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ABSTRACT

The most common reason for a patient to visit the emergency department is

chest pain caused by myocardial ischemia. Myocardial ischemia develops from

inadequate perfusion of myocardial tissue and indicates the presence of surpris-

ing range of conditions, including coronary artery disease, coronary microvascu-

lar dysfunction, Takotsubo cardiomyopathy, and coronary artery dissection, and

other potentially fatal cardiac diseases. If left untreated, the long-term effects of

these diseases can lead to significant decreases in quality of life and increased

mortality. Current noninvasive tests to detect ischemia may be limited by an

incomplete understanding of the mechanisms used to induce the stress (exercise

or pharmacological agents) or the limited understanding of how ischemic signals

change over time. These limitations increase the risk for failed detection of deadly

cardiac diseases and explain the unsatisfactory accuracy of current diagnostic and

monitoring approaches.

The goal of this dissertation was to leverage recent experimental findings and

breakthroughs about the onset and progression of ischemia as the basis for a com-

prehensive re-evaluation of acute myocardial ischemia. First, we refined our ex-

perimental model to include comprehensive electrical measurements sampled si-

multaneously from within the myocardium, on the heart surface, and on the torso

surface. We then built on our experience with our novel large-animal experimental

models of ischemia to measure and characterize the electrical changes that arise

during acute myocardial ischemia created from various types of ischemic stress.

We also explored possible mechanistic drivers for these differences. Finally, we

assessed the transient changes common to ischemic signatures, including the ap-

pearance and disappearance of ischemic potentials as recorded from epicardial and

torso surface measurements.
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CHAPTER 1

INTRODUCTION

1.1 Motivation for Research
The most common reason for a visit to the emergency department is chest pain

caused by myocardial ischemia [1], [2]. These acute ischemic events cause the

stereotypical crushing chest pain that ceases after rest, i.e., after removal of the

cardiac stress [3], [4]. A surprising range of pathologies can cause acute transient

ischemia, including coronary artery disease, coronary microvascular dysfunction,

Takotsubo cardiomyopathy, and coronary artery dissection [1], [5]–[7]. Each car-

ries a significant risk of short- and long-term mortality that can be reduced sub-

stantially by early detection [6]. Therefore, detecting myocardial ischemia early is

paramount to prevent long-term negative consequences [1], [8], [9].

Ischemia develops when the perfusion to a specific region of the heart is inad-

equate [10], [11]. Such inadequate perfusion, in combination with cardiac stress,

leads to acute changes in the tissue that eventually result in cell death. Well before

this cell death, an insufficient supply of oxygen and other nutrients in combination

with poor metabolite removal creates a toxic extracellular milieu that prevents

cardiomyocytes from functioning normally [3], [12]. However, the individual and

collective effects of the mode of cardiac stress, the timing of development, and

signal manifestations of these acute ischemic events have not been fully elucidated.

The first step to improving detection of acute ischemia is to understand the

associated electrical sources. Experimental models used previously have docu-

mented the cellular, tissue, and whole organ manifestations of myocardial ischemia

[13]–[20]. Holland and Brooks et al. performed the first detailed and comprehen-

sive animal studies in the late 1970s and documented the electrical changes that

occurred during myocardial ischemia at the tissue and organ scales [13], [14], driv-

ing much of the conventional clinical thinking, including the idea that ischemia
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first develops near the endocardial border and progresses radially toward the epi-

cardium [3], [13], [14]. Recently, our group has improved this experimental model

by increasing the temporal sampling and recording electrode density in the my-

ocardium and on the heart surface [21]–[23]. Our studies have shown distinctly

different patterns of ischemia that initiate throughout the myocardial wall, which

has motivated a complete reevaluation of the electrical sources created during

ischemia. However, limits to the translational potential of our recent experimental

models include, first, the lack of body-surface ECG recordings during controlled

ischemia and, second, the absence of clinically relevant ischemic induction. We

addressed these limitations in the first aim of this dissertation, the result of which is

the most detailed and translational model of acute ischemia to date. In our model,

we measured realistic ischemic sources simultaneously within the heart, on the

heart surface, and on the body surface.

Detecting acute myocardial ischemia clinically requires provoking some form

of carefully controlled cardiac stress to expose inadequate perfusion with an in-

duced increase in cardiac metabolic demand of a region of the heart [24]. In most

circumstances, the safest method to induce myocardial ischemia is to increase

metabolic demand by having the patient exercise or by administering a pharmaco-

logical infusion to increase heart rate and contractility [1], [9], [25]. Pharmacolog-

ical stimulation is used in situations in which the patient is unable to exercise or

when body motion is disruptive. However, studies have suggested that exercise

and pharmacological stimulation may result in different electrocardiographic find-

ings [26]–[28]. These studies were limited to examination of 12-lead ECG and were

unable to compare the ischemic region created within the myocardium [26]–[28].

Complementary comparisons of ischemic zones detected with nuclear medicine

techniques did not measure the electrical signs of ischemia within the heart and

were unable to capture their temporal development [29]. In the second aim of this

dissertation, we addressed these limitations and test the underlying hypothesis

that the ischemic zone created depends on the method of ischemic induction, as

revealed through comprehensive electrical measurements in large-animal models.

Finally, little is understood about the transient and dynamic nature of ischemic
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signals during a partial occlusion event. Often, patients present to the emergency

department complaining of significant chest pain; however, no ischemic electrical

biomarkers can be detected [30]–[32]. In other circumstances, there is spontaneous

recovery of ischemic electrical signals thought to be a recovery of the myocardial

tissue [33]. However, the mechanism, progression, and temporal development of

this spontaneous recovery are poorly defined. Previous studies have examined

ischemia following a full occlusion of a coronary artery, simulating a myocardial

infarction by completely arresting blood flow to a region of myocardial tissue, and

correlated a decrease in ischemic signatures on the epicardial or torso surfaces with

cell-to-cell uncoupling [34]–[39]. The timing and progression of these potentials

is mixed, but most studies observe cellular uncoupling beginning around 10–15

minutes after occlusion [38], [39]. However, these studies examined full occlusion

events without intramural sampling and without added cardiac stress. The goal of

the third aim of this dissertation was to assess the transient recovery of ST-segment

deviations on remote recording electrodes during a partial occlusion cardiac stress

test.

1.2 Introduction to Doctoral Research
The needs and challenges in understanding and detecting acute myocardial

ischemia motivated a set of specific aims the resulted in the following studies and

chapters/manuscripts in this dissertation:

1.2.1 Chapter 3: Novel Experimental Model for Studying the
Spatiotemporal Electrical Signature of Acute Myocardial

Ischemia: A Translational Platform

The goal of this aim was to extend an animal model of ischemia to measure

electrical potentials within the myocardium, on the heart surface, and on the body

surface during controlled ischemic stress. We designed the experimental prepara-

tion with three important characteristics: 1) enable comprehensive and simultane-

ous high-resolution electrical recordings within the myocardial wall, on the heart

surface, and on the torso surface; 2) develop techniques to visualize these recorded

electrical signals in time and space; and 3) accurately and controllably simulate
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ischemic stress within the heart by modulating the supply of blood, the demand

for perfusion, or a combination of both. To achieve these goals, we designed a

comprehensive system that includes 1) custom electrode arrays, 2) signal acquisi-

tion and multiplexing units, 3) a surgical technique to place electrical recording

and myocardial ischemic control equipment, and 4) an image-based modeling

pipeline to acquire, process, and visualize the results. With this setup, we are

uniquely able to capture simultaneously and continuously the electrical signatures

of acute myocardial ischemia within the heart, on the heart surface, and on the

body surface. This novel experimental preparation enables investigation of the

complex and dynamic nature of acute myocardial ischemia that should lead to

new, clinically translatable results.

1.2.2 Chapter 4: Pharmacological and Simulated Exercise Cardiac Stress
Tests Produce Different Ischemic Signatures in High-Resolution

Experimental Mapping Studies

The goal of the second aim in this dissertation was to test the hypothesis that

exercise and dobutamine infusion create different regions of myocardial ischemia.

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 surface arrays to simultaneously measure within the heart wall, on the

epicardial surface, and on the torso surface, respectively. Three-dimensional geo-

metric models with electrode locations were created from postmortem magnetic

resonance imaging. Ischemic stress by means of simulated exercise and phar-

macological stimulation was created with rapid electrical pacing and dobutamine

infusion, respectively, and applied in five escalating stages of 3 minutes each. Per-

fusion to the myocardium was regulated by a variable hydraulic occluder around

the left anterior descending coronary artery. Electrical markers of ischemia were

measured as deflections to the ST-segment, gradients of ST-segment potentials,

and the intramyocardial volume that showed suprathreshold ST levels.

Across eight experiments with 30 ischemic interventions (14 simulated exercise

and 16 dobutamine), the spatial correlations between exercise and pharmacolog-

ical stress were initially high but diverged significantly toward the end of the
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interventions (stages 3–5) in all recording domains (p<0.05 for all). We found sig-

nificantly more detectable ST40 changes on the epicardial surface during simulated

exercise than with dobutamine at stages 4 and 5 (p<0.05). The intramyocardial

ischemia formed during simulated exercise had significantly larger ST40 poten-

tial gradient magnitudes (p<0.05). We found no significant difference between

intervention types in the overall intramyocardial volume of ischemic zones. A

possible mechanism for these differences was the larger ST40 potential gradient

magnitudes seen within the myocardium during simulated exercise. The presence

of microvascular dysfunction during simulated exercise and its absence during

dobutamine testing may explain these differences.

