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The Effect of Conductivity Values on ST Segment
Shift in Subendocardial Ischaemia

Peter R. Johnston* and David Kilpatrick

_ Abstract—The aim of this study was to investigate the effect of tative of a typical source in the center of the ST interval. This
different conductivity values on epicardial surface potential dis- study was motivated by the wide variability in published bido-
tributions on a slab of cardiac tissue. The study was motivated by main conductivity parameters (summarized by Roth [6]). On

g:,z:fggéﬁ?ﬁg?%g‘;gﬂ!med bidomain conductivity parameters the other hand, the conductivity of blood, which is important

Simulations presented are based on a previously published bido- in these simulations, is generally accepted to have a reasonably
main model and solution technique which includes fiber rotation. small variability at frequencies of up to 1 MHz [7].

Three sets of conductivity parameters are considered and an al-  Roth [6] has presented a “recipe” for determining relative
ternative set of nondimensional parameters relating the tissue con- p,;4omain conductivities given nominal properties of the cardiac
ductivities to blood conductivity is introduced. These nondimen- . - . . L
sional parameters are then used to study the relative effect of blood tissue. HOW‘?Ver; this recipe does nc.)t.mclude the cc.)nduct.|V|ty
conductivity on the epicardial potential distributions. of blood, which is perhaps not surprising as many simulations

Each set of conductivity parameters gives rise to a distinct set using the bidomain model are primarily interested in the elec-
of epicardial potential distributions, both in terms of morphology  trical stimulation of cardiac tissue [8]-[10]. On the other hand,
and magnitude. Unfortunately, the differences between the poten- gin |ations of defibrillation [11], [12] require blood conduc-
tial distributions cannot be explained by simple combinations of . . L . L
the conductivity values or the resulting dimensionless parameters. tivity values (as well as conductivities of other regions within

the thorax).

This paper will, first, present a summary of the effect of the
existing bidomain conductivity parameters on the epicardial
potential distribution. Then, by normalizing the conductivities
I. INTRODUCTION with respect to the extracellular conductivity in the longitu-

EPRESSION of the ST segment of the eIectrocardiograwpal direction, it will use the recipe of Roth [6] to study the
G tive effect of blood conductivity on the epicardial potential

has been recognized as a sign of ischemia for many yeé bt Effects of oth " h " i
[1]. However, most explanations of the mechanisms responsiplg''oution. ENEcts of other parameters, such as the ralio

for this depression have been controversial [2]. In an atte t_longitudina_l to transverse_intracellular conductivity and
to further our understanding of this phenomenon, we recen isotropy ratio, are also considered.
introduced a mathematical model for ST segment changes due
to subendocardial ischemia in a slab of cardiac tissue [3]. The [I. METHODS
model was based on the bidomain representation of cardiac
tissue [4] and the tissue conductivity values of Clerc [5] Wel%'
used to perform the simulations. The model to be used in this paper has been described pre-
The aim of our previous study was to investigate the spatigbusly [3] and only a brief outline will be given. The cardiac
change in epicardial potentials as the degree of subendocarti&gue is represented by a block of tissue, infinite inhend
ischemia increased to full thickness. We also considered the gfeoordinate directions and of unit thickness in thdirection
fect of simplifying assumptions such as isotropic cardiac tissuéth the epicardium represented by they plane. The endo-
and ignoring fiber rotation. cardium is, therefore, represented by the plane-atl, in con-
The aim of this present study is to investigate the effect tlact with a volume of blood extending to infinity in the positive
actual conductivity values have on the epicardial surface potendirection.
tial distribution on the slab of cardiac tissue. Here, we are in- The tissue is approximated by the bidomain model [4], [13],
terested in the spatial distribution of ST segment change, rib4] for which the governing equation for the extracellular po-
the temporal and, thus, the source chosen is static and represemtial, ¢., can be shown to be

