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Abstract

Introduction.We quantify and provide biophysical explanations for some aspects of the relationship between the
bidomain conductivities and ST - segment epicardial potentials that result from subendocardial isthetmbals.
We performed computer simulations of ischemia with a realistic whole heart model. The model included a patch
of subendocardial ischemic tissue of variable transmural thickness with reduced action potential amplitude. We also
varied both intracellular and extracellular conductivities of the heart and the conductivity of ventricular blood in the
simulations.Results At medium or high thicknesses of transmural ischemia &t least 40% thickness through the
heart wall), a consistent pattern of two minima of the epicardial potential over opposite sides of the boundary between
healthy and ischemic tissue appeared on the epicardium over a wide range of conductivity values. The magnitude of
the net epicardial potential difference, the epicardial maximum minus the epicardial minimum, was strongly correlated
to the intracellular to extracellular conductivity ratios both along and across fibers. Anisotropy of the ischemic source
region was critical in predicting epicardial potentials, whereas anisotropy of the heart away from the ischemic region
had a less significant impact on epicardial potenti@snclusion.Subendocardial ischemia that extends through at
least 40% of the heart wall is manifest on the epicardium by at least one area of ST-segment depression located
over a boundary between ischemic and healthy tissue. The magnitude of the depression is a function of the bidomain

conductivity values.

Index Terms

ischemia, ST depression, conductivity, computer model

I. INTRODUCTION

ST-segment depression and elevation remain important electrocardiographic tools for diagnosing myocardial
ischemia despite incomplete understanding of their biophysical basis and clinical interpretation. We have previously
proposed a mechanism, based on the anisotropic conductivity of heart tissue, for the sources and spatial organization
of ST-segment potentials[2]. Omitted from this study, however, was a detailed characterization of the relationship
between tissue conductivity and epicardial potentials during the ST Segment. The motivation for such a study comes
first from the wide range of values proposed for myocardial tissue conductivity[9] and, perhaps more importantly,
because these values are known to fluctuate as functions of the degree and time course of ischemia[9]. Thus, there
may be variations in the electrocardiogram (ECG) in patients with ischemia that are not related to a true change in
the extent or degree of ischemia but rather to changes only in tissue conductivity. Hence, a full understanding of
the relationship between tissue conductivity and electrocardiographic response is essential.

There are two distinct components that determine the electrocardiographic response to myocardial ischemia and
our studies addressed them both. First, at the boundary between ischemic and healthy tissue there are localized
transmembrane potential differences; these are the ischemic sources. The sources arise because of differences in
transmembrane potential across this ischemic boundary, and the resulting epicardial potentials reflect the magnitude,
shape, and location of this source within the anisotropic heart. More specifically, the local alignment of intracellular

and extracellular potential gradients with myocardial fiber orientation will result in potential differences that lead



ultimately to epicardial elevations and depressions organized around the ischemic region. The second component of
the bioelectric response to ischemia is the passive electrical load that the tissues outside the sources—the volume
conductor—place on the sources. The volume conductor consists of a combination of the extracardiac torso and
that region of the heart that is remote from the ischemic zone. Conductivity of the volume conductor determines
how current flows through it and determines the electric potentials that develop on the body surface (the ECG).

Both our previous findings [2] and experimental and modeling results bt lal. [4] suggest that in the case
of subendocardial ischemia, maximal epicardial ST depression occurs over a lateral boundary between normal and
ischemic tissue. (As shown in Figure 1, assuming an approximately rectilinear ischemic region, there are four lateral
boundaries between healthy and ischemic tissue, two of which mark the circumferential extent of the ischemic region
and align with radial lines from the anatomic central axis of the ventricle, and two of which lie parallel to the base
of the heart and mark the caranial-caudal extent of ischemia. There are two transmurally oriented boundaries, one
adjacent to the ventricular blood mass and the other parallel to the epicardium.)

Our results suggest that the lateral areas of epicardial ST-segment depression originate from the difference between
the electrical conductivity along heart muscle fiber direction (longitudinal) and the electrical conductivity transverse
to fiber direction. Specifically, the ratio of intracellular conductivity to extracellular conductivityy{) along fibers
is greater than the same ratio transverse to fibers[9]. Because the extracellular potential difference across an ischemic
boundary is an increasing function ef/o.[2], the extracellular potential difference across an ischemic boundary
tends to be greater where the boundary is crossed along fibers than where the boundary is crossed transverse to
fibers. Figure 2 shows extracellular potential on a midmyocardial layer of ischemic tissue. From this figure, one
can observe the variation in spatial potential gradient across the four visible lateral borders; where the fibers are
perpendicular to the lateral ischemic boundary, the potential gradient is relatively large. Conversely, where the fibers
are parallel to the lateral boundary, the potential gradient is relatively smaller.

