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Objective:Test the hypothesis that exercise and pharmacological cardiac stressors create different electrical ische-
mic signatures.
Introduction: Current clinical stress tests for detecting ischemia lack sensitivity and specificity. One unexplored

source of the poor detection is whether pharmacological stimulation and regulated exercise produce identical
cardiac stress.
Methods: We used a porcine model of acute myocardial ischemia in which animals were instrumented with
transmural plunge-needle electrodes, an epicardial sock array, and torso arrays to simultaneously measure car-
diac electrical signals within the heart wall, the epicardial surface, and the torso surface, respectively. Ischemic
stress via simulated exercise and pharmacological stimulation were created with rapid electrical pacing and do-
butamine infusion, respectively, and mimicked clinical stress tests of five 3-minute stages. Perfusion to themyo-
cardiumwas regulated by a hydraulic occluder around the left anterior descending coronary artery. Ischemiawas
measured as deflections to the ST-segment on ECGs and electrograms.
Results: Across eight experiments with 30 (14 simulated exercise and 16 dobutamine) ischemic interventions,
the spatial correlations between exercise and pharmacological stress diverged at stage three or four during inter-
ventions (p < 0.05). We found more detectable ST-segment changes on the epicardial surface during simulated
exercise than with dobutamine (p < 0.05). The intramyocardial ischemia formed during simulated exercise had
larger ST40 potential gradient magnitudes (p < 0.05).
Conclusion:We found significant differences on the epicardiumbetween cardiac stress types using our experimental
model, which became more pronounced at the end stages of each test. A possible mechanism for these differences
was the larger ST40 potential gradient magnitudes within themyocardium during exercise. The presence of micro-
vascular dysfunction during exercise and its absence during dobutamine stress may explain these differences.

© 2021 Elsevier Inc. All rights reserved.
Introduction

Acute myocardial ischemia is the most common cause of chest
pain and indicates many different pathologies, including Takotsubo
m; ECGI, electrocardiographic
r descending coronary artery;
e imaging; PVC, premature ven-
hic Imaging.
T 84112, USA.

).
cardiomyopathy, myocardial infarction, coronary artery disease, or cor-
onary artery spasm [1,2]. Acute myocardial ischemia occurs in regions
with inadequate perfusion, and is routinely identified noninvasively
with a cardiac stress test. Cardiac stress tests monitor heart function
through a 12-lead electrocardiogram (ECG) or imaging modality (i.e.,
MRI or ultrasound) during increasing cardiovascular effort [1,3,4]. Clin-
ically, the effort consists of a graded cardiac stressor, such as pharmaco-
logical stimulants or regulated exercise. Despite their ubiquity, the
sensitivity and specificity of cardiac stress tests to acute myocardial is-
chemia are persistently poor, with the exercise stress tests using ECG
monitoring around 55% and 65% and the dobutamine stress test using

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelectrocard.2021.07.009&domain=pdf
https://doi.org/10.1016/j.jelectrocard.2021.07.009
mailto:brian.zenger@hsc.utah.edu
https://doi.org/10.1016/j.jelectrocard.2021.07.009
http://www.sciencedirect.com/science/journal/
www.jecgonline.com


Fig. 1.Measurement domains and electrode configurations. A. Intramural plunge needle
arrays in both physical form (left) and rendered (red) within the three-dimensional
geometric model of the heart (right) B. Epicardial sock electrode array in both physical
form (left) and registered to geometric model of the heart (right) C. Torso surface
potential electrode strips in both physical form (left) and registered to the geometric
model of the torso surface (right).
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ultrasound imaging (echocardiography) around 85% and 80%, respec-
tively [1,3,4]. The poor detection or misdiagnosis of ischemia can lead
to several adverse consequences, including accelerated cardiac decom-
pensation or unnecessary procedural interventions.

One possible and unexplored source of this inadequate detection is dif-
ferences between cardiac stress types. Cardiac stress is induced clinically
using regulated exercise via treadmillwalking or pharmacological stimula-
tion via dobutamine infusion [4]. Dobutamine infusion stimulates the
heart through beta-1 receptors to increase heart contractility and heart
rate [5]. Regulated exercise stimulates the heart by decreasing vagal
tone, increasing sympathetic stimulation, and increasing cardiac preload.
Both stress methods follow explicitly defined clinical protocols. Despite
the obviousmechanistic differences between pharmacological stimulation
and exercise, few studies have directly compared the different stress types
directly at high spatial resolution and in three dimensions. Most previous
studies have compared the sensitivity and specificity of detecting ischemia
using exercise with ECG and dobutamine with ultrasound echocar-
diography (echo)[4,6–8]. These studies report variable ranges of sensitiv-
ity and specificity, with the majority showing dobutamine with echo
outperforming exercise with ECG. Some studies have examined 12-lead
ECG measurements during both exercise and dobutamine stress. These
studies found exercise to be significantly more sensitive and specific
than dobutamine [9]. However, the authors were unable to offer a clear
explanation for these differences because of the limited resolution of the
12-lead ECG. Most of these previous studies found differences in the diag-
nostic performance between the two cardiac stressors. However, the
nature and possible mechanisms for this difference have not been well
characterized in an experimental or clinical setting.