Index Terms—Anisotropy, bidomain model, conductivity values,
simulation, ST depression, subendocardial ischemia.
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conductivitiess}, o}, of, ando§ . Also, the potential distribution B. Modeling Parameters
in the blood,¢y, is governed by Laplace’s equation

V2, = 0. (2)

atz = 0; =0. )

It will be assumed that the block of tissue modeled is 1 cm
thick and 16 cm in each of theandy directions. The region of
ischemia is a square of side 4 cm centered on the origin and the
The accompanying boundary conditions are that the potentig%?mmerS governing the width of the ischemic border are all
tend to zero at large distances from the origin, that is; as 201 €M (see [3]), which reflects a narrow ischemic boundary.
+oo andy — 400, ¢ = ¢ — 0. Since the epicardium is .FlnaIIy,'theT difference between plateau potentials in normal and
assumed insulated, it follows that: ischemic t_lssueA¢p, was set at—_30 mV. .
The main aspect of this paper is to demonstrate the difference
Odbe in epicardial surface potential distributions arising from the dif-
0z ferent conductivity values available in the literature. Some of
Further, at the interface between the tissue and the blood, th:?%%;n doityfr;g?f r[1g]y ct]kl:grt:(:svzlus:(iagn?friisrll\t/?/glr?a-tl;gﬁl?nl'eé\s;:rr? i?_
is continuity of potential and current, i.e., these parameters, up to a factor of three, and not always in the
_ _ oy O same direction, from experiment to experiment. In contrast to
atz=1; ¢e= ¢y ando,—= = oy (4)  this, the conductivity of blood exhibits a much smaller variation
] o ) ] and is generally accepted to be about 0.0067 S/cm. Three sets
whereo, is the conductivity of blood. Finally, since the bloodyt simylations based on these parameters are presented in Sec-
mass is assumed infinite in the positiveirection,¢, = 0 as  tjgn 1.
Z = 0o . . . ) . Roth [6] also mentions the auxiliary paramet&rsh; (length
~ Equation (1) is a Poisson equation for the electric potentighnstants of the tissue in the longitudinal and transverse direc-
in the extracellular space with the source term being the 98sns respectively)a (ratio of intracellular and extracellular
erahze_d _Laplaman of the transmemb_rane pote_ntlal d'smbu“oébnductivities) and (one minus the anisotropy ratio in the ex-
Since it is assumed that there is a difference in plateau potgiye|lular and intracellular spaces) (see [6] for the exact defini-
tials between the normal and ischemic tissue, this term Willnq) values for these parameters are also included in Table .
be nonzero, thus creating potential distributions which are 08zseq on considerable experimental evidence, Roth [6] suggests
served as ST depression or ST elevation on the body S“rfac?hefollowing nominal values for these parametagg, = 2.5,

The fibers in the tissue will be assumed to rotate through gn_ 1.0, ande = 0.75. Using these values, the following di-
angle of 126 (chosen for consistency with our previous modef,ensionless bidomain conductivities (normalized with respect
[3]). If the fibers on the epicardium are aligned along the posi; o) are obtainedio?) = o? /ot = 1.0, (1) = o /ot = 0.1,
tive z axis, then the longitudinal direction at any deptiwith (0¢) = ot /ot = 1.0, and(0¢)’ = ot /ai 04,

respect to the positive axis is given by The next step is to consider normalizing the conductivity of
o blood. The natural approach would be to normalize with respect
9(z) = 5 = (5) too?, as suggested by Roth [6]. However, given that the conduc-

tivity of blood is incorporated in the model through the boundary
As mentioned above, this rotation is taken into account in th@ndition (4), which also contains’, it would be more appro-
conductivity tensors. priate to normalize all the conductivities with respect to one of
It will also be assumed that the region of subendocardial igre extracellular conductivities. In view of the nominal parame-
chemia occupies a square finite region in.thendy directions, ters chosen by Roth [6], it was decided to normalize the conduc-
centered on the axis. In thez direction, the region is boundedtivities with respect tary, thus preserving the straightforward