Because at least some components of the lateral boundary tend to be perpendicular to the fiber direction, the
resulting extracellular potential gradient tends to be relatively large across those lateral boundaries. Conversely,
because transmural ischemic boundaries tend to be parallel to fiber direction, the extracellular potential gradient
tends to be relatively small across these transmural boundaries. As a consequence of this spatial organization of
potential gradients, and as shown in Figure 3, injury currents tend to flow in loops from the ischemic side of the
lateral borders toward the transmural borders, and then return through the healthy tissue volume, passing along the
epicardium in a direction that generates ST-segment elevation in the region above the ischemic zone and ST-segment
depression over its lateral boundaries.

Our previous findings thus suggest that the epicardial potential distribution depends on the relative magnitude of
the potential differences across the lateralf ;,;) and transmural4V. .,,,) boundaries. (The "e” in the subscripts
for AV, 1, andAV, 4, indicates that these voltage differences are in the extracellular space.)As shown schematically
in the upper panels of Figure AV, ;,; and AV, ;,, act as potential sources for the resulting injury currents. The
lower panel of Figure 3 also shows how the potential sources depend on the geometry of the ischemic region,

the difference in transmembrane potentials between normal and ischemic regions, and the bidomain conductivities,



i.e. the value ofc; /0. along and transverse to fibers. The relationship between these parameters and the potential

source distribution is governed by the bidomain passive current flow equation:

V- (51' + 5—(’)v‘/€ = V- 5ivvlila (1)

whereV, is the extracellular potential;; is the intracellular conductivity tensaf, is the extracellular conductivity
tensor, and/,, is the transmembrane potential. The right hand side of Equation (1) defines the current sources and
sinks across an ischemic boundary. These current sources are depicted by the straight arrows across the boundary
shown in Figure 3.

According to Equation (1), the potential source across an ischemic boundary may be approximated by the
multiplication of current density flowing across the boundanWwV,,, multiplied by the resistivity across the

boundary(a; + &e)_l, resulting in potential divider equations for the lateral and transverse boundaries as follows:
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whereAV,, is the transmembrane potential difference across the ischemic bouinelahe difference in transmem-

brane potential between ischemic and healthy tissyeando;; are the longitudinal extracellular and intracellular
conductivities, respectively, angd.; ando;; are the transverse extracellular and intracellular conductivities. Roberts

et al. [8] used these equations to estimate the conductivity ratipéo;; ando.;/o;; based upon the epicardial
potential drops measured across a wave front. These equations may also be derived by considgriag a

battery, as shown in the lower panel of Figure 3. (The resistances in the figure are the inverses of the bidomain
conductivities, adjusted for length and cross sectional area.) S¥iég is constant across the entire ischemic
boundary, the values of, /o; for the intracellular and extracellular spaces determine the strength of the potential
sources.

The contribution of the bidomain conductivities to the distribution of potentials in the heart is not, however,
limited to the source potentials. A second role of these values is to characterize the volume conductor into which
the resulting injury currents flow. We will use the terms “potential source effects” to describe the role of conductivity
in determining the ischemic potential sources and “secondary volume conductor effects” to describe the secondary
role of conductivity in determining the distribution of the resulting injury currents. The combination of these two
contributions ultimately determines the resulting epicardial potentials.

Our previous studies [2] did not attempt to quantify the relationship among potential source effects, secondary
volume conductor effects and epicardial potentials. The aims of this study were to describe and provide biophysical
explanations of this relationship and, in addition, to evaluate the contribution of ventricular blood to epicardial

potential distributions during ischemia. Toward this end, we carried out computer simulations on a fully anisotropic



model of the left and right ventricles; we varied the conductivity of heart tissue and blood to determine the
relationship between these parameters and epicardial potentials.

The primary findings of this study are that the basic topography of epicardial potential patterns generally did not
change as a function of conductivity, but that the magnitudes of epicardial potentials are sensitive to the conductivity
values, mainly through potential source effects.

The significance of this research lies in the need to understand the biophysical basis for the currents and potentials
that arise during myocardial ischemia and the role that tissue conductivity plays in those bioelectric markers.
Ultimately, this understanding will lead to better interpretation of body surface ECG changes that arise during
subendocardial ischemia and hence improvements in diagnosis and monitoring of patients suffering from coronary

artery disease.