1.2.3 Chapter 5: Temporal Recovery of Electrical Ischemic Signatures
During Cardiac Stress Tests: An Experimental Examination

The goal of the third aim in this dissertation was to assess the transient recovery

of ST-segment deviations on remote recording electrodes during a partial occlusion

cardiac stress test and compare them to intramyocardial ST-segment deviations.

Acute myocardial ischemia has several characteristic ECG findings, including clin-

ically detectable ST-segment deviations. However, the sensitivity and specificity

of ECG-based ST-segment changes are low. Furthermore, ST-segment deviations

have been shown to be transient and spontaneously recover without any indication

the ischemic event has subsided. We used a previously validated experimental

model of acute myocardial ischemia with controllable ischemic load and measure-

ment electrodes within the heart wall, on the epicardial surface, and on the torso

surface. Simulated cardiac stress tests were induced by occluding a coronary artery

while simultaneously pacing or infusing dobutamine to stimulate cardiac function.

Postexperimental imaging created anatomical models for data visualization and

quantification. Markers of ischemia were identified as deviations in the potentials

measured at 40% of the ST-segment. Intramural cardiac conduction speed was

also determined using the inverse gradient method. Changes in intramyocardial

ischemic volume proportion, conduction speed, clinical presence of ischemia on

remote recording arrays, and regional changes to intramyocardial ischemia were

assessed. Peak deviation response time was the time interval after onset of is-
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chemia that maximum ST-segment deviation was achieved and ST-recovery time

was the interval when ST deviation returned to below 1mV of ST elevation.

In both epicardial and torso recordings, the peak ST-segment deviation re-

sponse time was 4.9±1.1 min and the ST-recovery time was approximately 7.9±2.5

min, both well before the termination of the ischemic stress. At peak response

time, conduction speed was reduced by 50% and returned to near baseline at

ST-recovery. The overall ischemic volume proportion initially increased to 37%

at peak response time; however, it recovered to only 30% at the ST-recovery time.

By contrast, the subepicardial region of the myocardial wall showed 40% ischemic

volume at peak response time and recovered much more strongly to 25% as epi-

cardial ST-segment deviations returned to baseline. Our data show that remote is-

chemic signal recovery correlates with a recovery of the subepicardial myocardium,

while subendcardial ischemic development persists.
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[34] A. Kléber, C. Riegger, and M. Janse, “Electrical uncoupling and increase
of extracellular resistance after induction of ischemia in isolated, arterially
perfused rabbit papillary muscle,” Circ. Res., vol. 61, pp. 271–279, Aug. 1987.
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CHAPTER 2

BACKGROUND

2.1 Electrical Sources and Volume Conductors:
A Cardiac Application

Fundamentally, we can think of the cells and tissues within the heart as a

bioelectric source, placed in a volume conductor, the thoracic cavity. The culmina-

tion of all the electrical sources and volume conductor creates electrical potentials

that can measured with electrodes, either directly on or in the heart, or, more

often on the torso surface, the ubiquitous ECG. In the context of this research and

understanding the electrical consequences of ischemia, this description provides

a useful framework that we develop here, acknowledging that it is by no means

the only way to consider the hierarchical organization of membranes, cells, tissues,

and organs.

An electrical source is an active source of electric current, much like a battery

or current generator [1], [2]. Using the analogy of a battery, one can represent

the electrical source in different ways depending on the scale of a particular ap-

plication. The lowest scale is the chemical reactions within each battery “cell,”

generating potential energy (voltage) that can be released as electrical current.

Going up in scale, the entire, multicellular battery itself becomes the source of

current flowing between positive to negative contacts. At an even larger scale,

the batteries can be connected and summed to create a source with even more

energy. Each representation of these electrical sources is called a different “source

model” [1]–[7].

A volume conductor is a conductive space that surrounds the electrical source

[1], [2]. In a simple case, a volume conductor could be a bucket filled with elec-

trolytic solution into which we place the battery as the source. We can then mea-

sure the electrical current from the battery or source at distinct points throughout
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the bucket. In this simple case, the recorded signals near the battery would likely

produce a strong current that is easily detected. If we measured at the edge of the

bucket, the current would be significantly diminished, depending on the distance

away from the battery and the conductivity of the electrolytic fluid inside the

bucket.

The same fundamental theory of sources and volume conductors can be ap-

plied to cardiac electrophysiology [1], [2]. Importantly, we can examine the cardiac

electrical source and volume conductors at different scales and locations. From a

source perspective, electrically active membranes, cardiomyocytes, and collections

of linked cardiomyocytes (tissues) are examples of possible source models [1], [2].

The relevant cardiac volume conductors include the extracellular space and the

torso with surrounding organs. The representation of the sources and volume

conductors changes depending on the scale and the application. Here, we review

cardiac electrophysiology from the perspective of cardiac sources, anatomical vol-

ume conductors, and the measurements made at each location from smallest to

largest or from cell to whole organ descriptions. This perspective is ideally suited

to the context of the studies of acute ischemia and the resulting electrical signatures

viewed across multiple scales.

2.1.1 Cellular View

At the cellular level, the cardiac source is the cellular membrane and the ac-

tive currents that pass through the membrane in ion channels [8]. In this case,

concentration gradients across the membrane created from the cellular conversion

of ATP to electrochemical energy result in electrochemical gradients that drive

current flow during the action potentials [8]. The action potential is the product of

different ion channels, each of which conducts specific ions across the membrane.

The electrical characteristics of each ion channel can be modified, e.g., by chemi-

cal agents, drugs, or by pathologies, with a resulting change in action potential.

Measurements of individual ion channels are made by isolating small sections

of the membrane with a small number of embedded ion channels using a patch

electrode [8].
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The action potential captures the integrated behavior of all the ion channels

and represents the electrical source from each cell—a time-varying battery [1], [2].

Healthy cardiomyocytes have a typical action potential shape with five unique

phases, 0 through 4 as shown in Panel A of Figure 2.1 [8]. We can measure these

currents across the membrane using glass microelectrodes [9].

The physiological volume conductor for the single cell is the small interstitial

space in which the cell is surrounded by electrolyte and the volume of neighboring

cells to which each myocyte is coupled through gap junctions. The resulting elec-

trical loading of the cell can change action potential shape from that which arises

when a cell is fully isolated and placed in a bath. This scenario of an isolated cell

in a bath is the standard measurement scenario used to study individual myocytes

but it is rare to measure the resulting potential distribution within the bath [10].

2.1.2 Tissue View

At the myocardial tissue scale, cardiomyocytes link together through special-

ized channels called gap junctions, and the result is a syncitium, which rapidly

conducts cardiac action potentials from cell to cell and throughout the tissue [8].

At this scale, the source model is the electrical potential and currents that arise

from a piece of this syncitium. Internally, these are currents that flow between cells

(intracellular) and the return currents outside the cells (extracellular). From some

distance, the source can behave as a network of batteries connected in a sequence,

in the simplest case with a positive and a negative terminal at the ends. Because

the piece of tissue can assume very complex shapes, a more realistic source model

is a surface, some portion of which emits current (the equivalent of the positive

pole of a battery), another portion that absorbs it (the negative pole), and a third

that is electrically neutral, i.e., that neither emits nor absorbs current. The results

potentials are also time-varying and can take on very complex shapes depending

on the tissue and the location of the measurement electrodes. An example of these

recordings is shown in Figure 2.1 panel B.

Depending on the perspective, the volume conductor at the tissue scale can be

seen as the extracellular space that forms between cells or the electrolyte in which
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Figure 2.1: Example of observation scales within cardiac electrophysiology. The
panels show three levels of the cell, tissue, and whole organ with their respective
electrical recordings as extracellular or transmembrane potentials.
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the piece of tissue is suspended. The cardiac extracellular space contains fluid with

ions, proteins, and cellular scaffold components, which contribute to the electrical

properties of the volume conductor [8].

Measurements at this scale are no longer transmembrane but consist of captur-

ing extracellular potentials within a region of tissue or the bath in which the tissue

sits. The resulting recordings are summed manifestations of local cellular action

potentials and the potential differences they generate between cells. The individ-

ual action potentials are thus obscured, and only potential differences between

regions of tissue are discernible.

2.1.3 Organ-Level View

From the perspective of the whole heart, the source is the entire set of electric

potentials in or on the heart, which can be described in a number of ways. The sim-

plest and most common formulation for clinical interpretation is the single ‘heart

vector’, a single, moving, current dipole that formed the basis for Einthoven’s limb

leads and his eventual Nobel Prize [11]. The heart vector direction and magnitude

depend on the average current direction and strength throughout the heart during

a normal heartbeat and obviously represent an extreme simplification, albeit a very

useful one.

Other representations of the heart source are both more sophisticated and more

challenging to capture and represent. The set of potentials on any closed surface

that surrounds the heart is one of the most common representations that offers the

option of direct measurements, as we describe below. It is also the target of the

most common form of ECG imaging, a reconstruction technique that estimates

cardiac sources from body-surface ECGs [2]. Other source models capture the

volumetric distribution of potentials, or multiple, local current dipoles throughout

the heart, a much more challenging measurement and reconstruction proposition.