Recent advancements in large-animal experimental models of acute
myocardial ischemia have made it possible to examine electrical changes
during a controlled ischemic episode with high-resolution recording ar-
rays. The biophysical basis for detecting myocardial ischemia electrically
is well characterized. Remote recording electrodes measure potentials
created by current flowing within the myocardium. Increased current
drives increased potential measurements. In a healthy heart, no current
should be flowing during the ST-segment. However, ischemic changes
to cardiomyocyte action potentials create potential differences between
ischemic and healthy tissue [10–12]. Under these conditions, passive cur-
rent, also called injury current, flows from the relatively positive healthy
tissue to the relatively negative ischemic tissue during the ST segment.
[13]. Injury current appears as positive or negative deflections to the ST
segment from remote recording electrodes. Injury current increases
with larger potential gradients between healthy and ischemic tissue.

The goal of this studywas to characterize the differences in the electri-
cal signatures of ischemia induced via dobutamine and simulated exercise
fromhigh-resolution electrocardiographicmapping in a controlled exper-
imental model. We chose to assess electrical changes because of their
ubiquity in clinical practice and, at least at the cellular level, there is a pre-
cise biophysicalmechanism for ischemic changes. Based on previous clin-
ical studies, we hypothesized a significant difference in the ischemia
developed between dobutamine and simulated exercise. We tested
this hypothesis using a novel large-animal experimental preparation of
acute myocardial ischemia to simulate repeated clinical cardiac stress
tests under controlled conditions.We recorded the electrical signals of is-
chemia at high resolution (over 600 electrodes)within the heart wall (in-
tramural), on the heart surface (epicardial), and on the torso surface. We
identified ischemic signatures based on changes to the ST-segment po-
tentials (ST40%) of electrograms (measured within the heart or on the
heart surface) or electrocardiograms (measured on the torso surface).

Methods

Experimental preparation

Animal model selection and surgical procedure
The experimental preparation used in this study has been described previously in

Zenger et al. [14]. Briefly, we used 30 kg male and female Yucatan minipigs because of
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their similar cardiovascular structure to humans and validated use in previous acutemyo-
cardial ischemia studies [14]. Amidline sternotomywas performed to expose the anterior
surface of the heart. The heart was suspended in a pericardial cradle, and the left anterior
descending coronary artery was exposed and a hydraulic occluder was placed around the
vessel. Recording arrays described below were then placed. The pericardium and chest
wall were then sutured closed and checked for residual air. The animals were purpose-
bred for use in experimental research. All studies were approved by the Institutional An-
imal Care and Use Committee at the University of Utah and conformed to the Guide for
Care and Use of Laboratory Animals (protocol number 17-04016 approved on 05/17/
2017).

Recording arrays
Recording arrays sampled electrical signatures within the heart wall (intramural), on

the heart surface (epicardial), and on the torso surface. Each intramural plunge needle
array recorded extracellular potentials at 10 depths, 1.6 mm apart. For each experiment,
20–30 needleswere placed in the anterior ventricularmyocardium. The epicardial sock re-
corded at 247 sites around both ventricleswith approximately 6.6mm2 resolution. Finally,
vertical torso strips were aligned cranial to caudal on the torso surface. Each strip had 12
electrodes, spaced 3 cm apart, and eight vertical strips were placed on the anterior torso
for each experiment (Fig. 1). All signals were recorded with a custom signal acquisition
system, which low-pass filtered, gain adjusted, and recorded up to 1024 channels at 1
kHz [15].

Cardiac stress test protocols

We simulated cardiac stress tests bymimicking clinical protocols. Each simulated car-
diac stress test, or intervention, lasted up to 15 min, broken into five 3-min stages. Inter-
ventions were terminated if mean arterial blood pressure dropped more than 30 mmHg
from baseline or a series of three or more PVCs occurred. We performed two simulated



Table 1
Dobutamine infusion rates and heart rate increase by stage within an
intervention.