Il. METHODS
A. Geometric Model

We simulated ischemia by using a geometric model based on the anatomical and fiber structure data of the
Auckland canine heart [7]. The computer model solved the equation governing the passive flow of current in
the heart, according to the bidomain theory (Equation (1)), given a distribution of transmembrane potentials. To
represent the electrical consequences of localized acute ischemia, we assigned to a patch of tissue transmembrane
potentials that were 30 mV more negative than in the remaining healthy cells, as shown in Figure 1, which depicts
the transmembrane potentials corresponding to 70% transmural ischemia. The goal of this arrangement was to
mimic the conditions during the electrocardiographic ST-Segment, which corresponds to the plateau phase of the
action potential; ischemic cells show a reduced action-potential amplitude that results in a more negative plateau
potential than the surrounding healthy tissue. The ischemic patch was placed within the left ventricular free wall
with a border zone between healthy and ischemic tissue that was a few millimeters wide. Within this border zone,
the transmembrane potential varied smoothly from -30 mV to 0 mV according to an exponential function [3]. The
size of the ischemic patch was altered in the transmural direction to simulate various degrees of subendocardial
ischemia.

The anatomy of the Auckland heart, including ventricles filled with blood, was represented with a hexahedral
mesh defined by a number of nested, concentric layers with identical number and arrangement of node points. The
ventricles consisted of 60 such layers that were weighted averages of the epicardial and endocardial surfaces. For
example, the 30th layer was equal to approximately Epi + 0.5 Endo, whereEpi andEndowere the Cartesian
coordinates that defined the epicardial and endocardial surfaces, respectively. The degree of ischemia was defined
with respect to the 60 layers. For example, 40% ischemia means that the ischemia extended from the endocardium
to the 24th layer. Included in the Auckland heart data are also values for the local fiber orientation, which were
assigned to each node point in the geometry. The resulting mesh then served as the geometric domain over which

we solved the bidomain passive current flow equation, Equation (1).



parameter symbol | values

longitudinal extracellular conductivity el 1
ratio of longitudinal intracellular to longitudinal extracellular conductivityo;; /o, 0.20.6123

intracellular anisotropy ratio oil/oit 20 30 40 50

extracellular anisotropy ratio Oel/0et | 135

blood conductivity 0p/0el 234
TABLE |

CONDUCTIVITY RANGES COMPUTED FROM A MODEL OF CARDIAC MYOCYTESO'“/O'“ IS THE INTRACELLULAR ANISOTROPY RATIO,
Uel/o'et IS THE EXTRACELLULAR ANISOTROPY RATIQ, AND U'b/Uel IS THE BLOOD CONDUCTIVITY RATIO. FOR CONVENIENCE ALL RATIOS
ARE NORMALIZED TO AN EXTRACELLULAR LONGITUDINAL CONDUCTIVITY, 0¢;, OF 1. THE BASELINE CONDUCTIVITY VALUES ARE

INDICATED IN BOLD.

With regard to boundary conditions, the heart was assumed to be surrounded by a perfect insulator so that no
current could flow out of the epicardial surface. At any interface between ventricular blood and heart muscle, the
extracellular potential’, was continuous, the normal component of the extracellular current was continuous, and
no intracellular current could flow across the interface. Equation (1) was solved according to a Galerkin based
finite element method with trilinear basis functions and Gauss quadrature to integrate the resulting equations. The
conductivity tensor at each quadrature point was based on the local fiber orientation, which was computed by
forming a distance based weighted average of the fiber orientation data corresponding to the eight nearest points

from the Auckland data.

B. Simulations

The values of cardiac tissue conductivitye(the intracellular and extracellular conductivity tensors in Equation
( 1) are uncertain [9]. Our model of cardiac tissue [9] suggests that the values for the various conductivities are
within the ranges shown in Table I. Of the four conductivity ratios that describe heart tissue.(, oi:/oct,
oi/oi, andoe /o), only three can be changed independently. The fourth conductivity will always depend on the
choice of some combination of the other three. In our simulations, we chpse.;, 0, /0:t, ando.;/o.: as the
independent variables,; /o.; was left as the dependent ratio, and therefore changes in step with alterations of any
of the independent ratios. For example, a doubling.@fo.; results in a doubling of;;/cc;. 0;;1/0e; should thus
be viewed as a parameter that controls the overall ratio of intracellular to extracellular conductviityaffects
both /0 @andoy;/oet).