by the endocardium, but does not extend to the epicardium. nature of Roth’s dimensionless representation and giving
Atechnique for solving the governing equation [Equation (1)]

has also been described previously [3] and so will only be de- (0}) =0oi/of =« (6)
scribed in outline here. A two-dimensional (2-D) Fourier trans- 9

form in thez andy directions is applied to equation (1), re- (o) =oi/of = (ﬁ) w 7)
sulting in an ordinary differential equation in thedirection. Al l+a

This equation is solved for the Fourier transform of the poten- (of) =0f/of =1.0 (8)
tial in the extracellular space using a one-dimensional finite dif- )

ference method with nodes clustered near the ischemic border. (0°) =a¢ /ot = (ﬁ) 1+ao - . 9)
The resulting Fourier transforms are inverted to recover the ex- i B AN) (I4+a)(l—e)

tracellular potentials using a 2-D fast Fourier transform. Inver- , . .
sion in this fashion slightly changes the physics of the problem.Us.Ing thh s nominal pqrgmeters y|elds the_ same valueg for
Instead of dealing with a domain which is infinite in th@ndy the dimensionless conductivities as with the original normaliza-
directions, the domain is now of finite extent and the boundaR?n' . . ) _ .

conditions are of an insulating type. In order to minimize the _In a similar fashion, define the dimensionless blood conduc-
difference between these two situations, the computational dyity as

main is made large enough to allow the boundary potentials to , Op

approach zero. op = o (10)
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TABLE | toward the edges. Finally, both the positive and negative poten-
VALUES OF BIDOMAIN TISSUE CONDUCTIVITIES FROM THE INDICATED tials are more extreme than in any previous situation.
SOURCES(IN S/cm), THEIR CORRESPONDINGDIMENSIONLESSVALUES .
AND, VALUES OF THEAUXILIARY DIMENSIONLESSPARAMETERS Now, consider the same sequence of plots based on the data of

Robertsetal.[15] (Fig. 2). Thefirstthing to observe is that the epi-
cardial potentials have greater magnitudes than those generated
from the data of Clerc and the pattern of increasing/decreasing of
of 0.00174 0.0028 0.0034 potentials with degree of ischemia is similar. With this in mind,
thereis notagreatdifference between the epicardial potential dis-
tributions up to about 50% ischemia (not shown), except that the
af 0.00625 0.0022 0.0012 potential gradients are significantly higher. However, at 70% the
ST elevation above the ischemic border does not extend to the

Clerc [5] | Roberts et al. [15] | Roberts and Scher [16]

at 0.000193 0.00026 0.0006

o 0.00236 0.0013 0.0008 boundary ofthe region and at90% ischemia, the region of positive
. 0.0067 0.0067 0.0067 potential above the ischemic regionis isolated by negative poten-
tialonall sides. Finally, at fullthicknessischemia (not shown), the
(@) (= a) 0.2784 1.2727 2.8333 patterns are again similar to the patterns from Clerc’s data, except
(ot 0.0309 0.1182 0.5000 thatthe magnitudes are more extreme, resultinginlarger potential
gradients.
(of) 1.0000 1.0000 1.0000 A different situation arises when the data of Roberts and Scher
(02 0.3776 05900 0.6667 [16] are used (Fig. 3). First, observe that in general, the potentials

aremuchmore extremethaninthetwo previous casesandthe neg-
Anisotropy Ratio | 3.4043 6.3636 3.7778 ative potentials have smallervariationsinmagnitude asthe degree
of ischemia increases. Another observation is that the three dis-

¢ 07063 08429 07353 tinct valleys that appear in the previous two cases do not appear
/A 2.7621 2.3846 1.6084 for this data set. At 70% ischemia there is evidence of large po-
tential gradients, but no suggestion of the ST elevation as seenin