Stage Dobutamine infusion
rate (μg/(kg*min))

Heart rate above
resting (bpm)

1 5 37
2 10 55
3 20 76
4 30 91
5 40 102
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exercise and two dobutamine stress tests per animal. Both cardiac stressors were used in
each animal to compare under identical physiological circumstances while controlling for
animal-to-animal variability. The order of interventions (i.e., dobutamine or simulated ex-
ercise occurringfirst) variedbetween experiments. A 30-min rest period preceded each is-
chemic intervention, which has been previously shown as adequate time for the heart to
return to baseline [14]. Fig. 2 shows an example of signals acquired from an intramural re-
cording electrode throughout an ischemic intervention. To reduce the effects of ischemic
preconditioning, two normalization ischemia protocolswere induced prior to recorded is-
chemic episodes. Each normalization episode lasted 10 min with occlusion and pacing.

Simulated cardiac stress
To simulate exercise stress on the heart, we paced from the right atrium at set levels

above resting heart rate. The levels were based on clinical Bruce exercise stress tests
shown in Table 1 and were held constant throughout each stage [16]. Pacing has been
shown to produce similar ECG responses compared to exercise and is themost similar an-
alog to exercise considering the experimental preparation [17–19]. No studies to our
knowledge have performed high-resolution comparisons of pacing and exercise cardiac
stress. To replicate clinical pharmacological stimulation, we used the dobutamine infusion
protocols shown in Table 1. The infusion rate was held constant throughout each stage
[20].

Hydraulic vessel occlusion
Perfusion deficitswere createdbyplacing a hydraulic occluder around the left anterior

descending (LAD) coronary artery. The occluder controllably reduced the cross-sectional
area of the LAD by 50–90%. For each experiment, the tolerated occlusion amount was de-
termined based on cardiovascular stability (i.e., maintaining sinus rhythm without trains
of three or more premature ventricular contractions) and held constant throughout each
ischemic intervention. Occlusion was relaxed completely during rest periods.

Signal processing

Quantification of ischemia
Signals (electrograms and electrocardiograms) were referenced to Wilson's central

terminal, digitally processed, and fiducialized using the open-source PFEIFER platform
[21]. Signals with unacceptable noise were manually identified and removed in the intra-
mural case or reconstructed via Laplacian interpolation from the surrounding electrode
neighborhood in the epicardial and torso surface cases. ST segment changes were used
as local indicators for acutemyocardial ischemia and chosen because of the regular clinical
use and strong biophysical mechanism for indicating ischemia [12,22]. Specifically, for
each beat, we identified the potential value at 40% of the ST segment duration (ST40%)
and averaged the values over a ±5 ms window to reduce noise or signal artifacts. The
ST40% potentials for each stage were determined from recordings at the end of each
stage (i.e., each 3-min interval) to allow for the ischemia to reach a steady-state with con-
sistent cardiac stress. Fig. 2 shows an example of the ST40% values on intramural electro-
grams as well as the sampling time points during an ischemic intervention. For torso
surface recordings, we found that signals from the inferior end of each strip extended sig-
nificantly into the abdomen across all animals and showed very little cardiac signal. There-
fore, we removed the bottom two electrodes from each strip used in the analysis.

Geometric model generation
Following each experiment, animals were imaged postmortem in a 3-TeslaMRI scan-

ner (Siemens Medical, Erlangen, Germany) from which the thorax as well as the needle,
Fig. 2. Sample electrograms during a single episode of ischemia. A. The colormap applied to the e
the ends of each stage, when we captured signals representative of the stage. B. Example elect
markers indicate the ST40% potential values extracted from each of the electrograms captured
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sock, and torso electrodes could be imaged. Following the full-thorax scan, the heart
was removed, fixed, and scanned at submillimeter resolution using a 7-TeslaMRI scanner
(Bruker BIOSPEC 70/30, Billerica, MA). By first segmenting (using the Seg3D software,
https://www.sci.utah.edu/cibc-software/seg3d) and then merging the elements from
the two MRI scans, we could construct geometric tetrahedral models using our Cleaver
meshing software (https://www.sci.utah.edu/software/cleaver). Further aligning and
electrode location refinementwere implemented using the GRÖMER registration pipeline
[23]. For intramural volumetric analyses, ST40 potentialswere interpolated from intramu-
ral measurement nodes throughout the high-resolution mesh using thin-plate spline ra-
dial basis functions. Visualizations were performed using the map3d (https://www.sci.
utah.edu/software/map3d) and SCIRun (https://www.sci.utah.edu/cibc-software/scirun)
open-source software packages and MATLAB (Mathworks, MA, USA).