Just as the cardiac source gains complexity at the whole organ scale, so too does

the volume conductor, which is the entire thorax. This massive expansion means

the volume conductor now includes the lungs, bones, skeletal muscles, and other

thoracic organs. Fortunately, all these components are electrically passive (other
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than possibly skeletal muscle) and do not actively contribute significant source

current to the extracellular potentials recorded on the torso surface [1], [2]. These

elements do, however, contribute an added electrical resistance, which decreases

the current at the torso surface and consequentially the amplitude of recorded

torso surface extracellular potentials, which are typically an order of magnitude

smaller the those recorded directly from the heart [1], [2].

The measurement approaches at the organ level reflect the associated source.

One can place electrodes directly on the heart surface (both endocardial and epi-

cardial) or insert electrodes within the heart volume. The resulting signals rep-

resent an aggregate of all the cardiomyocyte potentials within that region [8]. An

example extracellular recording is shown in Figure 2.1 panel C. The number of cells

contributing to the signal at a single recording site can range to several thousands,

which creates a blurring of the activity at the cellular scale. The torso surface

provides another, noninvasive means to measure electrical potentials from the

whole heart, the ECG that plays such a key role in clinical medicine. However, the

ECG is a product of both the source and the volume conductor, whose complexity

and inhomogeneity not only attenuate but also blur the resulting signals. The main

challenge of electrocardiography then becomes to infer or estimate cardiac electri-

cal sources from measurements on the torso surface in the face of this attenuation

and distortion.

2.2 Changes to the Cardiac Source and Volume
Conductor During Acute Myocardial Ischemia

2.2.1 Cellular-Level View

Acute myocardial ischemia has been shown to have specific and significant

effects on the cardiomyocyte ion channels and action potential. Through a com-

plex series of events, including metabolite build-up, energy depletion, and ion

channel disturbances, ischemia creates an environment that significantly alters the

cardiomyocyte action potential [8], [12]–[16]. Specifically, ischemia results in an

increase in resting potential, a decrease in the upstroke velocity, and a decrease in

the plateau phase potential, as shown in Figure 2.2 [8], [12]–[16]. As the resting
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Figure 2.2: Schematic cardiac action potential under normal and ischemic condi-
tions. Note the rise in resting membrane potential, decrease in upstroke velocity,
depression of plateau potential, and shortening of the AP duration.
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membrane potential becomes more positive, voltage-gated Na-channel function

begins to degrade [8]. The action potential upstroke velocity also decreases, i.e.,

the depolarization of the entire cell takes significantly more time [8]. Additionally,

the plateau phase potential and duration is significantly reduced compared to a

normal action potential [8].

2.2.2 Tissue-Level View

At the tissue level, acute ischemia develops new regional gradients of potential

between locally homogeneous healthy and ischemic cells. The gradient of poten-

tial forms first during the resting and plateau phases of action potentials and drives

passive current flow, called injury current [13]–[15], [17]. Figure 2.3 shows this

scenario during the plateau phase, when intracellular currents flow from healthy

cells to nearby ischemic cells and extracellular currents close the loop. Seen as a

macroscopic electrical source, this arrangement forms a battery or current dipole

with the positive pole (or current source) over the ischemic tissue. [13]–[15], [17].

An example of these injury currents is found in Figure 2.3. These currents can then

be measured by extracellular electrode recordings and are an indicator of ischemic

formation.

The volume conductor also changes at the tissue level during acute myocardial

ischemia. The arrest of perfusion to regional tissue areas reduces the vascular

volume—blood vessels may even collapse—and drives a significant osmotic im-

balance [8]. Osmotic gradients then push fluid from the extracellular space to

the vascular space to correct the decreased vascular volume, which significantly

shrinks the extracellular volume [8]. The decrease in extracellular volume in-

creases the resistance throughout the extracellular space and alters passive current

flow.

A later, tissue-level change induced by ischemia is the reduction in cell-to-

cell coupling during prolonged ischemic events (around 15 minutes) [12], [14],

[18]. Such long periods without perfusion result in the build-up of toxic metabo-

lites, shut-down of cellular energy production, and a drop in tissue pH. These pH

changes will drive gap junction proteins to begin to dissociate and separate [12],
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Figure 2.3: Example of tissue-level injury current flow. Blue cells are ischemic
tissue, red cells are healthy. Intracellular injury current flows from healthy to
ischemic tissue, and reciprocal extracellular current flows from ischemic to healthy
tissue.
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[14], [18], leading to a significant increase in intracellular resistance [18], [19]. This

increase in bulk intracellular resistance has effects on both the source and the

volume conductor action of the myocardium. Propagation of excitation becomes

delayed, which alters the time course of the source, at the same time that passive

currents, such as injury currents, fail to flow throughout the ischemic region [18],

[19].

Electrical measurements in the tissue are of extracellular potentials , which are

the product of both source and volume conductor effects and can detect the flow of

injury currents. The polarity and amplitude of the resulting time-varying signals

depend on electrode location relative to ischemic zone and manifest as positive or

negative deflections in the ST-segment [13]–[15], [17]. Proximity to ischemia tissue,

which acts like the positive pole of the source, results in ST-segment elevations

and provides a means to probe the myocardium and localize the ischemia region.

If sufficient time under ischemia has passed, cell-to-cell uncoupling occurs, injury

currents are reduced, and ST-segment potentials will become significantly smaller

than during the acute phase [15], [16], [18]–[22]. Furthermore, the speed of propa-

gation through the ischemic tissue drops, resulting in substantial prolongations of

the QRS duration [12], [14], [19].

2.2.3 Organ-Level View

The consequences of ischemia at the organ-level are limited to the electrical

source model and represent the integrated effects from the tissue. Figure 2.4 cap-

tures the effects of myocardial ischemia in different regions of the ventricles as

they are captured on the epicardial surface. The red regions of ischemia cause

intracellular injury currents during the ST segment, indicated by the arrows in the

Figure. Extracellular currents flow in the opposite directions so that the ischemic

regions represent positive potentials (or current sources). The resulting epicardial

potential distributions reflect proximity to these sources. A special case of note

is in panel C of Figure 2.4, in which the ischemic zone is completely embedded

by healthy tissue so that all the resulting injury currents balance and the epicar-

dial potential is unaltered. The result is ischemia that does not contribute to the
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Figure 2.4: Example of ST-segment depression, elevation, and ST-silent ischemia.
The panel examples are four typical situations including subendocardial, epicar-
dial, midmyocardial, and transmural ischemia. Each creates a type of ST-segment
change.
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organ-level source and so becomes invisible to remote detection.

The volume conductor at this scale—the torso volume—does not change be-

cause of ischemia, and so its effects are, as described above, to enable extracellular

current to flow outside the heart and generate smoothed, attenuated potential dis-

tributions on the body surface, which makes detection, and especially localization,

of these sources extremely challenging [23].

Measurements of organ-level electrical activity is, as described above, by means

of electrodes placed on or in the heart and also on the torso surface. The spe-

cific features that characterize the response to ischemia arise from injury currents,

which drive ST-segment depressions or elevations, depending on electrode loca-

tion relative to the ischemic region(s) [13]–[15], [17]. The time signals (electrogram)

in Figure 2.4 demonstrate the results, with deflections of ST-segment potentials.

Similar ECG signals arise on the torso surface. Injury currents also flow during

the resting phase of the action potential, oppositely oriented from those during

the depolarized phase, and so it would be natural to expect these to result in

deflections during the (normally isopotential) T-Q segment of the electrogram (or

ECG). One can, indeed, measure such potentials but only with amplifiers that

offer direct-current (DC) coupling. However, contemporary amplifiers are almost

ubiquitously AC coupled so that the long-lasting T-Q deflections are filtered away.

ST-segment deflections on the torso are challenging to detect because of their

relatively low amplitude compared to cardiac electrograms [24]. The low am-

plitude means that ST-segments are particularly susceptible to blurring by the

volume conductor or noise from internal or external sources. To combat the result-

ing poor signal-to-noise, we and others have implemented electrocardiographic

imaging (ECGI) techniques to reconstruct the epicardial potentials or transmem-

brane potentials from torso surface recordings [2], [5], [25]–[27]. ECGI leverages

known information about the volume conductor, including torso conductivities

and anatomical geometries, to reconstruct cardiac sources [2], [5], [25]–[27].
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2.3 Experimental Models of Acute
Myocardial Ischemia

The two primary forms of ischemia that experimental models emulate involve

either full or partial occlusion of a major coronary artery [13], [15], [20], [28]–[32].

Full-occlusion experimental models of ischemia simulate a myocardial infarction

and have a long and storied history of contributing to our understanding of the

progression, detection, and management of one the most common clinical events

[13], [15], [20], [28]–[32]. These models can be created both using an isolated,

perfused heart or the intact heart and the chest exposed. The former case offers

complete access and a high degree of control over the heart but removes any

physiologic regulation by means of the autonomic nervous system. The in situ

preparation represents a more physiologically complete situation, with the heart

beating into an intact vasculature and responding to both local and remote in-

fluences. Whereas experiments involving full occlusion remove blood flow en-

tirely from some or all of the heart and thus emulate very well the condition of a

myocardial infarction, they cannot capture the more subtle conditions that arise

when blood supply and demand are marginally out of balance. Experimental

models that create ischemic conditions by means of partial occlusion allow for

these subtle conditions to be replicated. Clinically, such conditions resemble the

effect of exercise in a patient with underlying compromised coronary circulation.

Other conditions similarly bring about reduction in coronary flow that compro-

mise cardiac perfusion and performance []. Significantly fewer studies have fo-

cused on partial occlusion experimental models despite their obvious translational

and clinical implications.

