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Abstract

Myocardial ischemia is an early clinical indicator
of several underlying cardiac pathologies. Significant
progress has been made in computing body-surface poten-
tials from cardiac sources by solving the forward problem
of electrocardiography. However, the lack of in vivo stud-
ies to validate such computations from ischemic sources
has limited the translational potential of such models. We
have developed a large-animal experimental model that
includes simultaneous recordings within the myocardium,
on the epicardial surface, and on the torso surface during
episodes of acute, controlled ischemia with comprehensive
imaging and subject specific modeling for each animal. We
then identified ischemic sources and used the finite element
method to solve a static bidomain equation on a geometric
model to compute torso surface potentials. Across 33 indi-
vidual heartbeats, the forward computed torso potentials
showed only moderate agreement in both pattern and am-
plitude with Pearson’s correlation coefficient, root mean
squared error, and absolute error varying significantly by
heartbeat (−0.05± 0.19, 0.10± 0.03mV, and 0.11± 0.03
mV, respectively). Qualitative analysis showed a more en-
couraging pattern of elevations and depressions shared by
computed and measured torso potentials. Further studies
will focus on characterizing these sources of error and un-
derstanding how they effect the study results.

1. Introduction

Acute myocardial ischemia is a transient and dynamic
clinical indicator of multiple cardiovascular diseases, in-
cluding coronary artery disease, Takatsobu cardiomyopa-
thy, and coronary artery dissection [1–3]. Myocardial is-
chemia occurs when there is inadequate perfusion to re-
gions of the heart tissue, leading to local oxygen depriva-
tion and accumulation of toxic metabolites [4, 5]. Within

seconds to minutes, the results include changes in ion con-
centrations and cellular pH, which in turn alter the normal
electrical signature of the heart, visible on the body sur-
face through the electrocardiogram. However, electrocar-
diographic detection methods of myocardial ischemia are
poor, with sensitivities ranging from 55–65% [6, 7].

This project had twofold motivation. The first was the
lack of experiments able to capture potentials within the
heart and on the heart and torso surfaces in large mam-
mal models. Such information is necessary to explore re-
lationships between underlying pathophysiology and clin-
ical manifestations. The second motivation is to gen-
erate data to validate both simulations and reconstruc-
tions from ECG imaging (ECGI) of acute ischemia. Our
group has used intramyocardial measurements during is-
chemia that have revealed a novel configuration of the
sources of cardiac potentials during especially nontrans-
mural ischemia.[8] However, we have not previously ac-
quired body surface potentials under these conditions, the
critical link required to translate our results to clinical prac-
tice. We have also carried out simulations of epicardial
and body surface potentials from experimentally derived
ischemic zones. While we have compared these computed
epicardial potentials to measured values obtained during
experiments [9, 10], we had previously been unable to ob-
tain the associated body-surface potentials necessary to
complete this investigation and explore its translational im-
pact. To address the translational shortcomings of previous
preparations, we modified our experimental model to si-
multaneously record electrograms within the myocardium,
and on the heart surface, and ECG’s on the torso surface of
an animal with re-closed chest during controlled episodes
of acute myocardial ischemia [11]. We then incorporated
a homogeneous, isotropic, experiment-specific torso vol-
ume to our forward solution and compared the results to
the experimentally recorded potentials.
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2. Methods

2.1. Animal Experiments

We performed six animal experiments using the ap-
proaches described in [12]. Briefly, intramural cardiac sig-
nals were sampled with needle electrodes comprised of 10
contacts spaced every 1.8 mm along the shaft of the needle.
Each study included 15–25 intramural needle electrodes
placed in the region of the myocardium affected by acute
myocardial ischemia. The heart surface was sampled by a
247-lead epicardial sock array that evenly distributed elec-
trodes within 7–8 mm on the surface of the ventricles. The
torso surface was measured with 72–96 surface electrodes,
depending on the torso surface available. The electrodes
were strips of 12 Ag/AgCl contacts evenly spaced 3 cm
apart. All electrical signals were recorded using a custom
multiplexer and sampled at 1 kHz [10, 12].

Ischemic episodes were induced by varying the coro-
nary blood supply and metabolic demand of the heart.
The supply was modulated using a calibrated hydraulic oc-
cluder placed around the left anterior descending coronary
artery (LAD). The demand of the heart was modulated via
either right atrial pacing or continuous dobutamine infu-
sion. Ischemic episodes lasted 15 minutes, during which
demand was increased every 3 minutes. Following each
ischemic episode, the heart was given time to recover.

Recorded signals were processed using our PFEIFER
signal processing toolkit [13]. The signals were filtered,
baseline corrected, and annotated then regions of ischemia
within the myocardium were identified by elevated local
ST40 potentials i.e., measured at 40% of the ST segment,
above 4.5 mV.

2.2. Image-Based Geometric Model

To create subject-specific models of anatomy and elec-
trode position, we acquired body magnetic resonance im-
ages (MRIs) immediately postmortem using a 3T Prisma
scanner (Siemens Medical). The heart was then ex-
cised, and high-resolution MRIs were obtained using a 7T
Bruker (BIOSPEC 70/30, Billerica, MA), with fast imag-
ing with steady-state precession (FISP), fast low-angle
shot (FLASH), and diffusion tensor (DTI) imaging se-
quences. The DTI images identified principle myocar-
dial fiber orientation vectors that were used in the forward
model solution to define anisotropic longitudinal and trans-
verse conductivity values (shown in table ??). The high-
resolution images were registered to the whole body im-
ages using an affine registration. The sock electrode ar-
ray position was registered to the heart surface using our
GRÖMeR pipeline [14]. The heart, blood, lungs, bones,
and other major anatomical structures were delineated us-
ing the Seg3D segmentation software (SCI, University of

Utah, SLC, USA). A whole body computational model
was then meshed using the Cleaver meshing software (SCI,
University of Utah, SLC, UT).