% 1.072 3.0455 5.5833 the previous situations. Even at 90% ischemia, there is no signif-

icant positive potential observed; however, there are large poten-

val for thi it . in Table I for the th tialgradients atthgdirectionextremesoftheischemicboundary.
alues for this quantity are given in fable 1 for the three avaliy, . potential distribution at full thickness ischemia is not signif-

able data set/s of conductivities. As can be seen from the tat?!:%ntly different from those distributions obtained using the first
the value ofr; ranges from 1 up to about 6.

two data sets described previously, except that the magnitudes of
the potentials are greater.

Fig. 4 showsthe epicardial potential distribution at 70% suben-

Figs. 1-3 show the epicardial surface potential distributiom®cardialischemia obtained for various values of the parameter
for varying wall thickness ischemia using the three data setith o; = 1 ande = 0.75. Avalue ofa = 0.25 [Fig. 4(a)] yields
given in Table I. Each figure shows the epicardial potential dis-distribution similar to that obtained using the data set of Clerc
tribution when the inner 10% [panel (a)], 40% [panel (b)], 709%®] [Fig. 1 (c)]. Increasingy to 1 Fig. 4(b)] againyields a distribu-
[panel (c)], and 90% [panel (d)] of the wall is ischemic. tion similar to that obtained using the data set of Clerc [5] (Fig. 1),

First, consider Fig. 1 obtained using the conductivity valudsit has magnitudes more of the order of the potential obtained
determined by Clerc [5]. At 10% ischemia, the potential distrfrom the data of Robertt al.. As« isincreased to 2 Fig. 4(c)] the
bution could be described as a valley (ST depression) with distribution becomes similar to that obtained using the data set of
most circular cross section, but at 40% ischemia, the valley HRebertst al.[15] (although the positive regions are smaller). Fi-
three distinct minima and there is an encroaching zero line aally, witha = 3 Fig. 4(d)] the distributions obtained approach
tending from the positive and negativedirections. The depths that obtained from the data of Roberts and Scher [16], although
of these valleys are shallower than those at 10% ischemia.thAé magnitudes are somewhat smaller.
70% ischemia there is a breakthrough of positive potential (STIn order to assess the effect of the ratio of blood to tissue
elevation) on the epicardial surface, directly above the positigenductivity, simulations were performed with the dimension-
and negative borders of the ischemic zone, which extend to thiess tissue conductivity values given in Section Il and values of
sides of the region, and the valleys have separated into three dis-—= 1, 2, and 3. For the purposes of illustration, epicardial
tinct regions. At this point, the depths of the valleys have agaiotentials are only shown for 70% ischemia as this showed the
increased and there is the first indication of the large potent@geatest degree of variation with the original data sets. The re-
gradients above the border of the ischemic region. At 90% isulting potential distributions are shown in Fig. 5. With= 1
chemia, most of the potential above the ischemic region is pofitig. 5(a)], there is a great similarity to distributions obtained
tive, except for a small region in the center. The valleys to eithom the data of Clerc (Fig. 1), except that the magnitudes of
side of the ischemic region are again deeper than previoushe potentials are greater (more of the order of the potentials ob-
With full thickness ischemia (not shown here, see [3]), there a@ned from the data of Robersal). Wheno; = 2 [Fig. 5(b)],
high potential gradients around the ischemic border, the potéhere are small regions of ST elevation near two corners of the
tial is always positive above the ischemic region, being higheschemic region. This is similar to the distribution from the data

Ill. RESULTS
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Fig. 1. Epicardial surface potential distributions during the transition to full thickness ischemia using the conductivity data of Clercifajti@istare shown

for subendocardial ischemia at (a) 10%, (b) 40%, (c) 70%, and (d) 90%. Each panel shows the maximum and minimum potential value, with a contafur interval
0.2 mV. The solid lines represent positive potential, the broken lines, negative potential and the thick solid line is the zero of potential dBisb¢hidike in (a)
represents the projection of the ischemic region onto the epicardium (this region is common to all subsequent contour plots).