In a first set of simulations, the bidomain and ventricular blood conductivities were varied as shown in table |
at each of 10%, 40%, and 70% ischemia, corresponding to low, medium and high degrees, respectively, of
subendocardial ischemia. The ischemic and healthy portions of the heart were assigned identical conductivity

values. We chose 10%, 40%, and 70% ischemia to be consistent with a previous conductivity sensitivity study[3].



For each degree of ischemia, we generated simulations for each combination of conductivity ratios shown in table I,
for a total of 5 x4 x 3 x 3 = 180 simulations for each degree of ischemia. The result of each simulation was a
three-dimensional distribution of extracellular potential at each node in the model.

To help distinguish source effects from secondary volume conductor effects, we carried out simulations under two
different baseline conditions at both 40% and 70% ischemia. In both simulations, conditions within the ischemic
zone matched the baseline values shown in Table I. In the first case, these same conditions held throughout the
rest of the heart volume and in the second case, we assigned uniform, isotropic conditions to all regions outside of
the ischemic zone. The tissue outside of the ischemic zone was assigned the following conduetiyities;; =
ot = o = 1/3. Thus, the first set of simulations included the effects of anisotropy of both the source and the
surrounding myocardium. The second set of simulations, in contrast, included the effects only of anisotropy in the
source conductivity. To evaluate the effect of blood volume on ischemic potentials, we carried out simulations both

with insulated ventricular cavity and with the ventricles filled with conductive blood.

[1l. RESULTS
A. Conductivity sensitivity

Figures 4, 5 and 6 show the epicardial potential distributions corresponding to a selection of conductivity values
from Table | at 10% , 40% and 70% transmural ischemia, respectively. To isolate the effect of changes in particular
parameter values, for each parameter that was varied, we held all the remaining parameters equal to the baseline
values shown in bold in Table I. As discussed in Section II-B, the m@figo.; controlled the overall intracellular
to extracellular conductivity.

A comparison of Figures 5 and 6 shows that the epicardial potential patterns at 40% ischemia were similar to
those at 70% except for three features. First, the magnitudes at 40% were smaller than those at 70%. Second, the
relative minima at 40% were rotated counterclockwise compared to the minima at 70%. Finally, at large values of
the extracellular anisotropy rati@.g.c.;/o.: = 5), the maximum shifted from over the ischemic patch to over a
circumferential lateral boundary.

The epicardial distributions at 10% ischemia were quite different from those at 70% ischemia. Specifically, at
10% ischemia, ST depression was centered over the ischemic patch while at 70% ischemia, potentials over the
ischemic patch were elevated and regions of ST depression appeared over the lateral ischemic boundary. In the
context of simulations of activation, Colli Franzoeé al[1] noted an identical change in pattern (with reversed
polarities) as the wave front moved from the endocardium to the epicardium. As we will discuss below, during
ischemia of modest transmural extent, primary sources of injury current lie at the transmural border while with
more extensive extent of ischemia, the sources move to the lateral borders.

Over the ranges we explored, conductivity values did not drastically affect epicardial potential patterns at medium
and high extents of transmural ischemia. In the case of 70% ischemia, Figure 6 shows a central maximum flanked
by two minima at all conductivity values; changes in the conductivity values affected only the magnitudes of

the extrema. Similarly, Colli Franzonet al[1] found that the tripolar pattern persisted throughout a range of



intracellular anisotropy values and blood conductivity values, at least when the wave front was fairly near the
epicardial surface, a situation that corresponds to thick ischemia. At 10% ischemia, changes in conductivity mainly
affected the magnitudes of the epicardial potentials but also changed the epicardial patterns somewhat. For example,
as shown in Figure 4, a change in the intracellular anisotropy ratio from 20 to 50 shifted the relative minimum
from over the ischemic area to an area over the basal ischemic boundary.

Generally, the effects of conductivity changes on potential magnitudes depended on the predominant potential
source direction, lateral (40% and 70% ischemia) or transmural (10% ischemia). In particular, a comparison of
Figures 4 and 6, shows that an increase in the blood conduciiyjity.; or the extracellular anisotropy ratig,;/o.;
tended to result in an increase of the epicardial potential magnitudes at 10% ischemia but a decrease in the epicardial
potential magnitudes at higher degrees of ischemia. (As alluded to in the Introduction, the longitudinal conductivities
oe andoy; primarily affect the lateral sources while the transverse conductivitiesind o;; primarily affect the
transmural sources.) Conversely, an increase in the intracellular anisotropy sdtig resulted in a decrease of
the epicardial potential magnitudes at 10% ischemia but an increase in the epicardial potential magnitudes at higher
percentages of ischemia. However, at all degrees of transmural ischemia, an incegpse.inwhich corresponded

to the overall intracellular to extracellular conductivity, resulted in an increase of the epicardial potential magnitudes.