Comparisons of ischemic electrical responses

ST40 potential values were extracted and compared at the end of each stage through-
out an ischemic intervention as shown in Fig. 2. Pairwise correlation metrics were calcu-
lated between all dobutamine and pacing interventions within the same animal
experiment. In a typical scenario, two simulated exercise and two dobutamine interven-
tionswereperformedduring an experiment. Four correlation coefficientswere then calcu-
lated at each time point (dobutamine one vs. simulated exercise one, dobutamine one vs.
simulated exercise two, dobutamine two vs. simulated exercise one, dobutamine two vs.
simulated exercise two). Pairwise correlation values were not calculated between inter-
ventions from other experiments. We also calculated general intervention characteristic
variables and compared them across interventions and experiments.

Spatial correlation of ischemic signatures
We compared ischemic signatures of simulated exercise to dobutamine stress tests

using spatial correlation, which captures similarities of patterns within a recording do-
main (i.e., intramural, epicardial, and torso surface) between two intervention types.

Clinically detectable ST40 changes on remote recording arrays
Wealso assessed thepresence of clinically detectable ST40 changes,whichwedefined

as ST40 potential shifts above or below set threshold values. Epicardial sock thresholds
were set to potentials above 1 mV or below −0.5 mV based on the ratio between the
QRS amplitude and ST-elevation thresholds used clinically. Torso-surface signal amplitude
varied drastically; therefore, we thresholded the clinical signal to be two standard devia-
tions above or below the mean ST40 potentials acquired during control recordings (no
lectrograms, showing the stageswithin a single episode of ischemiawith arrows indicating
rograms from an intramural electrode during a dobutamine ischemic intervention. Purple
at the end of the five stages.

https://www.sci.utah.edu/cibc-software/seg3d
https://www.sci.utah.edu/software/cleaver
https://www.sci.utah.edu/software/map3d
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ischemia).We then compared the number of electrodes above and below threshold in do-
butamine and simulated exercise interventions.

Intramural volume analysis
Interpolated ST40 potentialswithin the tissue volume provided ameans to identify is-

chemic zones, whichwere defined as ST40 potentials above 1mV.We then computed the
volume of these ischemic zone and compared differences in absolute ischemic-zone vol-
ume between dobutamine and simulated exercise interventions.

Ischemic zone dice overlap
Using the ischemic zones, we calculated theDice overlap coefficient, which provides a

normalized measure, between 0 and 1, of overlap between two volumes [24]. In this case,
we computed the Dice overlaps between ischemic zones created from different interven-
tion types. Excellent overlap is above 0.8, moderate above 0.6, and poor below 0.6 [24].

Intramural ST40-potential gradient magnitude analysis
Again using the interpolated ST40 potentials, we computed the gradient of electrical

potential throughout the myocardial region sampled by the intramural plunge needles.
To compare dobutamine and simulated exercise interventions, we averaged the top quar-
tile of gradient magnitudes for each intervention type. We then compared differences in
top quartile gradient magnitude between stress types throughout the experiments.

Statistical variability analysis of all calculated metrics
To compare intervention characteristic variables (i.e., ischemic volume, gradientmag-

nitudes, and clinical signal detection) for statistical differences, we performed a random
effects multilevel regression analysis, which compensated for repeated measures within
one animal experiment. We also statistically compared the correlationmetrics that inher-
ently computed differences between dobutamine and simulated exercise interventions
(i.e., spatial correlation and Dice overlap correlation). For correlation metrics, we deter-
mined if the computed correlation values between different intervention types were
within the variability of computed correlations for identical intervention types. This anal-
ysis determines if the changes in the correlation metrics were significantly different com-
pared to the intrinsic variability of interventions. Again, we performed a random effects
multilevel regression to compensate for repeatedmeasureswithin subjects. Statistical sig-
nificance was defined as p < 0.05. The plots generated show the mean with the standard
error unless otherwise noted. Statistical analysis was performed using STATA 16.1 stats
software package (StatCorp, TX, USA).