In both experimental models, the hearts are instrumented with local recording

electrodes applied on or within the heart, often arranged near and within antici-

pated zones of ischemia; they capture extracellular potentials that form the electri-

cal sources described above [28], [29]. Some studies have included cellular record-

ings of transmembrane potentials by means of floating glass microelectrodes [33].

Simultaneous measurements from the cells, the tissue, and the whole heart have

created the basis for our understanding of the interplay of ischemic changes across
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the scales described above. Key features of the measurement that differentiate

past studies include the number and location of the electrodes, e.g., whether they

capture the epicardial or endocardial surfaces or are able to penetrate the heart and

record potentials in the myocardial volume. A consistent technological limitation

is the number of separate channels of signals that can be captured simultaneously

at adequate sample rates. Progress in this domain has been dramatic, from a few

separate channels in the 1960s to over 1000 in contemporary acquisition systems

[34], technology that has enabled the progress in our group.

Motivated by past studies with only limited numbers of electrodes and incom-

plete experimental control, over the past 15 years, our lab has leveraged—and also

developed—novel technology in electrodes, acquisition systems, medical image

processing, signal and image processing, and computing to improve all aspects of

our experimental models [35]–[40]. For example, improvements in the electrodes

and acquisition systems we construct have allowed sampling resolution and cov-

erage to significantly increase. Our custom intramural plunge needle arrays have

10 distinct electrodes to sample the depth of the myocardial wall, and we apply up

to 50 needles in a single experiment. An epicardial sock array with 247 individual

electrodes can sample the entire ventricular epicardial surface. Finally, a variable

hydraulic occluder placed around the left anterior descending coronary artery can

regulate blood flow to specific heart regions [39]. With the combination of these

recording arrays, variable levels of controlled occlusion, and control over heart

rate using pacing electrodes, we can create nontransmural regions of ischemia

throughout the myocardial wall (Figure 2.5). To process the resulting signals,

we have created a custom suite of signal processing tools called PFEIFER [41].

To reconstruct and align the geometry of image based models and the entire set

of recording electrodes for each individual experiment, we have constructed a

complete image-based modeling pipeline [42].

This suite of technology and a well-controlled animal model have enabled some

of the most detailed explorations reported in the literature of the characteristics of

partial occlusion ischemic events. Our recent studies showed that acute myocar-

dial ischemia arises in a distributed pattern throughout the myocardial wall, [39]
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Figure 2.5: Previous experimental setup including location of the occlusion, epi-
cardial sock electrodes, and transmural plunge needle electrodes. Also example
recordings from the epicardial and intramural electrode arrays.
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rather than solely anchored to the subendocardium, as previously assumed, which

is a substantial shift from the clinical dogma that insisted ischemia developed

only on the endocardial regions of the cardiac tissue [28], [29], [43]. Furthermore,

we showed that it is possible to simulate the source model associated with is-

chemia and predict epicardial potentials, as long as precise, anatomically accurate

ischemic zones are available [44]. However, the translational potential of these

studies to noninvasive clinical measurements is lacking. Specifically, we have no

torso surface recordings from these experimental models. Additionally, the stress

protocols used to induce ischemia were different from those used during clinical

cardiac stress tests. The first aim of this dissertation research will address these

previous experimental shortcomings and further refine an experimental model of

partial flow acute myocardial ischemia.

2.4 Electrical Detection of Acute Myocardial Ischemia
in the Clinical Setting

Chest pain is the most common chief complaint of a patient arriving at the

emergency department, with acute myocardial ischemia being the most worri-

some underlying cause [45], [46]. A common clinical etiology includes a patient

performing some type of atypical exercise, such as shoveling a large amount of

snow, climbing significantly more stairs than usual, or overexerting themselves

during exercise [8], [47]. The patients have thereby significantly increased the

overall demand for perfusion throughout the heart to provide oxygen and re-

move metabolites. However, perfusion is limited for some pathological reasons,

including coronary artery disease (CAD), coronary spasms, or other perfusion

dysfunctions, limiting the available coronary blood flow [45], [48]–[50]. At this

point, patients will begin to notice significant chest discomfort, usually described

as a crushing pain. In an ideal scenario, an ECG would be immediately applied,

and signal changes would provide a clear diagnosis, steps that require a trip to the

emergency department.

Upon arrival to the emergency department, patients are quickly assessed to

determine the root cause of their chest pain. Two coronary vascular pathologies
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are generally the cause: full occlusion myocardial infarction and partial occlusion

stable angina [8]. Several tests can rule out acute myocardial infarction, such as

biochemical assays, computed tomography imaging, or coronary catheterization

[51]. Assuming myocardial infarction is ruled out and partial occlusion ischemia

is suspected, patients are usually sent home from the emergency department, with

scheduled follow-up appointments and cardiac stress testing.

A cardiac stress test aims to determine if partial occlusion ischemia is the cause

of the exercise-induced chest pain, a condition that requires long-term treatment

and management. A cardiac stress test increases the overall cardiac stress while

recording cardiac activity for evidence of ischemia [45], [52], [53]. Cardiac stress

is induced via two primary methods, exercise with regulated interval training or a

pharmacological challenge with dobutamine infusion [45], [52], [53]. During this

episode of stress, the heart activity is measured by means of a 12-lead ECG or using

ultrasound imaging, called an echocardiogram [45], [52], [53].

To better understand the mechanisms and interpret the results of a cardiac

stress test, we must examine the cardiac stressors. In the exercise scenario, patients

are asked to undergo regulated activity with 12-lead ECG monitoring. Exercise is

the preferred cardiac stress type because it replicates the cardiovascular demand of

normal life. This demand is by means of graded exercise, usually performed on a

treadmill or stationary bike, in 3-minute intervals for a total of 15 minutes [54].

Exercise stimulates the heart by decreasing systemic vagal tone and increasing

sympathetic tone [8]. Additionally, the venous return or pre-load increases [8].

These changes result in a significant increase in heart rate and a modest increase

in cardiac contractility [8]. The other cardiac stressor is pharmacological stim-

ulation via dobutamine infusion, chosen when patients cannot exercise because

of safety concerns, previous cardiac abnormalities, or other personal preferences.

Dobutamine is primarily a beta-1 agonist with off-target beta-2 effects [55]. Beta-1

receptors are primarily located on cardiomyocytes and increase calcium release

within the cell during normal cardiac cycles, which leads to an increase in the

contraction of cardiomyocytes by perpetuating and increasing the hydrolyzation

of ATP to ADP [8]. Additionally, beta-1 receptors on the sino-atrial node stimulate
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an ion channel that passes what is known as the ‘funny current’, which increases

heart rate [55]. The net effect of dobutamine infusion is a significant increase in

heart contraction and a moderate increase in heart rate [55], [56].

Despite the mechanistic and observed physiological differences, dobutamine

stress and exercise stress have been considered interchangeable for clinical stress

testing [56]. Several studies have been performed on small patient cohorts to

compare the accuracy of each test to ground-truth invasive measurements. These

tests found that sensitivity and specificity for dobutamine echo were 85% and

80%, respectively, [45], [53] and were lower, at 55% and 65%, respectively, for

exercise stress testing. A further complication to their interchangeability is that the

modalities used to evaluate ischemia in each stress type are different, i.e., exercise

uses 12-lead ECG monitoring, and dobutamine uses echo ultrasound monitoring.

The choice of different biomarkers (ultrasound imaging and ECG) for either stress

type suggests the ischemia also develops differently. Only a handful of studies

have compared the ischemic signatures of dobutamine and exercise stress on the

same monitoring modality [57]–[59]. Of those studies, exercise was significantly

more sensitive and specific to the 12-lead ECG, whereas dobutamine was more

sensitive and specific to ultrasound [57]–[60]. Furthermore, some studies have

shown no additional diagnostic benefit from ECG recordings when combined with

dobutamine stress with ultrasound [61]. Combining the findings of these studies

highlights the need for a careful examination of the ischemia that develops with

each cardiac stress type. Improving our understanding of ischemia development

will drive better detection modalities and test selection based on suspected under-

lying cardiac pathologies. Addressing these current difficulties will be the target

of aim 2 of this dissertation research.

Clinical questions, reevaluations, and shared assumptions associated with is-

chemic biomarkers under various cardiac pathologies have also experienced a

recent resurgence [62]–[64]. Several recent publications have questioned the di-

agnosis, risk stratification, and treatment of patients based on these long-held

assumptions [62]. Other studies have shown that clinical criteria for correctly

identifying patients with acute myocardial ischemia measured on the 12-lead ECG
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are outdated [64]. Specifically, the threshold cutoffs of ST-segment elevation and

mandatory evidence across several contiguous leads are too strict for ischemia

detection criteria [64]. Several groups have proposed significant modifications

that accommodate different pathologies other than coronary artery disease [63].

Furthermore, recent controlled trials have suggested that the typical treatment for

coronary artery disease, coronary stent placement, may not provide any substan-

tial benefit for patients suffering from stable angina [65]. These clinical implica-

tions drive important scientific reexaminations of partial flow ischemia develop-

ment and the ideal biomarkers to use for detection.

The temporal evolution of partial occlusion acute myocardial ischemia dur-

ing cardiac stress tests or other acute events has not been adequately explored.