of Robertset al, except that these positive regions are consitentials and then a normalized set of conductivities were used to
erably smaller. Finally, witle; = 3 [Fig. 5(c)], a potential dis- consider the relative effect of blood conductivity.
tribution similar to that obtained from the data of Roberts and The effect of the three measured sets of tissue conductivity on
Scheris observed. The similarity lies in the fact that the potentigpbicardial potential distributions is shown in Figs. 1-3. The main
is generally negative everywhere and there are large potentibkervations are the changes in morphology and potential mag-
gradients near the ischemic boundary; however, this simulatioitude between the data sets. All simulated potentials are smaller
has several minima in the potential distribution, as opposeditomagnitude than those encountered in the experimentsetdf Li
that shown in Fig. 3. It is interesting to note that increasifig al. [17]. It should be noted that the data fromdtial. were de-
above three does not greatly affect the resulting potential distiived from true ischemia in either the territory of the left anterior
butions in either shape or magnitude. descending (LAD) or circumflex (CX) coronary arteries over the
epicardium of aiin vivoheart. The heartincludes the septum and
right ventricular blood volume, not included in this model.

The conclusions from the experimental data were that the po-

This paper has investigated the effect electrical conductivigition of the ST depression maximizes over the left ventricular
values have on ST segment epicardial potential distributiofient wall, which is the boundary between the LAD and CX
induced by subendocardial ischemia. Three sets of measuagigry territories. Experiments with progression of ischemia can
tissue conductivity values were used to obtain the epicardial pwst accurately say how much myocardium is ischemic when ST

IV. DISCUSSION
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Fig. 2. Epicardial surface potential distributions during the transition to full thickness ischemia using the conductivity data ofeRab§tf. The format of
the figure is the same as Fig. 1.

elevation develops, but it is believed to be nearly 100%. The STAs mentioned previously [3], this model (using the conduc-
depression is increased as the degree of ischemia is increasaty data of Clerc [5]) predicted a relationship between the re-
and when approaching full thickness ischemia, ST elevatigions of subendocardial ischemia and the position of ST depres-
moves from the boundary of the ischemic region to be situatein over the epicardium, an observation in contrast to published
above its center. experimental data[18],[17]. ltwasalso mentioned thatthe magni-
A further difference between the model and the experimentaldes of the simulated potential data were smaller than those ob-
datais in the choice of the reference. Although this does not alsarved experimentally [17]. However, the model did predict the
the pattern, the degree of positivity or negativity is obviously afigh potential gradients near the border of the ischemic region,
fected by the reference electrode chosen. In addition, the modet that ST depression increased before the occurrence of ST el-
uses a fixed potential difference between transmembrane potevation and continued to increase as ST elevation increased.
tials for ischemic and normal tissue, whereas, in experimentalUsingthe conductivity data of Robegtal.[15], resultsin sim-
work, this driving potential is dependent on the time after thdated potential values which are closer in magnitude to the ex-
onset of ischemia. perimentally measured values (Fig. 2). However, the model still
An additional factor in experimental ischemia is that it isuggests that the epicardial ST depression pattern localizes the
not absolute. The technique used is to reduce flow by a snardendocardialischemia. The model, with this conductivity data,
and increase work by pacing, resulting in graduated ischemédill predictsthe ST elevation and the high potential gradients near
Additionally, the electrophysiologic properties of the ischemitheischemicborder. Hence, inone sense, using this set of conduc-
boundary are not accurately known. tivity data brings the model closer to the experimental data.
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Fig. 3. Epicardial surface potential distributions during the transition to full thickness ischemia using the conductivity data of Roberts gi&].Sdreformat
of the figure is the same as Fig. 1.

