the small region of posterior ST depression also
moves towards the apex, but becomes smaller in size and

Figure 3. EPD resulting from a large anterior ischaemic
region and a small posterior ischaemic region. (Min:
—1.83mV, Max: 1.54mV)

magnitude and eventually disappears. However, the pat-
tern over the anterior surface and apex does not change
significantly. Again, these changes would most likely not
be visible on an ECG.

On the other hand, having two small regions of is-
chaemia can make significant differences to the EPD. Fig-
ure 4 shows the EPD resulting from an anterior ischaemic
region 70° < 6 < 110° and 60° < ¢ < 80° together with
a posterior region 250° < 6 < 290° and 60° < ¢ < 80°.
Note that two dipoles now appear on the epicardium. Note

Figure 4. EPD obtained from two small ischaemic regions,
one in the anterior and one in the posterior ventricular wall.
(Min: —0.94mV, Max: 0.36mV)

also, that the symmetric arrangement of ischaemic regions



gives rise to symmetric EPD patterns. These patterns
change when the regions of ischaemia move. For exam-
ple, moving the regions closer to the apex by reducing the
polar angle brings the two dipole patterns closer together.
Also, moving one ischaemic region from the anterior to
the left of the ventricle, while leaving the posterior region
unchanged, moves the top dipole pattern from Figure 4
towards the left of the EPD (Figure 5). However, these

Figure 5. EPD obtained from two small ischaemic re-
gions, one in the anterior and one in the left ventricular
wall. Min: —0.76mV, Max: 0.58mV)

smaller regions of ischaemia do not produce large potential
gradients. Changes to patterns such as these might possible
manifest themselves in the ECG.

4. Conclusions

This paper has considered an idealised model of the left
ventricle with both one and two regions of subendocar-
dial ischaemia. With two regions of ischaemia, one large
anterior and one small posterior, the resulting EPD over
the apex and anterior surface is not significantly different
from the EPD resulting for one large anterior ischaemic
region. Changing the position of the posterior region pro-
duces only minor changes in the EPD, which would most
likely not be identifiable on an ECG. On the other hand,
having two ischaemic regions of similar size is identifiable
on the EPD and possibly on an ECG.

In the context of ST-segment counterpoise, it would
appear that there are cancellation effects that were not
demonstrated in the model presented. However, the
changes brought about by considering multiple ischaemic
regions are worthy of further study in a more realistic heart
geometry and, perhaps, inside a torso model, instead of be-
ing considered in an isolated ventricular model.
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