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Abstract

Electrocardiographic imaging (ECGI) based detection
of myocardial ischemia requires an accurate formulation
of the source model, which includes a relationship between
extracellular and transmembrane potentials (TMPs). In
this study, we used high-resolution intramural experimen-
tal recordings and forward modeling to examine the rela-
tionship between extracellular potentials and TMPs during
myocardial ischemia. We measured extracellular electro-
grams from intramural plunge needle arrays during seven
controlled ischemia episodes in an animal model. We
used three TMP source representations: (1) parameterized
and distance-based (defined previously), (2) extracellular-
based linear transform, and (3) extracellular-based sig-
moidal transform. TMPs for each source formulation were
then used to compute extracellular potentials by calculat-
ing the passive bidomain forward solution throughout the
myocardium. We compared measured and computed po-
tentials. Linear and sigmoidal approaches produced im-
proved results compared to the parameterized method. The
RMSE, SC, and TC of linear, sigmoidal, and parameter-
ized methods were 0.85 mV, 1.21 mV, and 3.37 mV; 0.91,
0.88, and 0.47; 0.90, 0.77, and 0.33 respectively. We
found extracellular-based calculations of TMPs produced
superior forward computations compared to parameter-
ized zones.

1. Introduction

Acute myocardial ischemia is a highly complex patho-
physiological event that develops from reduced myocardial
perfusion. This reduced perfusion leads to a deficit in nec-
essary nutrients and a build-up of toxic metabolites within
the cardiac tissue. These pathological changes alter car-
diac electrical activity and increase the likelihood of car-
diac arrhythmias or sudden cardiac death.[1] The patho-

logical cellular alterations that occur during ischemia are
well understood; however, tissue and whole-heart level is-
chemic development is complex, multifaceted, and diffi-
cult to predict. [2]

To improve our understanding of ischemic development
at the whole-heart level, computational models have been
developed that solve forward problems of electrocardiog-
raphy. These solutions can compute ischemic bioelectric
potentials within the heart, on the heart surface, or over the
torso surface using conductivity values, geometric mod-
els, and a representation of the ischemic source. Our re-
cent studies have used one such approach with experimen-
tally derived ischemic zones to compute ischemic poten-
tials on the heart and torso surfaces.[3, 4] These methods
use the passive bidomain formulation of the forward prob-
lem of ischemia, in which the ischemic source captures
known alterations in transmembrane potentials (TMP’s),
parameterized with a threshold-distance based approach
from experimentally recorded extracellular potentials. The
threshold-distance approach emulates ischemic zones by
thresholding extracellular potentials recorded during the
ST segment to identify ischemic cores. The transition
zone between the ischemic core and healthy tissue is then
modeled using a distance-based decay of TMP amplitude.
The threshold-distance parameterization assumes all my-
ocardial ischemia has such a central core with extracellu-
lar potentials during the ST segment that exceed an ab-
solute threshold value; it also assumes that the transition
zone extends isotropically a set distance from the ischemic
core independent of location, anatomy, or cardiac fiber ori-
entation. These assumptions produce models that ignore
key features about acute myocardial ischemia and may fail
to capture the temporal and spatial complexity seen ex-
perimentally, which limits the predictive accuracy of the
model.

To improve the accuracy of forward computed ischemic
potentials, we developed two novel extracellular-based pa-
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rameterizations, which we designed to capture the spa-
tial and temporal complexity of acute ischemia through-
out its development. We identified two transfer functions
to assign a TMP value for extracellular potential values
recorded nearby. To validate our method, we compared the
measured and forward computed intramural potentials us-
ing the threshold-distance and the novel extracellular TMP
parameterization methods. We found a significant spatial
and temporal improvement in computed potentials using
the novel extracellular-based parameterizations.