Results

For this study, we used eight animals and performed 30 ischemic interventions (14
simulated exercise and 16 dobutamine). Two simulated exercise interventions were not
performed because animals died from arrhythmic events prior to the final intervention.
Fig. 3 shows example ST40 potentials mapped within the myocardium, on the epicardial
surface, and on the torso surface during stage five (peak ischemia) of each cardiac stress
type. The locations of elevated ischemic potentials were similar at multiple myocardial
cross sections between dobutamine and simulated exercise interventions. The spatial cor-
relation value comparing these intramural signals was 0.64, and the Dice overlap coeffi-
cient was 0.72. In this example figure, the positive amplitudes in the simulated exercise
were markedly increased compared to dobutamine interventions (15 mV vs. 5 mV,
Fig. 3. Sample measured ST40 potentials. Row 1: Simulated exercise intervention stage 5. Row
intromyocardial recording arrays at different basal/apical levels. Column 3: Epicardial sock pot
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respectively). Ischemic signatures were also larger in amplitude on the epicardial surface
during simulated exercise, with higher and lower extrema than during dobutamine stress
(−3.5 mV to 3.5 mV vs. −1 mV to 2 mV, respectively). The epicardial spatial correlation
between these two interventions was low at 0.02. Finally, the torso-surface potentials
showedmarked elevations during simulated exercise that were not present during dobu-
tamine, and the spatial correlation was 0.79.

Spatial correlation of ischemic signatures

We assessed aggregated spatial correlations to compare the two cardiac stress types
based on the ST40 values from the intramural, epicardial, and torso-surface signals. As
shown in Fig. 4 in red, the spatial correlation dropped substantially between different in-
tervention types across all recording domains through all stages of the ischemic interven-
tions. Specifically, at the end of stage one, the spatial correlation remained high (above
0.75) across all experiments. At stages two to three, the spatial correlation dropped in
the intramural (0.75 to 0.6), epicardial (0.85 to 0.6), and torso surface (from 0.8 to 0.6) re-
cordings. At the end of stage five, themean spatial correlationwas below0.6 across all sur-
faces, with the epicardial surface spatial correlation at 0.2. These results show a decreased
similarity of the ischemic signature patterns for different cardiac stressors across the intra-
mural, epicardial, and torso domains as the intervention progresses (i.e., from stage 1 to 5).

We also performed a statistical variability analysis to determine if the spatial correla-
tions comparing different cardiac stress typeswere similar to the spatial correlations com-
paring identical cardiac stress types. As shown in Fig. 4, the identical comparisons had
spatial correlations that remained above 0.7 throughout the interventions (blue).The spa-
tial correlations between different intervention typeswere significantly lower than spatial
correlations between identical intervention types. Statistical significance was identified in
all stages for the needle measurements, all stages for the sock measurement, and stages
one, four, and five for the torso measurements (p < 0.05 for all). These results show that
spatial correlations between different cardiac stress types were significantly lower than
spatial correlations of identical stress types throughout ischemic interventions.

Detectable signal on the epicardial and torso surfaces

We also examined a ‘clinically detectable signal’ on the epicardial and torso surfaces.
The detectable signals used threshold cutoffs described in “Comparisons of ischemic elec-
trical responses” section, fromwhichwe counted the numbers of electrodes that exceeded
these thresholds.We observed no significant difference among the numbers of electrodes
with detectable clinical signals during stages one through three on the epicardial surface
(Fig. 5, p > 0.05). We found significantly more detectable electrodes during stages four
and five during simulated exercise compared to dobutamine on the epicardium (stage 4
simulated exercise = 60 electrodes and stage 4 dobutamine = 15 electrodes p < 0.05,
stage 5 simulated exercise = 80 electrodes and stage 5 dobutamine = 18 electrodes p
< 0.05).

On the torso surface, no differences were found between the number of electrodes
throughout the entire intervention (p > 0.05 for all). On average, dobutamine and simu-
lated exercise interventions induced clinical signals in 20 to 30 torso electrodes. The num-
ber of clinically identifiable electrodes did not varymarkedly between stages two through
five. The standard error was large (approximately 10 electrodes) throughout stages two
through five for both intervention types.
2: Dobutamine intervention stage 5. Columns 1 and 2: Interpolated ST40 potentials from
entials. Column 4: Torso surface potentials.



Fig. 4. Summary of spatial correlation values across all experiments comparing different cardiac stress types (dobutamine and simulated exercise). Red lines are average spatial correlation
values comparing different intervention types. Blue lines are average spatial correlation values of identical intervention types. Black stars indicate statistically significant differences
between identical and different spatial correlation calculations. Error bars are derived from standard error calculations.

Fig. 5.Mean number of electrodes with detectable clinical signal on the epicardial (A) and torso surfaces (B). Blue lines indicate simulated exercise interventions and red lines indicate
dobutamine intervention. Error bars are standard error calculations. Black stars indicate significant differences between intervention types (p < 0.05).
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Fig. 7. Average ischemic zone volumetric Dice overlap coefficients from intramyocardial
electrodes recordings. Blue lines represent dice coefficients calculated between identical
intervention types, and red lines represent dice coefficients calculated between different
intervention types. Black stars indicate significant differences between identical and
different dice coefficient distributions (p < 0.05).
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Intramural signal analysis

To determine the underlyingmechanisms for the differences noted between ischemic
signatures, we assessed the differences of ischemic potentials within the myocardium.