B. Thickness of ischemic zone

Another finding that is visible in Figures 4 and 6 and supported by many more simulations is that the overall
magnitude of epicardial potential resulting from ischemia grew with the extent of ischemia. Potential values at
10% ischemia were in the range &f 0.5 mV (epicardial potential differences 1 mV) and grew tot 3-5 mV

(epicardial potential differences 10 mV) at 70% ischemia.

C. Role of the volume conductor conductivity

We ran simulations at 40% and 70% ischemia in which the conductivity outside the ischemic and source regions
was changed from baseline anisotropic values to isotropic values, while the conductivity of the source and ischemic
regions was kept at baseline values. The results (not shown) suggested that both in the presence and absence of
ventricular blood, the change in the from anisotropic to isotropic conductivity of the healthy heart tissue outside of
the source region did not significantly alter the epicardial potential pattern but modestly decreased the magnitudes
of the epicardial potentials. These results suggest that epicardial potentials are more sensitive to potential source

effects than secondary volume conductor effects.

D. Variation in epicardial potential difference

Another metric we used to summarize the relationship between epicardial potentials and conductivities was the
epicardial potential difference.e. the difference between the maximum and minimum of the epicardial potentials.
Figure 7 shows the epicardial potential difference at 10% ischemia as a function of the transverse potential source

strengthj.e. Equation (3), along with a linear regression line through the data. As shown, there is a reasonably linear



relationship between the epicardial potential difference and the transverse potential source strength, (Equation (3)).
The motivation for plotting the epicardial potential as a function of the transverse source strength at 10% ischemia
will be apparent from the Discussion section.

Figure 8 shows the epicardial potential difference at 40% and 70% ischemia as a function of the epicardial
potential difference as a function of the difference between longitudinal and transverse potential source strengths
i.e. the difference between Equations 2 and/8\{ ;,: — AV, ). The data is marked according to the value of
oii/oe. Because the functiod\V, ;s — AVe 4, is S0 fundamental to the biophysical explanation for ischemic
potentials, we give it the name "Voltage Difference Function” and describe its importance in more detail below.
At 70% ischemia, the relationship between the epicardial potential difference and the Voltage Difference Function
was linear. At 40% ischemia, this relationship was reasonably linear, although the dispersion around the regression
line was greater than at 70% ischemia.

At 40% ischemia, although the data disperses about the regression line, there is a stronger linear correlation
between the Voltage Difference Function and the epicardial potential difference for any given valy&of apart
from 3.

At 10% ischemia, there was an overall weak, positive correlation between blood conductivity and the epicardial
potential difference. However, for at least some sets of conductivity parameter values at 10% ischemia, the correlation
was stronger than the overall weak relationship. For example, in the case whérg = 3, 0;;/0;: = 20, and
oel/0et = 5, doublingoy, /o, from 2 to 4 resulted in an approximately 25% relative increase in the epicardial
potential difference. At 70% ischemia, changing the blood conductivity resulted in minor decreases of the epicardial
potential difference. At 40% ischemia, there was a modest negative correlation between blood conductivity and the

epicardial potential difference.

IV. DISCUSSION

There are two, closely related facets of the results in this study that warrant special discussion. The first is the
response of the simulation to variations in tissue and blood conductivities and the consequences for creating and
using such models for simulating ischemia. The second is the striking and recurring difference in response of the
model to ischemic zones with less than 20% of transmural extent and those with more than 30% extent. This latter
facet is of special relevance to the biophysical mechanisms that appear to be central to the electrocardiographic

response to ischemia.

A. Overview

Although it is difficult to summarize the complex response of epicardial potential distributions to variations in all
the parameters of this study, there are some general findings that emerge. At 10% ischemia, according to Figure 8,
ST-segment depression was centered over the ischemic region and the epicardial potential difference was positively
correlated with the potential drop across the transmural bounddfy,,,,, which is a function ofL /(1 + o /o).