2. Methods

Forward Problem: We modeled myocardial ischemia
using the passive bidomain formulation described previ-
ously.[5, 6] Briefly, this method uses transmembrane po-
tentials (Φm) as the source and solves for extracellular po-
tentials (Φe) throughout the myocardium with the equation

∇ · (σi∇Φm) = −∇ · (σh∇Φe), (1)

where σe is extracellular conductivity, σi is intracellular
conductivity, and σh = σe + σi with σh representing bulk
myocardial conductivity. Conductivity tensors were con-
structed from measured principal fiber directions and pre-
viously determined conductivity ratios.[3, 4]

TMP Parameterizations: TMP values (Φm) were pa-
rameterized using both the threshold-distance and novel
extracellular approaches. In short, the threshold-distance
approach used extracellular ST40% potential threshold of
4.5 mV to isolate ischemic cores from recorded extracellu-
lar potentials within the myocardium. The difference be-
tween ischemic and healthy tissue TMP’s was set to 35 mV.
A distance-based decay of TMP’s was applied based on
a piecewise function from the ischemic core boundary to
11 mm into the myocardium (figure 1 panel A.). [7] The
novel extracellar approach did not assume any spatial vari-
ation but rather an explicit dependence of drop in trans-
membrane potential to measured extracellular potential at
the ST segment. We specifically applied both linear and
sigmoid transfer functions to relate these values, as shown
in figure 1 panel B.

Experimental Dataset: The measured electrograms
were acquired using a method described previously.[8].
Briefly, an in situ pig heart was instrumented with 20 intra-
mural plunge needle recording arrays, each with ten elec-
trodes spaced 1.8 mm apart along the shaft of the needle.
Electrodes were sampled simultaneously using a digital
multiplexer at 1 kHz. Resulting unipolar signals were fil-
tered, baseline corrected, and fiducialized using the open-
source PFEIFER software.[9]

Controlled acute myocardial ischemia was induced via
decreasing perfusion and increasing myocardial stress.
Perfusion was reduced by 90% using a surgically placed

Figure 1. Ischemic changes in TMP ampitude. A. Transfer
function between the measured extracellular potential during the ST seg-
ment and transmembrane potentials (in mV) B. Distance based approach
to reduced TMP amplitude during ischemia

hydraulic occluder around the left anterior descending
coronary artery (LAD). Myocardial stress was induced us-
ing electrical pacing and pharmacological stimulation to
mimic a clinical cardiac stress tests. We identified is-
chemia from changes to the measured potentials 40% into
the ST segment.

The geometric models were constructed from high-
resolution magnetic resonance imaging (MRI) of the ex-
planted, fixed heart. Myocardial structures and needle
electrode locations were segmented from the MRI using
the Seg3d open-source software www.seg3d.org and
meshed using the Cleaver software. Principle fiber direc-
tions were calculated from separate MRI scans using dif-
fusion tensor imaging (DTI).

Evaluation Metrics: Metrics included spatial corre-
lation (SC), temporal correlation (TC), and root-mean-
square error (RMSE) to assess differences between mea-
sured and forward-computed needle electrode extracellu-
lar potentials, as described previously.[10] The temporal
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correlation examines the correlation between the signals
averaged across all electrodes. The spatial correlation ex-
amines the correlation averaged across all time instances.

3. Results

ST40% potentials were measured and computed across
seven individual episodes of acute myocardial ischemia
from 400 selected heart beats. Forward solutions were
computed from TMPs parameterized with each of the
proposed methods (threshold-distance, extracellular linear,
and extracellular sigmoid based), and compared on the in-
tramural needle electrode nodes. Figure 2 shows an exam-
ple of measured vs. forward computed potentials using all
three methods. As shown, the threshold-distance approach
produced large spherical regions with isotropic decay of is-
chemic to healthy tissue over a set distance. Extracellular
linear has significant variation, matching the measured po-
tentials. From the statistics across all measurement nodes
and times in table 1, both linear and sigmoid approaches
significantly improved the correlation and RMSE metrics
of the threshold distance approach. The linear method per-
formed the best, with a spatial correlation of 0.91, temporal
correlation of 0.90, and RMSE of 0.85 mV. The Threshold-
distance-based method performed the worst with a spatial
correlation of 0.47, temporal correlation of 0.33, and an
RMSE of 3.37 mV.