Finally, using the conductivity data of Roberts and Scher [18bnductivities and a decrease in the extracellular conductivities,
results in a completely different set of epicardial potential distribut the resulting potential distributions are completely different.
butions. To begin with, the magnitudes of the potential are clodémight be expected that increases in ST depression for this data
to the experimental data than either of the previous data setsuld be matched with anincrease in ST elevation and a similar
However, there is no ST elevation observed over the ischendistribution to the first two data sets.
region until the ischemia is nearly full thickness, which would On the other hand, considering just the fact that the three data
fit with the experimental evidence [17]. On the other hand, thesets yield different magnitudes of potential, a possible explana-
is noincrease in ST depression with increasing ischemia as stign for this is the increasing values (Table I) for the three data
gested by the experimental data. The model is still consistensigts. The values eof increase as 0.2784 (Clerc), 1.2727 (Roberts
that it localizes the region of ischemia and there are high potest-al), and 2.8333 (Roberts and Scher), which matches the trend
tial gradients near the ischemic border. of increasing potential magnitudes. To test this hypothesis, sim-

The transition in results from Figs. 1 to 2 to 3 is perhaps somalations were performed with values ranging from 0.25 up to
what unexpected. First, going from Fig. 1 to 2 yields potenti8l (keeping other values constant) (Fig. 4). The results tended to
distributions of similar morphology but with increasing magnimatch the general trend in shapes and magnitudes of the epicar-
tudes. This might be expected as there is an increase in intrack distributions for the three different sets of measured conduc-
lular conductivities and a decrease in extracellular conductitivity parameters considered. Hence, varying this one parameter
ties between the data sets of Clerc [5] and Robetrts. [15]. can explain some trends in the data.

However, continuing with this idea, the results in Fig. 3 would It has been mentioned previously [3] that a possible reason for
not be expected. Again there is an increase in the intracellutae smaller than expected potential magnitudes in the model was
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Fig. 4. Epicardial potential distributions at 70% subendocardial ischemiaagite= 1 ande = 0.75. The panels correspond to different valuesnof(a)
a =0.25,(b)o = 1, (c) o« = 2, and (d)x = 3. The format of each panel is the same as in Fig. 1.

the presence of the infinite blood mass. To investigate this hiy=})’ and (¢¢)’. It turns out that increasing these conductivi-
pothesis, simulations were performed with various values of ties allows ST elevation to occur at lesser degrees of subendo-
(Fig. 5). Since it is assumed that the blood conductivity is cogardial ischemia, thereby resulting in earlier ST elevation over
stant (due to its generally accepted value), changeg iepre- the ischemic region. Again, changing these conductivity values
sent changes in the tissue conductivity values (all other parahas little effect on the magnitude of the potentials. On the other
eters remaining constant). From Table I, it can be seen that iand, decreasing these conductivities tends to result in ST de-
creasingr; also corresponds to increasing potential magnitudgsession occurring over the entire surface with sites of ST ele-
The simulations revealed the same change in potential pattevason occurring only toward full thickness ischemia.
as with the variation in tabulated tissue conductivity parameters,From this discussion, it can be concluded that there is a com-
but, surprisingly, the magnitudes of the potentials were reasgtex interplay between the parameters in this model and the re-
ably similar. Hence, varying, can also explain the change in po-sulting epicardial potential distributions.
tential patterns, but not the change in magnitude. Therefore, the
relative conductivities of blood and tissue are not considered to be
important as changes in the valuexatan account for changes in
morphology and magnitude of the potential distribution. This paper has used a previously proposed bidomain model
Now consider the effects ofand the ratio\;/ ;. It can be of cardiac tissue to study the effects of tissue and blood con-
seen that for a fixed value af, increasinge and decreasing ductivity on the behavior of ST depression and elevation during
A1/ A+ both increase the dimensionless transverse conductivitegendocardial ischemia. The model can be described in terms

V. CONSLUSION
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