The temporal evolution of ischemia from full occlusion, i.e., myocardial infarction

scenarios, has been well defined both experimentally and clinically [?], [16], [18]–

[22]. However, similar biomarkers, spatial progression, and ischemic development

have not been examined for acute, partial occlusions. Furthermore, an improved

understanding of the temporal evolution of acute ischemia could contribute to

better detection, risk stratification, and targeted treatments with a wide variety

of pathologies that cause ischemia. The third aim of this dissertation research

was to assess the transient recovery of ST-segment deviations on remote recording

electrodes during a partial occlusion cardiac stress test.
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1.  Introduction

Despite several decades of research progress, ischemic heart disease remains one of the most common heart 
pathologies, affecting over 8 million people globally (Safdar et  al 2018). Myocardial ischemia occurs when 
there is inadequate perfusion to a specific region of the heart, leading to mechanical, electrical, and functional 
abnormalities. A surprising range of pathologies can cause acute transient ischemia, including coronary artery 
disease, coronary microvascular dysfunction, Takotsubo cardiomyopathy, and coronary artery dissection 
(Jespersen et al 2012, 2013, Noel et al 2017, Safdar et al 2018). Each pathology carries a significant risk of short- 
and long-term mortality that can be reduced substantially by early detection. Therefore, detecting myocardial 
ischemia early is paramount to preventing long-term negative consequences (Kontos et al 1999, Noel et al 
2017, Knuuti et al 2018, Safdar et al 2018). For decades, the electrocardiogram (ECG) has been the primary 
acute detection method for myocardial ischemia (McCarthy et al 1990), however, current performance using 
these methods is mediocre at best, with reported sensitivity and specificity ranging from 50%–70% and  
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Abstract
Myocardial ischemia is one of the most common cardiovascular pathologies and can indicate many 
severe and life threatening diseases. Despite these risks, current electrocardiographic detection 
techniques for ischemia are mediocre at best, with reported sensitivity and specificity ranging 
from 50%–70% and 70%–90%, respectively. Objective: To improve this performance, we set out to 
develop an experimental preparation to induce, detect, and analyze bioelectric sources of myocardial 
ischemia and determine how these sources reflect changes in body-surface potential measurements. 
Approach: We designed the experimental preparation with three important characteristics: (1) enable 
comprehensive and simultaneous high-resolution electrical recordings within the myocardial wall, 
on the heart surface, and on the torso surface; (2) develop techniques to visualize these recorded 
electrical signals in time and space; and (3) accurately and controllably simulate ischemic stress 
within the heart by modulating the supply of blood, the demand for perfusion, or a combination 
of both. Main results: To achieve these goals we designed comprehensive system that includes (1) 
custom electrode arrays (2) signal acquisition and multiplexing units, (3) a surgical technique to 
place electrical recording and myocardial ischemic control equipment, and (4) an image based 
modeling pipeline to acquire, process, and visualize the results. With this setup, we are uniquely able 
to capture simultaneously and continuously the electrical signatures of acute myocardial ischemia 
within the heart, on the heart surface, and on the body surface. Significance: This novel experimental 
preparation enables investigation of the complex and dynamic nature of acute myocardial ischemia 
that should lead to new, clinically translatable results.
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70%–90%, respectively (Stern 2002, Knuuti et al 2018). This poor performance indicates that many patients may 
be discharged from clinical care unaware of their potentially life-threatening condition, and others may receive 
care they do not need. Improvements in the electrical detection of myocardial ischemia must be made to ensure 
confident and accurate diagnoses of myocardial ischemia to prevent fatal long-term consequences.

This poor ECG-based performance may stem from our limited understanding of the ischemic bioelectric 
sources within the myocardium and how they manifest as electrical signals on the body surface. Past stud-
ies based on limited measurement capabilities have suggested that myocardial ischemia originates on the 
endocardial surface of the heart and progresses radially outward to the epicardium (Savage et al 1977, Janse 
et al 1979). However, our recent experimental studies have shown that these assumptions are not supported, 
at least in large mammal models. Aras et al showed acute ischemia originating throughout the myocardial 
wall (Shome et al 2007, Aras et al 2011b). These findings and the poor clinical performance of ECG ischemia  
detection have spurred discussion about other assumptions and re-evaluations of the conventional description 
of ischemic sources within the heart, but conclusions have been limited in their understanding of physiology and 
clinical application because experimental models have lacked some key components. Currently, no experimental 
model has been reported that can control the ischemic load and simultaneously record the electrical potentials 
within the heart, on the heart surface, and on the body surface. Without these data from an experimental model, 
improved methods of detection cannot be verified, which in turn inhibits the testing and implementation of new 
methods for detecting myocardial ischemia.

To maximize its translational potential, an experimental model of acute myocardial ischemia must (1) have 
comprehensive and simultaneous high-resolution electrical recordings within the myocardial wall, on the heart 
surface, and on the torso surface; (2) be supported by techniques to visualize these recorded electrical signals in 
time and space; and (3) accurately and controllably simulate ischemic stress within the heart by modulating the 
supply of blood, the demand for perfusion, or a combination of both. Previous experimental models that have 
included some of these criteria have been applied to other targets: high-resolution recordings on some surfaces, 
controlled ischemic load, and other unique recording or interventional techniques (Spach and Barr 1975, Bear 
et al 2015a, Cluitmans et al 2017, Zenger et al 2018). However, all previously reported models have lacked at least 
one of the three necessary criteria for a comprehensive examination of acute myocardial ischemia.

Here we report on the development and validation of an experimental preparation to detect and analyze bio-
electric sources of myocardial ischemia and determine how these sources reflect changes in body-surface poten-
tial measurements. We have achieved all the requirements listed above and created an experimental preparation 
that will enable significant progress in the understanding and detection of acute myocardial ischemia.

2.  Methods

We developed techniques to achieve the three major goals for this study. To simultaneously record within the 
heart, on the epicardial surface, and on the body surface, we used custom arrays of recording electrodes based 
on silver and silver chloride substrate and a custom multiplexing system that could record up to 1024 channels 
at 1 kHz. To process the recorded signals and create three-dimensional models, we used a combination of open-
source and custom software applications produced at the Scientific Computing and Imaging Institute (www.
sci.utah.edu). This processing pipeline was used to create three-dimensional geometric models that provide a 
framework for interactive visualization and for simulations of bioelectric fields, such as electrocardiographic 
imaging (ECGI) (Cluitmans et al 2017, Tate et al 2018). Finally, we controlled ischemic load by increasing cardiac 
demand through pacing or pharmacological stimulation and by decreasing cardiac supply with a hydraulic 
vascular occluder placed around the left anterior descending coronary (LAD).

2.1.  Animal model
Swines and canines were selected for this experimental preparation because their cardiac anatomy, electrical 
system, and vascular structure are similar to those of humans. The animals were 25–35 kg in weight and 8 months 
to several years of age. They were purpose bred for use in experimental research and 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 h of fasting, canines were sedated using an intravenous propofol 
bolus of 5–8 mg kg−1, and swine were sedated using a mixture of telazol (4.4 mg kg−1), ketamine (2.2 mg kg−1), 
and xylazine (2.2 mg kg−1). Once intubated, isoflurane gas (1%–5%) was used for anesthesia. At the end of 
the experiment, the animals were euthanized 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 expose the thoracic cavity. The pericardium was opened and 
the heart was suspended in a pericardial cradle. Following exposure, a portion of the left anterior descending 
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coronary artery (LAD) was dissected, and a calibrated hydraulic occluder (Access Technologies, Skokie, IL, 
USA) was placed around the dissected LAD. An atrial pacing clip was then placed on the appendage of the right 
atrium. Following placement of the electrical recording equipment (described below), the pericardium was 
sutured closed, and the sternum was wired and sutured together. To limit air within the volume conductor, chest 
tubes were tunneled into the mediastinal, pleural, and pericardial cavities and held under constant suction (5–
20 mmHg). The outer layers of dermis were sutured closed and checked for separations. Standard laboratory 
markers, including blood pH,PaCO2, oxygen saturation, temperature, and blood pressure, were measured and 
recorded throughout the experiment.

2.3.  Electrical recording equipment
2.3.1.  Electrode arrays
All electrodes and recording equipment were custom-built at the Nora Eccles Treadwell Cardiovascular 
Research and Training Institute (CVRTI) and similar to our work described previously with several important 
modifications (Shome et al 2007, Aras et al 2009, 2011b, 2016b). The electrical signals within the myocardium 
were measured using the Utah intramural plunge needle arrays (UIPNAs) Each needle in the array had  
10 electrodes on a 1.5 mm shaft spaced 1.8 or 1.1 mm apart for left and right ventricular needles, respectively 
(figures 1(A)–(C)). The needle electrodes were housed within of a hollow plastic tube with openings for 
each electrode that was custom fabricated using 3D printing (FormLabs, MA, USA). All ten electrode wires 
(0.0762 mm, high purity silver, California Fine Wire Company, CA, USA) terminated at an individual hole in the 
tube and passed through the tube, through strain relief built into the tube end, and then to 24-pin connectors. For 
these experiments, 12–25 needles were placed in the approximated perfusion bed of the LAD and concentrated 
on the anterior aspect of the heart.

The epicardial potentials were measured separately using the Utah high density epicardial sock (UHDES), 
an array of 247 silver wire electrodes tied into a nylon sock. The electrode wires were 0.127 mm insulated silver 
wires (California Fine Wire Company, CA,USA) spaced at approximately 10 mm; the end of each was stripped 
and then electroplated with silver chloride to reduce polarizing potentials. A subset of the electrodes also received 
color-coded beads that provided references for subsequent digitization of sock position (figure 1(D)).