Table 1. Global performance metrics of temporal correlation (TC),
spatial correlation (SC), and root mean squared error (RMSE) (mV)
across all ischemic episodes.

Threshold-distance Linear Sigmoid
RMSE 3.37 0.85 1.21

SC 0.47 0.91 0.88
TC 0.33 0.90 0.77

4. Discussion

We hypothesized that the novel extracellular-based TMP
parameterization would produce more accurate forward
computed ischemic potentials than the current threshold-
distance-based approaches. The results based on experi-
mental recordings confirmed our hypothesis and showed
significant increases—up to 0.5—in the temporal and spa-
tial correlation values and a significant decrease in RMSE
of over one mV using extracellular-based approaches com-
pared to the threshold-distance approach. We found rela-
tively small differences between the linear and sigmoidal
transfer functions, which we consider negligible com-
pared to the significant improvements over the threshold-
distance approach. Using an extracellular-based parame-
terization highlights the need for a more sophisticated ap-

proach to parameterize TMPs and improve the calculation
of ischemic potentials.

In this study we observed complex spatial patterns of
ischemic zones that were not reproduced well by the
threshold-distance based parameterization. The threshold-
distance approach seeks to simplify parameterization of is-
chemia by assuming an ischemic core region surrounded
by a small transition zone based on a set distance from
the core boundary. This method created large spherical
zones throughout the myocardium, which did not match
the measured ischemic potentials. Specifically we found
significant amounts of moderately ischemic tissue without
central cores and in spatially complex patterns not cap-
tured by setting a binary threshold. Our findings show
that during their development, ischemic zones do not have
‘central cores’ and will be misidentified as ‘normal’ by the
threshold-distance-based parameterizations.

We also note the threshold-distance-based decay applied
isotropically from the ischemic core boundary is a fun-
damentally questionable assumption. The combination of
cellular connectivity and myocardial fiber direction makes
it unlikely that the transition region between healthy and
ischemic tissue is dependent only on myocardial structures
and anatomy. Figure 2 shows the anisotropic nature of the
transition zone depending on the anatomical location. Fu-
ture projects will explore which anatomical variables are
essential to capture this anisotropic development.

Another key observation was the dynamic temporal is-
chemic development. Conventional approaches have fo-
cused on computing potentials during severe ischemia. In
this study, we applied our parameterization approach from
the start to the end of multiple graded ischemic episodes.
We found the threshold-distance parameterization pro-
duced low temporal correlation values, especially early in
the interventions. Specifically, we showed the temporal
performance of the threshold-distance method to be 0.33
throughout all ischemic episodes. Using the extracellular-
potential-based approach, we correctly identified ‘interme-
diate’ ischemia throughout an ischemic episode with tem-
poral correlations above 0.80. This observation highlights
the dynamic nature of ischemia and the complexity intro-
duced during transient cardiac stress.

This study has some limitations. We used an experimen-
tal model which may not mimic human physiology and is-
chemia development perfectly. Additionally, we had lim-
ited access to place plunge needle arrays and prioritized
sampling in the presumed perfusion bed. [11]

This study lays the groundwork for several important fu-
ture projects. First, our modified source representation of
ischemia in the forward model can be used as a building
block to improve the localization of ischemia from body
surface electrodes and the inverse model, i.e., electrocar-
diographic imaging. Better non-invasive detection of is-
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Figure 2. Example extracellular measured and computed ischemic potentials based on all three parameterization methods. Measurements were taken
early in the ischemic episode, when only small amounts of ischemia was present.

chemia would enable more accurate patient risk stratifi-
cation and help guide treatment. Our results also high-
light the critical transient and dynamic physiological fea-
tures of acute myocardial ischemia and the need to care-
fully examine ischemia using multiple modeling, experi-
mental, and clinical approaches. Additionally, our results
will contribute to ongoing projects attempting to simulate
acute myocardial ischemia in patient-specific modeling ap-
plications, which could also be used for risk stratification,
diagnosis, and treatment planning.
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