At 40% and 70% ischemia, ST-segment depression occurred over the lateral boundaries of the ischemic region, and



the epicardial potential difference was positively correlated with the difference between the potential drops across
the lateral and transmural boundari@sl, ;,; — AV. +m,. As will be explained below, the difference between the

10% case on the one hand, and the 40% and 70% cases on the other, is that transmurally oriented potential sources
govern current flow at 10% ischemia whereas laterally oriented potential sources dominate at the other the larger
thicknesses. In the context of simulations of activation, Colli Franadrat[1] noted this transition from transmural

to lateral dominance as a propagating wave front moved from the endocardium to the epicardium.

B. Detailed biophysical explanation of results

An explanation of the effects of conductivity on epicardial potential distributions requires an understanding of the
current flow loops that arise during ischemia. There are two major types of current loops. One of them dominates
at lower degrees of transmural ischemia (exg20%) and the other dominates at higher degrees of transmural
ischemia (e.g> 60%). At intermediate extents of ischemia, both types of current loop are present and the resulting
potentials arise through their interplay. To illustrate these patterns, the top and middle panels of Figure 9 show
schematic diagrams of the current loops and corresponding simplified circuit diagrams that model a transverse cross
section through the heart for the cases of 10% and 70% ischemia, respectively. The diagram for 40% ischemia,
shown in the bottom panel of Figure 9, reflects aspects of both the 10% and 70% cases.

At 10% ischemia, the currents that arise from lateral potential sources are small because of shunting by ventricular
blood. In particular, for those portions of a lateral boundary that are near the endocardium, and are therefore near
ventricular blood, the current path through the blood is in parallel with the current path through the extracellular
heart muscle, so that the effective total conductivity is the sum of the conductivities of the extracellular heart muscle
and ventricular blood. In this case, one can substitute- o}, for o.; in Equation (2) and write for the total effective
potential divider equation applied in the longitudinal direction:

AV,
14+ 0c/ou+ov/oi

A‘/eJat ~ (4)

whereoy, is the conductivity of the ventricular blood\V. ;. is the effective extracellular potential strength across
the lateral boundary, andV;,, is the transmembrane potential difference between healthy and ischemic cells. The
op/oy term reduce\V, ;.¢. Indeed, at most sets of parameter valuk§, ;,, becomes smaller than the potential
difference across the transmural boundary. Thus, transmurally oriented potential sources dominate.

The top panel of Figure 9 illustrates schematically the large scale current loops that arise at 10% ischemia as a
result of transmurally oriented potential sources. The Figure shows the current from transmural sources that flows
in a loop from the ischemic side of the transmural boundary, down through the ischemic tissue, then through the
ventricular blood, and thence through the healthy tissue, along the epicardial surface, and then back to the healthy
side of the transmural ischemic boundary. The epicardial potential differ&®h¢g, is proportional to the potential
difference through the healthy heart tissidy;,, which in turn is determined by the maximum potential difference
across the transmural bounddry.,,, and the resistances of the volume conductor, approximately according to a

potential divider equation as follows:
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Ry
(Risch + Rb + Rh)

where R, is the resistance through the healthy heart tisgtjg,;, is the resistance through the ischemic tissue,

AVepi ~ AV, = A‘/:e,tm * (5)

and R, is the resistance through the blooR;, and R, are larger thank, and hence determinéV,,; as
indicated by the weak correlation between the epicardial potential difference and blood conductivity. Nonetheless,
the enhancement of epicardial potentials associated with transmurally oriented sources is consistent with the Brody
effect [10]. The resistance ternf®;, and R;s.;, are functions of the bulk conductivity of cardiac tissue, which is
determined by all four heart tissue conductivity values, o.;, o;:, ando;.

The discussion thus far has been based on the assumption that fibers along the transmural ischemic border are
perfectly parallel to that border, so that the potential drop across that border is solely a funcfidf gf. In our
computer heart model, however, the fibers along the transmural border are somewhat oblique, such that there is a
longitudinal component to the potential drop across that border. This longitudinal component explains most of the
non-linearity in the plot shown in Figure 7.

Some of the scatter in this plot is also attributable to the blood. According to Equation (5), increases in blood
conductivity, which correspond to decreasedrif would increase the epicardial potential difference.

The conditions that determine epicardial potentials are quite different for the case of thicker ischemia, as shown
in the middle panel of Figure 9. In this case, the potential differehtg across the healthy heart tissue may be

estimated as follows:

_Ba
(Rh + Risch) ’

From the portions of the ischemic patch near the epicardium, the current path through the blood is very long

A‘/epi ~ AVvh ~ (Avve,lat - AVVe,tm) * (6)

and therefore so highly resistive that it may be regarded as an open circuit and thus ignored. The linearity of the
plot in the second row, second column of Figure 8 supports the hypothesis that, at large thicknesses of transmural
ischemia, the epicardial potential difference is largely determined by the Voltage Difference Function.