2.3. Forward Model Solution

The forward model solution was formulated similarly
to our previous studies [9, 10]. To summarize this formu-
lation, the passive biodomain model was used to calculate
the torso surface extracellular potentials shown in equation
1

∇ · (σ̄e + σ̄i)∇φe = −∇ · σ̄i∇Vm, (1)

where σ̄e and σ̄i represent the extracellular and intra-
cellular anisotropic conductivity values, respectively, and
Vm and φe represent transmembrane and extracellular po-
tentials throughout the heart. Experimentally derived is-
chemic zones and healthy zones were assigned transmem-
brane potential values of 35 mV and 0 mV, respectively,
based on experimental patch clamp recordings performed
previously [15]. The border zone between normal and
healthy tissue transitioned using a two phase exponential
decay function described in [16],

VBZ(d) =


Vme

−d2

2σ2 d < S1

Vme
−(S1)2

σ2 (1− d−S1

S2−S1
) S1 ≤ d < S2

0 d ≥ S2

(2)
where Vm is the transmembrane potential, S1 is the dis-
tance at which the border zone function transitions from
Gaussian to linear, and S2 defines the distance at which the
border zone ends. Anisotropic myocardial, and isotropic
blood, and torso conductivities were assigned as described
previously.[17] A no-flow Neumann boundary condition
was applied at the torso surface, and Cauchy bound-
ary conditions were applied at the endocardium and epi-
cardium.

The system of equations was then solved using the linear
finite element model with an iterative solver to compute φe
using a conjugate gradient method with a Jacobi precon-
ditioner within the SCIRun problem-solving environment
(SCI, University of Utah, SLC, USA). Data were visual-
ized using SCIRun and map3d visualization tools (SCI,
University of Utah, SLC, USA).

2.4. Data Analysis

The forward computed torso potentials were compared
with measured torso-surface potentials using both visual-
ization and statistical metrics. Pearson’s correlation coeffi-
cient (PCC), RMS error (RMSE), and absolute error (AE)
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Table 1. Statistics calculated for the 33 beats reported
from the study.

PCC RMSE AE
−0.05± 0.19 0.10± 0.03mV 0.11± 0.03 mV

were used to quantify agreement.

PCC =
E((φ − µφ)(φm − µφm))

SDφcSDφm

RMSE =
√
E((φ − φm)2)

AE = |φc − φm|,

(3)

where φc and φm are the simulated and measured poten-
tials, respectively, and SDφc and SDφm are the standard
deviations of simulated and measured potentials, respec-
tively.

3. Results

A statistical summary from 33 individual beats with
forward-computed and experimentally recorded torso-
surface ST40 potentials are shown in table 1. Qualitative
analysis showed similar patterns between the measured
and computed torso potentials. In general, there was one
distinct site of depression and elevation in both torso maps.
The elevation was located on the left-lateral chest wall and
the depression was over the right and superior torso sur-
faces. Figure 1 shows an example of the measured and
computed torso potentials.

Figure 1. Image of computed and measured potentials on
the torso surface A. Forward-computed ST40 potential val-
ues. B. Experimentally measured ST40 potential values.

4. Discussion

In this study, we compared, for the first time, forward-
computed and experimentally measured torso-surface po-
tentials from bioelectric ischemic sources during an
episode of controlled ischemia. Our qualitative results
showed similar patterns but statistical analysis showed sig-
nificant variability in the forward-computed and experi-
mentally measured values.

Overall, the PCC was lower and the RMSE and AE val-
ues were larger than expected and indicate the need for
improvement. We speculate several key sources of error in
our computation including signal to noise ratio in the torso
surface recordings, registration of electrode and anatomi-
cal locations, assumptions about torso conductivities, and
assigning the “transition zone” between ischemic and non-
ischemic tissues. First, there was significant noise within
our recorded torso surface signals. When measuring very
small (100–200 µV amplitudes of ST segment deflection),
small amounts of noise can significantly perturb the calcu-
lated ST40 value. Next, our registration of heart position
and electrode locations introduced possibilities for signifi-
cant error. The MRI imaging on which the model construc-
tion is based, occurred shortly after the experiment with a
static torso and deflated lungs. The resulting torso maps
showed a spatial shift between measured and computed
potentials that could originate from a poor initial registra-
tion. To mitigate these errors we will use optimization ap-
proaches to quantify where sources of registration error ex-
ist and determine if these errors are significantly perturbing
the computed potentials. Next, previous studies have in-
corporated other tissue conductivities within the torso, e.g.,
lungs. We suspect that regional changes in conductivities
could have contributed to shape variations of depressions
and elevations on the torso. Finally, our current model of
the transition zone between normal and ischemic tissues
assumes a uniform voltage step over the entire boundary
between the ischemic and healthy tissue. However, our ex-
tracellular recordings show substantial variation over this
zone, suggesting that a uniform transition zone does not
adequately characterize the complex nature of ischemic
sources. We speculate that incorporating a variable tran-
sition between ischemic and healthy tissue based on extra-
cellular recordings will improve the accuracy of the com-
puted potentials.

Future work will incorporate non-uniform border zone
based on experimental recordings by creating a mapping
between measured extracellular potentials and assigned
transmembrane potentials. We will also incorporate torso
conductivity inhomogeneities by adding lungs identified
from our whole-body imaging. Finally, we will also in-
crease the number of experiments for more in-depth anal-
ysis. Achieving acceptable fidelity of the forward solution
using this preparation will then allow exploration of the
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associated ECG imaging reconstructions and advance the
field.
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