The torso surface electrodes were grouped in strips of 12 electrodes evenly spaced 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 num-
ber of strips applied to the torso surface varied between 6–10 (72–120 total electrodes) depending on the body-
surface area accessible for each animal.

2.3.2.  Signal acquisition
The electrical potentials from the needle, sock, and torso surface electrodes were captured using a custom 
acquisition system that could record simultaneously from 1024 channels at 1 kHz sampling rate and 12 bit 
resolution (Ershler et al 1986). The acquisition system consisted of variable gain input amplifiers, multiplexers, 
A/D converters, interface circuitry, and a personal computer (PC) hosting a custom program written in Labview 
(National Instruments, Austin, TX, USA) that managed the hardware and allowed continuous signal acquisition. 
A bandpass 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 signals recorded from the sock, 
needles, and torso surface electrodes. Prior to each experiment, calibration signals were recorded on each channel 
to allow subsequent gain adjustments to accommodate thermal variations (figure 2 right pathway).

2.4.  Ischemia intervention protocols
Ischemia intervention protocols can be designed to test different clinical or scientific hypotheses by varying the 
time of ischemia, relative ischemic load, and other important variables. We induced several transient ischemic 
interventions, each lasting 8–15 min, during each experiment, followed by a 30 min recovery period, similar to 
our previous studies (Aras et al 2016b). One ischemic protocol mimicked the Bruce exercise stress test by first 
reducing the coronary diameter by 50%–70% and then pacing the heart at an increasing increment above resting 
heart rate every 3 min for a total of 15 min similar to protocols reported in the literature (Okin et al 1986). The 
intervention was terminated prematurely by the presence of a sequence of three or more premature ventricular 
contractions.

Another example of an ischemic protocol we applied was based on the clinical dobutamine stress test. Dobu-
tamine is used as a pharmacological stress agent because of its direct stimulation of beta-1 sympathetic recep-
tors on the heart, causing increased heart rate and contractility. In our dobutamine stress protocol, the animal 
was continuously infused at a sequence of increasing doses, each for 3 min, following routine clinical protocols  
(Mannering et al 1988). As with the Bruce protocol, the intervention again lasted 15 min or until a sequence of 
three or more premature ventricular contractions occurred. The LAD occlusion level was again fixed throughout 
the 15 min episode.
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Each of these protocols utilized changes in the ST segment voltage as a surrogate for ischemia within the myo-
cardial wall. Cellular and mechanistic studies have shown that changes in the ST segment correspond to ischemia 
forming in the underlying myocardial substrate (Kubota et al 1993, Li et al 1998).

2.5.  Image acquisition and processing
2.5.1.  Image acquisition and segmentation
A major goal of studies using this model is to construct accurate, subject-specific geometric models that include 
the anatomy and electrode locations. To this end, after the animal was euthanized, the intact torso was imaged 
with a clinical 3  T MRI scanner (Siemens Medical, Erlangen, Germany) for gross anatomy and electrode 
positions. Following the torso scan, the heart was excised, filled with dental alginate to preserve heart chamber 
shape, fixed in formalin, and scanned with a 7 T 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 in each heart, a diffusion-weighted MRI sequence was also performed. Capitalizing on the combined 
advantages of both FISP (consistent volume boundaries) and FLASH sequences (high internal contrast), we 
produced geometric segmentations of cardiac tissue, blood, and intramural plunge needle geometries using 
the Seg3D open-source software package6. To visualize the perfusion bed and vasculature, the coronaries were 
injected with BriteVue contrast agent (Scarlet Imaging, SLC, UT, USA), and the heart was scanned using an 
Inveon microCT Scanner (Siemens, Munich, Germany) (figure 2 center pathway).

From the segmented cardiac volumes we then created three-dimensional, tetrahredral meshes of the heart 
and torso using the the Cleaver open-source software package7 for use in subsequent visualization and simula-
tion (figure 2 central pathway).

2.6.  Geometric registration
2.6.1.  Landmark point recordings
At the conclusion of each experiment, the locations of the torso surface electrode strips, the reference sock 
electrodes, and plunge needle insertion sites on the cardiac surface were measured manually using a microscribe 
three-dimensional digitizer (Solution Technologies, Oella, MD, USA). In addition, anatomical landmark sites, 
including the location of the occlusion site, major epicardial coronary 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 that preserved the intramural needle array tracts and could be visualized in 
subsequent imaging (described above) (figure 2 left pathway).

Figure 1.  Custom electrode configurations. (A) Schematic drawing of a left ventricle intramural needle recording array. (B) 
Schematic drawing of a right ventricular intramural needle. (C) Photograph of a left ventricular intramural needle recording 
array. (D) Photograph of a 247 lead electrode sock array over a plaster mold of a sample heart, with colored beads marking selected 
electrodes used for registration of sock geometry.

6 www.sci.utah.edu/software/seg3d.
7 www.sci.utah.edu/software/cleaver.
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2.6.2.  Registration pipeline
We have developed and implemented a sequence of registration techniques to identify and register electrode 
locations relative to cardiac and gross anatomical structures (Berguist et al 2019). First, the high-resolution 
ex vivo FISP and FLASH MRIs of the explanted heart were registered to the full torso MRI scan via an affine 
transformation using the needle electrode locations in each geometric space. Next, the 247 electrode sock 
array was registered to the high-resolution heart mesh generated from the images. This step involved an affine 
transformation that moved the digitized subset of sock array electrodes to the torso MRI space. The transformed, 
digitized sock points were then snapped (by nearest neighbor) to the myocardial surface. To register the rest of 
the sock electrodes, we used a nominal sock mesh generated previously by stretching the sock over a heart model 
and digitizing all electrodes. This nominal sock mesh was first roughly fitted to the high-resolution heart mesh 
by contracting the sock along its base-apex axis to adjust vertical electrode spacing. The sock was then aligned on 
the heart mesh using correspondence-driven iterative closest points registration and then snapped to the heart 
mesh. Finally, the sock correspondence points were used to register the remaining electrodes with a geodesically 
constrained radial basis deformation as described previously (Berguist et al 2019) (figure 2 right pathway).

Figure 2.  Data processing and visualization pipeline. This set of techniques was  implemented in our custom software and combined 
all the geometric and signal information into a common coordinate framework suitable for visualization and subsequent analysis.
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2.7.  Signal processing
The electrical signals recorded during the study were processed in the preprocessing framework for electrograms 
intermittently fiducialized from experimental recordings (PFEIFER), an open-source MATLAB-based signal 
processing platform designed to process bioelectric signals acquired from experiments, as outlined schematically 
in the upper right panel of figure  2 (Rodenhauser et  al 2018). Using PFEIFER, the recorded signals were 
calibrated, baseline corrected, filtered, and marked at specific time instances within each beat for further analysis. 
The filter was an amplitude normalized 11th order rational transfer function. Gain correction for the amplifiers 
was performed on each individual channel by acquiring a reference sine wave of known amplitude(s) at the start 
of each experiment. A linear baseline drift correction was applied by selecting two assumed isoelectric points 
at the beginning and end of each beat. Signals of obviously poor quality from any electrode were discarded and 
Laplacian interpolated from the nearest neighboring electrodes (Oostendorp et al 1989). We also identified 
and discarded electrograms recorded from needle electrodes within the blood cavities from their morphology; 
electrograms without an initial positive deflection were assumed to be from within the blood pool (Taccardi et al 
2008).

A separate global root mean squared (RMS) signal was computed from each of the sock, intramural, and torso 
surface signals and then used to mark temporal fiducials around the QRS complex and the T wave. PFEIFER can 
then utilize intermittent, manually annotated beats to automatically identify and annotate the remaining beats 
within the recorded signals. From these markings, we extracted the ST40%, QT-interval, and QRS amplitude for 
further analysis. ST40% is the measured voltage at 40% of the ST segment duration, selected because of previous 
studies that showed changes in the ST segment relating to ischemia (Janse et al 1980). Algorithms also automati-
cally extracted the activation and recovery times from the each electrogram using methods described previously 
(Millar et al 1985, Lux and Ershler 1987). PFEIFER greatly accelerated these processing steps by propagating and 
adjusting fiducial markers set by the user from one beat to all subsequent beats in an continuously acquired run.

2.8.  Electrical potential mapping and data visualization
Finally, the processed electrograms and extracted parameters (ST40%, QT-interval, etc) were mapped to the 
associated electrode locations within the heart and on the epicardial and torso surfaces. Experimental model 
datasets were then visualized interactively using map3d (www.sci.utah.edu/software/map3d) or SCIRun (www.
sci.utah.edu/software/scirun), open-source software packages that provided for extensive spatio-temporal 
exploration, an example of which is shown in the lower panel of figure 2.

2.9.  Model validation
2.9.1.  Canine and porcine comparison metrics
We implemented several standard electrocardiographic metrics to verify our signal processing techniques 
and compare baseline and ischemic electrophysiological parameters in canine and porcine subjects. Time 
intervals were determined from the root-mean-square of all recorded signals, voltages were calculated from 
each individual electrode within a recording surface. The QRS amplitude was defined as the absolute difference 
between the minimum and maximum voltage measured during the QRS interval independent of morphology. 
The corrected QT interval was calculated using Bazett’s formula. Each metric is reported as an average plus or 
minus standard deviation. Student’s t-tests were performed on a subset of experimental data as described in 
results where p-values less than 0.05 were considered significant.

