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Abstract

Clinical tests to detect acute myocardial ischemia in-
duce transient cardiac stress by means of exercise or phar-
maceutical stimulation and measure electrical changes of
the heart on the body surface via an electrocardiogram
(ECG). Such tests assume that both mechanisms induce
identical or at least similar forms of ischemia. To improve
ECG detection of myocardial ischemia, we must study how
varied stressing agents (pharmacological or paced stres-
sors) change ECG signatures. Electrical recordings within
the myocardium, on the epicardial surface, and on the
body surface of a porcine model of acute, controlled is-
chemia were measured during ischemic episodes. These
episodes were induced with constant hydraulic occlusion
of the left anterior descending coronary artery at 10%
of normal flow rates. Heart stress was modulated ei-
ther via pacing with clinical standard BRUCE test proto-
col heart rates, or by clinical standard continuous dobu-
tamine infusions. Each episode lasted 15 minutes with
stepwise increase in pacing rate or pharmacological infu-
sion rate every 3 minutes. Preliminary qualitative results
suggest significant differences in the recorded electrical
signal between pacing and pharmacological stress mech-
anisms. Differences include the location and volume of
ischemia and its temporal progression measured the heart.
These results, although preliminary, show that significant
differences occur in the electrical signatures of myocar-
dial ischemia depending on the type of stress placed on the
heart.

1. Introduction

Ischemic heart disease is one of the most common heart
pathologies, effecting over 8 million people globally. [1]
Myocardial ischemia occurs when the demand for nutri-
ents and perfusion by the heart outweighs the available
supply. This creates a supply-demand mismatch that can

lead to devastating long term consequences including in-
creased risk for myocardial infarction, cardiac arrhyth-
mia, and sudden cardiac death.[1] For decades the elec-
trocardiogram (ECG) has been the primary acute detec-
tion method for myocardial ischemia. [2] However, cur-
rent ECG methods used to detect myocardial ischemia are
mediocre at best, with reported sensitivity and specificity
ranging from 50-72% and 69-90%, respectively. [3] This
poor ECG performance to detect myocardial ischemia in-
dicates that many patients are released from clinical care
unaware of their potentially life-threatening condition. Im-
provements in the electrical detection of myocardial is-
chemia must be made to ensure patients and physicians
can be confident in diagnosing and treating myocardial is-
chemia early to prevent potentially fatal long term conse-
quences.

.
One possible source of the poor performance of ECG

to detect and isolate myocardial ischemia from ECG orig-
inate from different cardiac stressing mechanisms. Clini-
cal tests to detect acute myocardial ischemia induce tran-
sient cardiac stress by means of exercise or pharmaceu-
tical stimulation and measure electrical changes of the
heart on the body surface via an ECG. Such tests assume
that both mechanisms induce identicalor at least similar-
forms of ischemia. However, no definitive experiments
have been performed to assess the electrical differences
produced during different stressing mechanisms. For ex-
ample, continuous dobutamine infusion rarely produce the
classical ECG signatures usually associated with myocar-
dial ischemia but during an exercise stress test, the classi-
cal ECG signatures are present. These contradictions in-
dicate that the methods of inducing ischemia may not pro-
duce identical regions of ischemia and substantiate con-
trolled examination of the methods used to stress the heart.

To improve ECG detection of myocardial ischemia, we
must study how varied stressing agents (pharmacologi-
cal or paced stressors) change ECG signatures. For this



project, our goal was to test the differences in myocardial
ischemia development under controlled experimental con-
ditions. We tested two cardiac stressing mechanisms, pac-
ing the heart following average heart rates of a BRUCE
protocol and continuous dobutamine infusion rates of a
standard clinical protocol.

2. Methods

2.1. Animal Model

Swine and canine animal models were selected for this
experimental preparation. Both species were chosen be-
cause of their similar cardiac anatomy, electrical system,
and vascular structure to humans. The animals of each
species were 25-35 kg in weight and 8 months to several
years of age. The animals were purpose bread for the use
in experimental research. All studies were approved by
the Institutional Animal Care and Use Committee at the
University of Utah and conformed to the Guide for Care
and Use of Laboratory Animals. After 12 hours of fast-
ing the animals were sedated using an intravenous propo-
fol bolus of 5-8 mg/Kg in canines or a mixture of Tela-
zol (4.4 mg/kg), Ketamine (2.2 mg/kg), and Xylazine (2.2
mg/kg) in swine through intravenous access and then intu-
bated. Once intubated, isoflurane gas (1-5%) was used for
anesthesia. At the end of the experiment animals were eu-
thanized while under general anesthesia, with intravenous
Beuthanasia 1 ml/10 Kg. The heart was then removed for
further evaluation.