Ischemic zone volume
Using interpolated intramyocardial ST40 potentials, we assessed the changes in ische-

mic zone volume throughout the ischemic interventions (Fig. 6). The volume increased in
stage three of the ischemic interventions (mean up to 20,000mm3), then for dobutamine
dropped in stage 4 to amounts similar to stage one (mean 18,000 mm3), and then rose
again to slightly elevated levels (19,000 mm3). For simulated exercise, the values rose
gradually to peak at stage 4 and then returned to slightly elevated values (18,000 mm3

vs. 16,000mm3).We did not identify any significant differences between the dobutamine
or simulated exercise ischemic volume throughout an intervention (p> 0.05). From these
results, we concluded therewas no difference between ischemic zone volume induced via
dobutamine or simulated exercise throughout the interventions.

Dice overlap
Dice overlap coefficients, which compare the spatial distribution of ischemic volumes

within themyocardium (Fig. 7), showed a decreasing trend of both identical and different
comparisons throughout the interventions. Specifically, Dice coefficients calculated com-
paring identical intervention types decreased from 0.85 and 0.75, and different compari-
sons decreased from 0.75 to 0.58. Statistical differences between different and identical
Dice coefficient comparisons were noted at every stage throughout an intervention (p <
0.05 for all).

Intramural gradient magnitudes
Fig. 8 shows results of the magnitude of ischemic gradients (in mV/mm) calculated

from intramyocardial ST40 values. Gradient magnitudes in both dobutamine and simu-
lated exercise interventions varied over time (between 0.65 mV/mm and 0.93 mV/mm);
however, the temporal patterns differed for the two stress types. Dobutamine gradient
magnitudes initially increased to 0.85 mv/mm, but then dropped to 0.7 mV/mm, which
contrasted with the results from simulated exercise. Gradients for exercise increased ini-
tially as well, but then remained constant at approx. 0.9 mV/mm for stages two through
five. Simulated exercise interventions produced significantly larger gradient magnitudes
than dobutamine interventions during stages four and five (p < 0.05).

Data availability

The explicit data used in this study are available through thefigshare online repository
at https://doi.org/10.6084/m9.figshare.14150057 and https://doi.org/10.6084/m9.
figshare.14150069.

Discussion

The goal of this studywas to test the hypothesis that significant differ-
ences exist between ischemia induced by dobutamine and simulated ex-
ercise cardiac stress. Our experimental model simulated partial blockage,
demand-based ischemiawith the goal of simulating clinical stress tests by
Fig. 6. Average ischemic zone volumes measured from intramyocardial electrodes
throughout an ischemic intervention. Blue lines represent simulated exercise
interventions, and red lines represent dobutamine interventions. No statistical
significance was identified.

Fig. 8.Mean of the top quartile of ischemic potential gradient magnitudes throughout the
recorded area of intramural plunge needles. Blue lines represent simulated exercise
interventions, and red lines represent dobutamine interventions. Black stars indicate
significant differences between intervention types (p < 0.05).
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matching Bruce-protocol target heart rates and dobutamine infusion
rates used in humans. We identified significant differences in at least
some of the electrical metrics of ischemia between dobutamine and sim-
ulated exercise interventions within the heart, on the epicardium, and on
the torso surface, the three recording domains we captured. These differ-
ences became larger near the end of the interventions (stages 3–5), for
example, as spatial correlations decreased and differences in the clinical
signals increased, where clinical signal is defined as number of electrodes
above or below ST40 threshold cutoffs. Focusing on the intramyocardial
signals allowed us to explore possible mechanisms to explain the differ-
ences in ischemia generated by both stressmechanisms.We foundno sig-
nificant differences in the ischemic zone volumes; however, we did
measure differences in the Dice overlap coefficients and ischemic poten-
tial gradient magnitudes. We propose that these two variables, spatial
distribution of ischemic potentials and ischemic potential gradients,
drive the differences observed on the epicardial sock and torso surface
potentials.

doi:10.6084/m9.figshare.14150057
doi:10.6084/m9.figshare.14150069
doi:10.6084/m9.figshare.14150069
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Differences in electrical signatures of ischemia between dobutamine and
simulated exercise

Our findings suggest that significant differences exist between dobu-
tamine and simulated exercise stress types, differences that appear
most predominantly at the end of the ischemic interventions. Spatial
correlations of ST40 potentials were significantly different throughout
the interventions; however, these differences grew in the middle and
later stages (3–5) (Fig. 4) across all domains. Similar patterns were vis-
ible in several other metrics, such as the ST40 shifts on the epicardium
(Fig. 5), overlap of ischemic zones (Fig. 7), and gradient magnitudes of
ST40 potentials (Fig. 8).