2.9.2.  Changes induced by electrical recording equipment
A natural concern in such a preparation is that signals recorded after the surgery do not resemble those 
beforehand. To examine such questions, prior to sternotomy, we placed torso surface electrodes and recorded 
normal sinus rhythm. We then opened the chest, placed the sock and needle electrode arrays and ischemic 
control equipment, and then closed the chest and recorded normal sinus rhythm from the same torso surface 
electrodes. We then compared the pre- and post-surgical values of QRS duration, QRS amplitude, and ST40%. 
To evaluate the changes specifically induced by placement of the needle electrodes, we applied the epicardial sock 
array and recorded before and 90 min after the insertion of the needle arrays and then compared values of QRS 
duration, QRS amplitude, and ST40% values. Student’s t-tests were performed on a subset of experimental data 
as described in results, where p-values less than 0.05 were considered significant.

3.  Results

3.1.  Multiregion detection of ischemia
Figure 3 shows sample measurements of electrograms and ECGs across all measured regions during normal 
sinus and induced ischemia. The left main panel shows measured potentials along a single transmural needle 
ordered (from top to bottom as endocardium to the epicardium); a strip of sock electrodes ordered from base to 
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apex, and an approximate 12-lead ECG signal including leads I, II, and III and unipolar precordial leads V1, V2, 
V3 ,V5, and V6 during a normal sinus control recording. The right panel shows signals from the same electrodes 
recorded during significant ischemic stress.

All signals across the different recording domains were automatically time aligned because they were all 
recorded simultaneously and all signals in the figure show typically high quality and with low noise following 
standard filtering. The differences in signal morphologies between control and peak ischemia in the figure are 
dramatic with ST-segment deviations and T-wave changes through the myocardium (needles) and the superior 
leads of both the epicardial and precordial torso leads. The QRS complexes also showed Q waves and prolonged 
activation duration throughout most of the regions.

3.2.  Processing and visualization pipeline
To register all elements of the anatomy and electrode locations and visualize these signals, we used a novel 
processing and visualization pipeline that leveraged tools from a combination of open-source projects. Figure 4 
shows one example of the electrode locations and thoracic anatomy after registration into the same coordinate 
space. Panel (A) in the figure  shows the epicardial sock and measurement electrodes (black dots) and the 
plunge needles (purple points at the ends of cylinders), and the gray occluder placed over the red LAD. The sock 
electrodes were evenly distributed around the entire ventricles, from the apex to the base. Panel (B) shows a 
subset of the torso surface electrodes (black dots) and the overall electrode coverage (orange surface) in a cutaway 
view of the torso with the heart partially visible (in red). The distance between intramural plunge needles was 
typically 9–11 mm, the distances between epicardial recording electrodes in the range of 6–8 mm, and the spacing 
between torso surface electrodes was 4–5 cm.

3.3.  Ischemic load control
Figure 5 shows an example of the results from the same episode of induced ischemia, in which we rapidly 
stimulated the heart under reduced coronary flow. Panel (A) shows the control values of ST40% potentials in all 
three regions and panel (B) shows the this same parameter during peak ischemic load. The range of measured 
ST40% values during peak ischemia was  −1 mV to  +11 mV in the intramural plunge needles, −2 mV to  +7 mV  
on the epicardial sock, and  −0.2 mV to  +0.2 mV on the torso surface. Typical clinical indications for acute 
myocardial ischemia are ST segment deviations of more negative than  −0.1 mV or more positive than  +0.2 mV

Figure 3.  Example recording of sinus control and paced ischemic beats. Left panel: Recorded electrograms from the 10 electrodes 
down the shaft of anteriorly placed needle ordered from endocardial to epicardium, 10 electrodes of the anterior aspect of the 
epicardial sock from the base (superior) portion of the heart to apex, and approximate 12-lead ECG locations (I, II, III, V1, V2, 
V3, V5, and V6). All three simultaneously recorded sets of signals captured control conditions. Right panel: Signals from the same 
electrodes acquired during significant ischemic stress. The heart rate for signals in the left panel was 70 bpm and the heart rate for 
signals in the right panel was 171 bpm.
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3.4.  Model validation
3.4.1.  Effects of surgery and electrode placement
Table 1 shows recorded torso potentials before and after surgery and the placement of the epicardial sock and 
needle electrode arrays during one experiment. Using a paired Student’s t-test, the QRS interval and QRS 
amplitude showed no significant difference on the torso surface recordings before and after placement of the 

electrode recording equipment.
Changes caused by the placement of needle electrode arrays were also observed on the epicardial sock in 

figure 6 and table 2. Figure 6 shows ST40% potentials measured on an example sock array before, immediately 
after, and 90 min after placement of the transmural plunge needles. Immediately following needle placement 
there is an increase in ST40% potentials which recover to below baseline recordings within 90 min of final needle 
placement. Table 2 shows little changes to relevant ECG parameters before and after 90 min rest following nee-
dle placement. There was no significant difference in QRS amplitude before and after placement of the plunge 
needles (p   >  0.05). There was, however, a significant difference in QRS interval before and after placement of 

transmural plunge needles (p   <  0.05).

3.4.2.  Canine versus porcine species
Tables 3 and 4 show a statistical comparison of signals recorded for both canine and porcine subjects during 
sinus rhythm and atrially paced beats at control rates. Canine subjects showed larger voltages across all surfaces 

Figure 4.  Example geometric registration. Panel A: Epicardial (black dots) and needle electrodes (purple dots and associated 
cylinders) are registered to the high-resolution heart surface (gray) generated from MRI images. Panel B: The heart (in red) and the 
torso electrodes (black dots) are registered to the (high resolution) torso surface. The orange region shows the electrode coverage on 
the torso.

Figure 5.  ST40% Potential measurements over all three sampled regions panel A: Control recording of ST40% within the 
myocardium, on the epicardial surface, and on the torso surface. Panel B: Peak ischemia values over the same locations within the 
same episode. The leftmost elements of both panels shows the locations of two slices, S1 and S2, through the heart and the potentials 
over these slides. The center elements contain epicardial potentials from the sock and the rightmost elements the equivalent torso 
potentials.
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compared to porcine. Results in table 4 show no significant difference between QRS intervals (p  >  0.05), however, 

QTc intervals were significantly different between species (p  <  0.05).

4.  Discussion

In this study we developed a novel experimental approach that supports comprehensive, high-resolution, three-
dimensional exploration of the development and electrical manifestations of myocardial ischemia. We have 
shown that it is possible to create controllable, transient myocardial ischemia documented by measurements 
of bioelectric time signals from the heart and torso and associated anatomical images. We have shown that it is 
also feasible using open source software tools to process these recordings and visualize the spatial and temporal 
development of ischemia. Specific improvements over other reported models include simultaneously measuring 
bioelectric signals within the myocardium, on the heart surface, and on the torso surface in a physiologically and 
anatomically realistic setting of a closed chest under cardiovascular and respiratory control. Our previous studies 

Table 1.  Recorded torso potentials prior to sternotomy, with no sock or needle electrodes placed, compared to those acquired after 
placement of the cardiac electrodes and closure of the chest. Values were the mean and standard deviations across all torso electrodes.

Metric Prior to sternotomy After chest closure

QRS Interval (ms) 52.11 ± 2.10 51.86 ± 1.09

QRS Peak to peak amplitude (mV) 0.45 ± 0.33 0.53 ± 0.13

ST40% (mV) 0.009 ± 0.01 −0.001 ± 0.011

Figure 6.  Recorded epicardial sock electrode ST40% potentials during electrode placement and after recovery. Panels A–C contain 
spatial maps of the epicardial ST40% recordings prior to, immediately following, and 90 min after needle placement, respectively. 
Black nodes correspond to approximate needle insertion locations and all three maps use the same color scaling with maps in panels 
A and B showing color saturation at maximum values of 2.3 mV.

Table 2.  Recorded epicardial sock potentials before, 30 min after, and 90 min after placement of needle electrodes.Values were the mean 
and standard deviations across all sock electrodes.

Metric Prior 30 min 90 min

QRS interval (ms) 49.74 ± 1.86 54.78 ± 1.72 52.88 ± 2.46

QRS Peak to peak amplitude (mV) 11.34 ± 3.72 10.89 ± 3.31 10.05 ± 3.33

ST40% (mV) 0.29 ± 0.70 0.32 ± 0.42 0.07 ± 0.34

Table 3.  Table showing the recorded voltages separated by canine, porcine, and different recording surfaces. S and AP stand for Sinus and 
Atrial Paced recordings, respectively, QRS Amp and VRange stand for QRS peak to peak amplitude and voltage range across all electrodes, 
respectively. Each metric was derived from each individual electrode.