Finally, for the case of medium thicknesses of ischemia, shown in the bottom panel of Figure 9 for the case of
40% ischemia, the current loops represent an intermediate case between the 10% and 70% cases. On the one hand,
as in the case of 10% ischemia, current loops through the blood can strongly affect epicardial potentials. On the
other hand, as in the case of 70% ischemia, lateral potential sources generally dominate, which results in a central
elevation over the ischemic patch flanked by two minima over the ischemic boundary.

Again, the potential difference across the epicardiiviri,,; is proportional to the potential differenceV;, across
the healthy heart tissue, which may be estimated as follows:

Rh % (Rh + Risch) ” (Rb + Risch)
(Rh + Risch) (Rh + Risch) || (Rb + Risch) + Rcomman ’

where AV, .., is the potential difference across the transmural bounda#y, ;,; is the maximum potential

AVepi ~ AVh ~ (AVe,lat - A‘/e,tm) * (7)

difference across a lateral boundafi, is the resistance through the healthy heart tisgtig,;, is the resistance
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through the ischemic tissue, at, is the resistance of the current path through the ventricular blood. From this
relationship,AV,,; is an increasing function of ventricular blood resistatite

Thus, at medium thicknesses of ischemia, increases in blood conductivity, which correspond to decrBgses in
should decrease the epicardial potential difference. This was the case in the simulations discussed in this paper. The
diminishing of epicardial potentials associated with laterally oriented sources is consistent with the Brody effect
[10]. The effect of blood also partly explains the increased dispersion in the plot in the first row of Figure 8.

To summarize:

1) At low thicknesses of ischemia(20 %), ST-Segment depression is centered over the ischemic region but is
very small in magnitude. Transmural potential sources dominate current flow, such that the epicardial potential
difference increases as a result of increases inA{i) ,,,,, and therefore increases i, /o.,; and (ii) blood
conductivity.

2) At large thicknesses of ischemia (0 %), ST-Segment elevation is centered over the ischemic region and is
flanked by two depressions over the ischemic boundary. Lateral potential sources dominate the current flow,
such that the epicardial potential difference increases as a result of: (i) increadds if., and therefore
increases irv;; /oe;; and (i) decreases iV, .,,. Since the top of the ischemic patch is relatively near the
epicardium, blood has a minor effect on the epicardial potential difference.

3) At medium thicknesses of ischemia 0 % and < 50 %), the epicardial patterns are generally similar to
those at large thicknesses of ischemia. Lateral potential sources dominate current flow, such that the effect of
the bidomain conductivities on the epicardial potential difference is similar to the case of large thicknesses of
ischemia. However, since all of the ischemic patch is relatively close to ventricular blood, blood conductivity
can have a substantial effect on the epicardial potential difference.

Percentage thicknesses not included in the above summary are mixed cases. For example, 25% thickness ischemia

is a hybrid of low and medium thickness ischemia.

In our simulations, the epicardium was insulated whereas in normal physiological conditions, the epicardium
is electrically loaded by a torso, which may be expected to affect epicardial potentiad$.dlj4] found that
electrical insulation of the epicardium increased the magnitude of epicardial potentials but did not significantly alter
the potential patterns. Thus, we believe that torso loading effects would not have substantially altered the epicardial
potential patterns resulting from our simulations.

The simulated epicardial potentials do not completely match the epicardial potentials observed in an in situ sheep
preparation as described in Et al[4]. In particular, in the simulated results, ST elevation occurred at less than
70% thickness ischemia whereas éti al[4] observed elevation only when the ischemia was nearly completely
transmural. There are at least two possible explanations for the discrepancy. First, it is possible that the heart is more
electrically isotropic than the maximum degree of isotropy involved in our simulations. Greater isotropy means that
the voltage drops across the lateral and transmural boundaries are more nearly equal, so that ST elevation occurs
at larger thickness of ischemia compared to our simulations. Another possibility is that the bulk resi&gnhice (

the transmural direction is smaller than the resistance through the ischemic tigsug;(according to Equation
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7, such a resistance mismatch would tend to decrease the voltage drop across the epicardium, at least until the
ischemic region is nearly or completely transmural. We did not simulate such resistance mismatches.