The torso surface recordings were less sensitive to these findings
than cardiac signals (Fig. 5), likely for reasons shared by many ECG-
based metrics. Torso signals are a spatial average of a large myocardial
region and are blurred as they project to the torso surface. Epicardial po-
tentials are much closer to the ischemic sources and capture more of
their features than the torso surface, as indicated by results in Fig. 5. A
further source of ambiguity is the finding that ischemic volumes were
not significantly different between stressors (Fig. 6), although they
had different locations, amplitudes, potential gradients, and shapes
(Figs. 3, 4, 7, and 8). The ECG lacks the intrinsic resolution and sensitivity
to differentiate these features. Another possible source of diminished
ECG sensitivity is the experimental and natural variability between sub-
jects. In our experiments, signal amplitude on the torso surface varied
from animal to animal, likely due to difference in skin preparation and
impedance as well as the closure and subsequent image-based recon-
struction of the chest cavity.We applied vacuum suction to ensuremin-
imal air remained in the chest cavity; however, a perfect seal was
unlikely. Finally, the noise within the torso recordings was substantial
and may have concealed electrical markers of ischemia.
Microvascular dysfunction as a possiblemechanism for differences between
cardiac stress types

A possible mechanistic explanation for the differences in intramural
ischemic potentials is the development of microvascular dysfunction
during only one of the cardiac stressors. Microvascular dysfunction is a
paradoxical increase in small vessel resistance seenwithin ischemic tis-
sue. During exercise or simulated exercise with pacing, clinical and ex-
perimental studies have shown the development of considerable
microvascular dysfunction [25–29]. By contrast, other studies have
shown that dobutamine stress decreases microvascular resistance
through off-target beta-2 vasodilation [5,30]. Although our experiments
lacked explicit measurements of microvascular resistance, the consis-
tent findings in previous studies reasonably suggest microvascular dys-
function as a possible mechanism for different levels of intramyocardial
perfusion and hence electrical signatures.

Our observations support the presence ofmicrovascular dysfunction
during simulated exercise because we observed more intense ischemia
within underperfused regions during simulated exercise than dobuta-
mine stress. Potential (ST40) gradients we computed within the tissue
supported these findings. We found significantly larger (approximately
30%) gradient magnitudes within the myocardium during the latter
stages of exercise vs. dobutamine interventions (Fig. 8). The larger gra-
dient magnitudes indicate more severe ischemia flanked by healthy tis-
sue even though the volume of ischemic tissue remained similar
between stressors (Fig. 6). The enhanced intramyocardial potential gra-
dient magnitudes in simulated exercise drive an increase in injury cur-
rent throughout the myocardium, which increases ST40 amplitudes on
remote recording electrodes. We hypothesize that dobutamine with
ECG analysis performs poorly because microvascular dysfunction is di-
minished during dobutamine infusion, resulting in decreased ST40 am-
plitudes on the epicardium and torso surface. To our knowledge, this is
the first reported study to suggest microvascular dysfunction as a
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possible mechanistic driver for differences in ECG-based detection of
ischemia.

Implications for selection of clinical stress type

These results provide novel clinical insights into how to select the
best stress mechanism to diagnose specific clinical pathologies. The pa-
thology of microvascular dysfunction is becomingmore recognized as a
crucial component of myocardial ischemia formation and patient-
reported symptoms. Patient burden is likely a complex mixture of
many conditions such as CAD, coronary spasm, and myocardial infarc-
tion with nonobstructive coronary arteries (MINOCA), all of which can
be linked tomicrovascular dysfunction [31–34]. Therefore, testing strat-
egies to detect microvascular dysfunction have become more defined
and include invasive testing, advanced imaging, and local drug chal-
lenges [33,35]. However, few studies exist that describe routine non-
invasive tests for microvascular dysfunction, tests that could enhance
early detection. Our findings suggest a possible means for such tests as
they revealed large ischemic potential gradient magnitudes within the
intramural myocardium that resulted in increases in ST40 potentials
on the epicardial surface during simulated exercise stress (Figs. 8 and
5). By contrast, dobutamine stress produced smaller ischemic electrical
signals, which in the clinical setting may mask patient burden by elim-
inatingmicrovascular dysfunction. In pathologies withmajor microvas-
cular dysfunction components, dobutamine stress testing may under-
diagnose patients. Our findings suggest both a possible mechanistic
basis for this insensitivity as well as an indication to rely on exercise
stress when microvascular dysfunction is suspected.