2.2. Surgical Procedure

Following sedation, a sternotomy was performed to ex-
pose the thoracic cavity. The pericardium was opened
and the heart was suspended in a pericardial cradle. Fol-
lowing exposure, a portion of the left anterior descending
(LAD) coronary artery was dissected and a calibrated hy-
draulic occluder (Access Technologies, Skokie, IL, USA)
was placed around the dissected portion of the LAD coro-
nary. An atrial pacing clip was then placed on the ap-
pendage of the right atria. Following placement of the
electrical recording equipment (described below), the peri-
cardium was sutured closed and the sternum was wired and
sutured together. To limit air within the volume conduc-
tor, chest tubes were tunneled into the mediastinal, pleural,
and pericardial cavities and held under constant vacuum
suction. The outer layers of dermis were sutured closed
and checked for potential separations. Standard laboratory
values were measured and recorded throughout the experi-
ment including blood pH, PaCO2, oxygen saturation, tem-
perature, and blood pressure.

2.3. Electrical Recording Equipment

2.3.1. Electrode Arrays

Electrical recording equipment was all custom build at
the Nora Eccles Treadwell Cardiovascular Research and
Training Institute (CVRTI). The electrical signals within
the myocardium were measured using transmural plunge
needle arrays 21.2 mm in length for the left ventricle and
15 mm in length for the right ventricle with 10 electrodes
evenly spaced down the shaft of each needle. The spacing
of electrodes in the left ventricular plunge needles was 1.6
mm and the spacing of the needles in the right ventricle
was 1.0 mm. For these experiments 12-25 needles were
placed in the assumed perfusion bed of the LAD coronary
and concentrated on the anterior surface of the heart. The
epicardial potentials were measured using a 247 electrode
sock array. This array is created with evenly spaced elec-
trodes stitched into a nylon stocking material. The dis-
tance between sock electrodes is approximately 10 mm.
The torso surface electrodes are in linear strips of 12 elec-
trodes evenly spaced at 3 cm apart. Each electrode had an
11 mm diameter Ag-AgCl sensor embedded in an epoxy
housing with a 2 mm deep gel cavity. The number of strips
applied to the torso surface varied between 6-10 electrode
strips (72-120 electrodes) depending on surface area avail-
able for each animal.

2.3.2. Data Acquisition

The potentials from the sock, needle, and torso surface
electrodes were recorded using a custom acquisition sys-
tem. This system could record simultaneously from 1024
channels at 1 kHz sampling rate and 12 bit resolution.
Briefly, the acquisition system consisted of multiplexers,
interface circuitry, and a personal computer (PC) hosting
a custom software written in Labview (National Instru-
ments, Austin, TX, USA) that managed the hardware and
allowed continuous signal acquisition. A band pass filter
with cutoff frequencies at 0.03 and 500 Hz avoided both
DC potentials and aliasing. Wilson’s central terminal leads
were used as the remote reference for all the unipolar sig-
nals recorded from the sock needle, and torso surface elec-
trodes. Electrical recordings were continuously recorded
from all 1024 channels for the duration of the experiment.
Prior to each experiment, calibration signals were recorded
for each channel to be gain adjusted.

2.4. Ischemia Intervention Protocols

During an experiment several transient ischemic inter-
ventions could be induced. Each of these interventions
lasted between 8-15 minutes and were followed by a 30
minute rest period. During interventions modifications to



heart rate and LAD occlusion could be made to simulate
varying levels of ischemic stress. An example ischemic
protocol performed modeled the Bruce exercise stress test
protocol by increasing heart rate a set amount above rest-
ing heart rate every three minutes for fifteen minutes. This
increase in heart rate was predetermined from average in-
creased heart rates during Bruce stress protocols reported
in the literature. [4] The occlusion percentage was fixed
throughout the 15 minute time interval. The intervention
was terminated with the presence of three or more prema-
ture ventricular contractions in series. Another example
of an ischemic protocol performed was a standard dobu-
tamine stress test protocol. Dobutamine has been used
as a pharmacological stress agent clinically because of its
direct stimulation of beta-1 sympathetic receptors on the
heart causing increased heart rate and contractility. For this
intervention, again the occlusion was fixed and the model
was continuously infused with dobutamine at a set dose
for 3 minutes. Dosages used followed the standard dobu-
tamine stress testing protocols. [5] This intervention again
lasted 15 minutes or until a series of three premature ven-
tricular contractions occurred.

2.5. Image Acquisition and Processing

2.5.1. Image Acquisition

After each experiment, the heart was excised and
scanned with a 7 Tesla MRI scanner (Bruker BIOSPEC
70/30, Billerica, MA) using FISP (Fast Imaging with
Steady-state Precession) and FLASH (Fast Low Angle
Shot) imaging sequences. To visualize fiber orientation
the heart, a diffusion-weighted MRI sequence was also
performed for each excised heart. To visualize the per-
fusion bed and vasculature, the coronaries were perfused
with BriteVue contrast agent (Scarlet Imaging, SLC, UT,
USA) and the heart was scanned using an Inveon microCT
Scanner (Siemens, Munich, Germany).