The relationship between conductivity values and epicardial potentials depends on the transmembrane potential
profile within the ischemic region and the geometry of the ischemic region, which are generally more complicated
than the simple patch described in this paper. We performed simulations with another type of geometry, in which
the ischemic region comprised a spherical cap, and found that the relationship between the \Voltage Difference
Function and the epicardial potential difference was generally linear. However, we can not assert that this generally
linear relationship holds over all types of ischemic geometries and transmembrane potential distributions. Finally,
the conductivity of the ischemic region is likely different than the conductivity of the healthy region[9]; we did
not simulate this effect. Nonetheless, we believe the principles described in this paper will help to understand the

relationship between conductivity and extracellular potentials in the case of these more complex situations.

V. CONCLUSION

The main finding of this study is that, over a wide range of conductivity values, ST-Segment depression occurs
over a lateral boundary between healthy and ischemic tissue, at least in the case of medium or thick ischemia. At
large thicknesses of ischemia, the epicardial potentials exhibit a tripolar epicardial potential pattern — a central
maxima flanked by two minima that rotated in a clockwise direction as ischemia became increasingly transmural[2].
At medium thicknesses of ischemia, this tripolar pattern occurs unless the extracellular anisotropy ratio is relatively
large ¢ 3).

Because we did not link the heart model to a torso, we can not hypothesize whether the same epicardial potential
patterns will be manifest on the body surface. The detectability of these patterns depends on the magnitudes of
the epicardial potentials but also on the effects of the torso volume conductor. Thus, the question of whether
these patterns might serve as a diagnostically meaningful marker of ischemia of this pattern is best addressed by
body surface mapping studies[6] coupled with a forward solution approach that relates body surface potentials to
epicardial potentials. Such studies will also have important consequences for developing inverse solution strategies

that seek to localize ischemia based on body surface ECGs[5].
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Fig. 1. Transmembrane potential distribution over a midmyocardial layer and a sagittal slice showing an anterior, subendocardial ischemic
zone. The transmembrane potential of the ischemic patch was negative with respect to the transmembrane potential of the healthy tissue, as

indicated by the colorbar. The polar and circumferential lateral boundaries and the transmural boundary are indicated by arrows.
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Fig. 2. Extracellular potential distribution on an internal heart layer, showing the effect of fiber orientation on the potential difference across
the ischemic boundary (indicated by the positive potential values).
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Fig. 3. Current flow and potential differences in an ischemic heart. The potential drop across the lateral ischemic boundary is greater than the
potential drop across the transmural boundary, as indicated by the size of the + and - symbols. Most current flows directly across the ischemic
boundary, as indicated by the thick arrows. However, a small amount of current flows in a loop from the lateral ischemic boundary, through
the ischemic tissue, across the transmural boundary and thence to the healthy tissue on the lateral boundary. The potential\diffasence

greater across the lateral than transmural boundary due to the difference in resistances of the two boundaries.
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Fig. 4. Epicardial distributions corresponding to different conductivity parameter values at 10% ischemia. Except as otherwise shown in the

oz mV

Figure, the parameter values are: blood conductivity/¢.;) =3; extracellular anisotropy ratiarf;/oe¢) = 3; intracellular anisotropy ratio
(0i1/04t) = 20; longitudinal intracellular conductivity to longitudinal extracellular anisotropy ratig/c.;) = 1.
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Fig. 5. Epicardial distributions corresponding to different conductivity parameter values at 40% ischemia. Baseline parameter values are

identical to those listed in the caption to Figure 4.
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Fig. 6. Epicardial distributions corresponding to different conductivity parameter values at 70% ischemia. Baseline parameter values are
identical to those listed in the caption to Figure 4.
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Fig. 7. Epicardial potential difference at 10% ischemia as a function of the potential &¥p ), normalized for the transmembrane

potential difference £V;, = —30mV’) between healthy and ischemic tissue, across a transmural boundary. A linear least squares regression
line is shown.
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Fig. 8. Epicardial potential difference at 40% and 70% ischemia as a function of the Voltage Difference Fundtion,{ — AVe, tm),
normalized for the transmembrane potential different&’¢, = —30mV’) between healthy and ischemic tissue. Linear least square regression

lines are in red. The data points are delineated by the eatido.;, which controls the overall voltage source strength across the ischemic
boundary.
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Fig. 9. Current flow loops and corresponding circuit diagram models of the ventricles and blood at 10%, 70% and 40% ifghdRgiand
R;scn, and are the resistances through portions of the healthy heart, ventricular blood, and ischemic patch, resfegtiyglys the resistance

through that portion of the healthy heart that is common to both current loops traveling through ventricular blood and from the epicardial side

of the ischemic patch.