Limitations

The main limitations of any study based on animals models is how
well the responsematches those expected in humans.We simulated ex-
ercise in anesthetized pigs through rapid pacing and simulated pre-
existing coronary artery disease or vascular spasm with mechanically
induced partial occlusions, which only approximate real exercise. How-
ever, this model showed similar responses to those observed during a
clinical cardiac stress test and, therefore, can serve as a useful model
to explore mechanisms of hyperacute ischemia [17–19]. Furthermore,
each animal had both dobutamine and simulated exercise stress tests
performed, which controlled for baseline differences in function. An-
other valuable measurement that was not recorded is blood pressure.
This measurement would provide insights into the hemodynamic dif-
ferences between dobutamine and simulated exercise and further clar-
ify the differences between exercise and electrical pacing. Hydraulic
occlusion may not adequately represent naturally occurring decreased
perfusion to myocardial tissue, and our preparation omitted explicit
measurement of the bloodflow through the coronary vasculature. Addi-
tionally, we did not measure microvascular resistance changes to con-
firm microvascular dysfunction; however, previous experimental and
clinical studies have indicted the regular presence of this dysfunction
under the conditions we emulated. We also limited the measurements
to electrical markers of ischemia rather than perform additional echo-
cardiography to determine if wall motion abnormalities were present;
the extreme electrical instrumentation of the heart precluded clear ul-
trasound imaging. We omitted baseline or control recordings in the re-
sults presented here because little ischemia was present at the
beginning of either intervention type. There are drawbacks to using spa-
tial correlation coefficients to capture differences between body surface
electrical potentials, especially with the substantial signal blurring and
smoothing that occurs through the torso volume. However, these met-
ricswere still sensitive enough to reveal significant differences between
responses to the two intervention types. Additionally, we could have
compared intervention types across animal studies or conducted entire
studies with only one intervention type. However, the goal of this study
was to examine differences between intervention types within the
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same individual subject. Finally, the number of animals and experi-
ments could always be increased, although we did achieve statistical
significance and measured consistent responses.

Data sharing and availability

Another contribution of this study is the geometric and electrical
data collected, whichwill serve asmaterial for future hypothesis testing
and validation of computer simulations. The Consortium for Electrocar-
diographic Imaging (CEI) will manage the data from this study, making
it available for analysis and collaborations. The goal of the CEI is to
achieve progress in ECGI through open, international collaboration
and the sharing of ideas, software, and data. The CEI uses a combination
of open-source software and a data-sharing platformExperimental Data
and Geometric Analysis Repository (EDGAR) to collaborate across mul-
tiple labs and disciplines, which enables substantial growth and discov-
ery [36]. The datasets described in this studywill be available on the CEI
data-sharing platform, EDGAR. All software used in this study is also
available with open-source licensing on the SCI Institute GitHub Page.
Further, the explicit data used in this study are available through the
figshare online repository at https://doi.org/10.6084/m9.figshare.
14150057 and https://doi.org/10.6084/m9.figshare.14150069

The application of ECG Imaging in the measurement of ischemia
is especially relevant as our findings showed clear improvements
in diagnostic performance of epicardial electrograms over torso-
surface ECGs. A specific goal of ECGI is to provide noninvasive access
to cardiac signals by removing the blurring effects of the torso. By
making available to the ECGI community geometric models and
measured potentials from experiments of controlled ischemia, we
will enable optimization of ECGI for this common condition that re-
mains poorly diagnosed.

Conclusion

In conclusion,we found significant differences in the electrical signa-
tures of ischemia induced by dobutamine and simulated exercise car-
diac stressors through comprehensive measurements within the heart,
on the epicardium, and on the torso surface of a porcine animal
model. We have reported for the first time that exercise stress created
significantly larger gradientmagnitudes of ischemic potentials through-
out themyocardium, which resulted in larger ST-segment potentials on
the epicardium. We suggest that differences in microvascular dysfunc-
tion between the two stressor types drive these findings. The clinical
implications of this study suggest dobutamine and exercise stress
methods should not be considered interchangeable. Furthermore, if
the suspected pathologies have substantial components of microvascu-
lar dysfunction, exercise or pacing should be used rather than dobuta-
mine stress.
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