2.5.2. Image Segmentation

Capitalizing on the combined advantages of both FISP
(consistent volume boundaries) and FLASH sequences
(high internal contrast), we produced realistic geometric
segmentations of cardiac tissue, blood, and transmural
plunge needle geometries using the Seg3D (SCI Institute,
SLC, UT, USA) open-source software package. Perfusion
bed and coronary structure could also be segmented from
high resolution CT imaging using the Seg3D software.

2.6. Geometric Registration

At the conclusion of each experiment, the locations of
the linear torso surface electrode strips, preselected sock

electrodes, transmural plunge needles on the cardiac sur-
face were digitally recorded using a Microscribe three-
dimensional digitizer (Solution Technologies, Oella, MD,
USA). In addition, landmark sites including the location
of the occlusion site, distribution of major epicardial coro-
nary arteries, and the outline of the myocardial shape were
also captured using the digitizer. Once the locations of
the plunge needles were recorded, they were replaced with
plastic spacers. These spacers prevented closure of the tis-
sue holes created by the needles, and were visualized in
the acquired anatomical MRI scans, providing information
for electrode location.

2.7. Signal Processing

The electrical signals recorded during the study were
processed in Preprocessing Framework for Electrograms
Intermittently Fiducialized from Experimental Recordings
(PFEIFER) an open-source MATLAB-based signal pro-
cessing platform designed to process bioelectric signals ac-
quired from experiments that include recording electrodes
placed in or around the heart or on the body surface. [6]
Using PFEIFER we were able to calibrate, baseline cor-
rect, filter, and mark specific time instances within cardiac
signals for analysis. Calibration was performed on each
individual channel by acquiring a reference sine wave of
set amplitude(s) recorded prior to the experiments. These
acquired signals where then used to extract a correction
factor to be applied to all the recorded signals, resulting in
a gain adjustment. A linear baseline drift correction was
applied by selecting two assumed isoelectric points at the
beginning and end of an electrical signal. Poor quality sig-
nals from sock and needle electrodes were discarded. Sig-
nals recorded from needle electrodes that were without ini-
tial positive wave deflection were identified as electrodes
within the blood pool of the ventricles were also discarded.
The global root mean squared (RMS) signal was computed
from all the sock, transmural plunge needle, and torso sur-
face electrodes and then used to identify unique markings
within the cardiac signal. The points identified were the
QRS waveform, T waveform, and peak of the T waveform.
From these points features such as ST40%, T-peak, QRS
amplitude, etc., were extracted from the cardiac signals.
PEFEIFER also has the capability of applying template
fiducials points marked in one portion of the signal to the
entire signal. This greatly reduces user input and signal
processing time for each experiment.

2.8. Electrical Potential Mapping and Data
Visualization

Finally the processed experimental data was mapped to
the identified electrode locations within the heart, on the
epicardial surface of the heart, and on the torso surface.



Full experimental model datasets were then visualized us-
ing map3d (SCI Institute, SLC, UT, USA) or SCIRun (SCI
Institute, SLC, UT, USA) open-source software packages.
This allowed for extensive spacial exploration of ischemia
and hypothesis development.

3. Results

Preliminary qualitative results indicate significant
changes in the spatial distribution of ischemic potentials
within the heart, on the heart surface, and on the body sur-
face. This spatial distribution changes are accurately sam-
pled on the cardiac plunge needles and do not vary.

Preliminary qualitative results also indicate significant
changes in the temporal development of myocardial is-
chemia. The ischemic potentials develop earlier and at a
regular rate during BRUCE paced cardiac stressing com-
pared to dobutamine stress testing.

4. Discussion

Current ECG metrics do not distinguish between differ-
ent types of cardiac stressing. Despite this obvious need
for investigation, clinicians have been applying identical
ECG metrics for each variable mode of cardiac stress.
This study has shown that individual stress mechanisms
produce different regions and development patterns of is-
chemia. These findings suggest different stresses on the
heart require unique diagnostic criteria to detect and mon-
itor myocardial ischemia. This finding underscores a re-
curring theme that the process of ischemia detection and
development is more complicated than conventional ex-
planations have indicated. Previous studies similar to this
have shown significant deviations from conventional clini-
cal notions and metrics of myocardial ischemia.

This project was limited by the relatively few experi-
ments performed for each type of cardiac stressing. This
study was also limited in clinical translation because of the
animal torso shape and other anatomical features. Future
directions of this project will include expanding the num-
ber of experiments performed with each different type of
cardiac stressing.
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