Canine (n  =  2) Porcine (n  =  3)

Metric Needles (mV) Sock (mV) Torso (mV) Needles (mV) Sock (mV) Torso (mV)

S QRS Amp 16.77 ± 8.37 18.62 ± 5.21 1.58 ± 0.61 8.09 ± 4.04 7.87 ± 3.11 0.37 ± 0.13

AP QRS Amp 17.61 ± 8.95 19.07 ± 5.57 1.50 ± 0.58 9.11 ± 4.29 8.45 ± 3.18 0.37 ± 0.14

S VRange (0.01–47.30) (0.002–40.73) (0.007–3.20) (0.006–29.00) (0.005–29.31) (0.0002–1.10)

AP VRange (0.01–47.59) (0.002–41.41) (0.007–3.14) (0.002–27.42) (0.006–28.90) (0.005–1.48)

Peak ST40% 6.77 ± 4.94 −0.10 ± 3.28 −0.09 ± 0.13 0.93 ± 2.36 −1.28 ± 1.70 −0.12 ± 0.20
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reported on progress in controlling ischemic load via hydraulic occlusion of coronary vasculature combined 
with rapid pacing or pharmacological stress (Shome et al 2007, Aras et al 2009, 2011b, Aras et al 2011a, 2014,). We 
have also created a signal processing pipeline and registration system to generate the associated geometric model 
and to visualize the electrical signals in three-dimensional space, across geometries, throughout an ischemic 
intervention (Rodenhauser et al 2018, Berguist et al 2019).

Previous studies have reported similar, closed chest animal models (Spach et al 1977, Bear et al 2015a, Clu-
itmans et al 2017), but none have achieved the extent and resolution of coverage of this study, nor were they 
designed to explicitly study myocardial ischemia. The first such reports by Spach et al showed that a re-closed 
torso preparation was surgically feasible. They achieved simultaneous recordings from 200 sites within the myo-
cardium, 20–30 sites on the epicardium, and 50 sites on the torso surface (Spach et al 1977). While a masterful 
achievement, the limits of technology at that time restricted the scope and resolution of the measurements and 
also the reconstructions and visualization of the results. Bear et al again achieved the closed-chest preparation in 
the early 2000s, but they did not record electrical signals from within the myocardium, but rather the ventricular 
and torso surfaces (Bear et al 2015b). Finally, Cluitmans et al succeeded in placing epicardial and torso surface 
electrodes, but they, too, had no recordings from within the myocardium and focused their approach on activa-
tion sequence recovery in order to validate their electrocardiographic imaging (ECGI) approaches (Cluitmans 
et al 2017). Another important element missing from these preparations was the ability to control ischemic load 
on the heart. None of these preparations had an efficient and standardized way to induce this pathology, which 
further limited their application to the study of myocardial ischemia.

Our early findings using a somewhat simpler experimental model of myocardial ischemia have motivated both 
the reported advances and additional interventions and analyses. Results from those studies suggested a mech
anism of variable, distributed ischemia development, in sharp contrast to conventional assumptions. For example, 
we have showed that distributed ischemia was more likely to form in the midmyocardium rather than at the endo-
cardial borders. Results from studies that capture the three-dimensional extent of intramyocardial ischemia by 
means of the needle electrodes have also motivated simulation studies and allowed us to compare measured and 
simulated epicardial potentials (Burton et al 2016, 2018, 2018b), studies that allowed us to refine the understand-
ing of the fundamental nature of intramyocardial bioelectric sources (Burton et al 2018b).

The data collected from the experiments conducted by Aras et al also supported studies of ECGI and simula-
tion of ischemia, which have shown that representing ischemia with realistic source models produces more accu-
rate potentials on the heart surface than those based on simplified source models or those anchored to the suben-
docardium (Burton et al 2011, 2018, 2018b). However, these studies all lacked measured body-surface potentials, 
limiting their translational impact. The combination of these findings and other similar preliminary results has 
motivated our novel experimental preparation. Following analysis, these experimental datasets will be made 
publicly available on the experimental data and geometric analysis repository (EDGAR) that hosts datasets for 
such applications (Aras et al 2015).

Both canines and porcines were used in this experimental preparation, providing an opportunity to compare 
their responses to acute ischemia and at least speculate on the relevance of these responses to humans. There are 
relevant anatomical and physiological differences between the two species and humans that may contribute to 
the differences seen in the measured bioelectric fields. First, canines have an extensive coronary collateral vascu-
lar network which decreases the amount of ischemia induced during an ischemic intervention, unlike humans 
and swine, who have comparatively limited coronary collateral circulation (White et al 1992). Second, the swine 
conduction system is located in the midmyocardial region, unlike humans and canines, which have conduction 
systems anchored on the endocardial border (Verdouw et al 1983). While both species showed very similar QRS 
duration, the canine subjects show shorter QT intervals and substantially larger amplitudes of QRS complexes, T 
waves, and ST-segment shifts than the porcine subjects. The explanations for the amplitude findings could be two-
fold as the canines had larger heart sizes (measured as nearly double the tissue volume) and also closer distances 
from the heart to the torso surface, which were reflected by relatively larger increases in torso potentials than car-
diac potentials. The slightly reduced QRS duration in canines may be due to the differences in conduction system 
between the species. The increased QTc duration between species could explain the increased susceptibility of 
porcine subjects to ventricular fibrillation during procedures and interventions on the heart.

Table 4.  Table showing the recorded time intervals in canine versus porcine subjects. Each metric was derived from the from a manual 
marking of the root-mean-squared (RMS) signal.

Metric Canine (n  =  2) Porcine (n  =  3)

Sinus QRS interval (ms) 50.94 ± 5.28 56.77 ± 7.40

Atrial paced QRS interval (ms) 51.63 ± 4.75 53.94 ± 10.27

Sinus QTc interval (ms) 346.65 ± 16.54 483.56 ± 39.75

Atrial paced QTc interval (ms) 365.53 ± 9.33 459.65 ± 26.71
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We also carried out careful evaluations of the impact of both instrumenting the heart and closing the chest 
on torso potentials and inserting the needle on the epicardial potentials. On the torso surface, we found relatively 
small and insignificant changes in the QRS duration and QRS amplitude values before and after surgery indi-
cating no significant insulative effects from the needles or epicardial sock. However, there was a change in the 
measured ST40% potentials before and after surgery, as measured on the torso surface. These changes remained a 
small fraction of those observed during acute episodes of myocardial ischemia and may arise due to the effects of 
anesthesia and general injury from the procedure.

Immediately following needle insertion, there was a substantial and expected increase in ST40% epicardial 
potentials in the regions explored by the needles. However, 30 min after the needles were in place, the ST40% 
values had returned to levels obtained prior to needle placement and at 90 min, ST40% values had fallen below 
the original baseline levels. We suspect that the levels fall below baseline values because the recordings at baseline 
were immediately after the midline sternotomy and severing the pericardium, which could already insult the 
heart and increase epicardial potentials. To create context for these injury potentials, ST40% changes immediate 
following insertion varied between  −2 and +2 mV, while the changes during peak ischemic stress were tenfold 
larger, from  −10 to +20 mV. Changes in QRS duration following needle insertion were also minimal and recov-
ered to near normal levels after 90 min. These results suggest that our recording and occlusion equipment did not 
substantially change the overall electrical function of the heart.

Creating and standardizing this experimental preparation presented several challenges and retains several 
limitations. We had to manufacture very high capacity (1024 channel) signal-acquisition equipment to record 
simultaneously from the different high-density electrode arrays. Such equipment is becoming available on the 
market, albeit at either high cost or only with substantial customization. Interfacing so many signals from indi-
vidual electrodes designed for different locations and capturing signals at a range of amplitudes spanning two 
orders of magnitude also presents instrumentation challenges that result in some compromises in the achievable 
dynamic range and signal quality. Another challenge was maintaining the stability of the animal model in the face 
of surgical insult. Specific challenges included the invasiveness of the procedure, puncturing the heart wall with 
intramural plunge needles, and the resulting increased likelihood of cardiac arrhythmia, which was mitigated in 
swine with constant low-dose lidocaine infusions. There was inevitable variability in ischemic responses across 
different animals and experiments because of difference in cardiac and coronary anatomy and physiology. To 
reduce such inconsistencies, we placed the hydraulic occluder at approximately the same segment of the LAD for 
each experiment and also developed ‘stress protocols’ at the start of each experiment to capture individualized 
values for parameters such as maximal heart rate and level flow reduction that the subject could tolerate. Despite 
this approach, inconsistencies are typical in most large-animal preparations and require that the resulting meas-
urements be considered somewhat independently. Finally, because of difference in human and animal anatomy, 
human 12-lead ECGs are impossible to completely recreate. Therefore, we approximated the location of each 
lead based on replicating the spatial relationships between each electrode location and the heart.

Our experimental model has several important applications in acute myocardial ischemia detection and the 
potential to contribute to the knowledge of acute ischemia. First, the addition of torso-surface recordings makes 
this the most clinically translational animal model of electrocardiography to date. Even with interspecies differ-
ences, this model still accurately detects and controllably induces episodes of transient myocardial ischemia that 
generate realistic electrical changes on the torso-surface ECGs.

While this experimental model was developed to detect and examine acute ischemia, it could also be used 
to study other cardiac pathologies. For example, it would be very straightforward to induce complete acute 
infarction to simulate STEMI or NSTEMI similar to clinical studies in humans using percutaneous coronary 
intervention balloon angioplasty. We could also induce premature ventricular contractions over a wide range of 
intramyocardial locations via bipolar stimulation with the needles and record the resulting three-dimensional 
activation patterns throughout at least a portion of the heart as well as over the epicardium and body surface. 
Because of the control of pacing location and rate, the model could also be used to study general arrhythmia 
formation and development. Even though intramural coverage is restricted to a region of the heart, the epicar-
dial sock provides 360-degree, high-resolution coverage of the ventricles that could be used to examine complex 
wavefront development.

Such data sets have clear value for developing and validating bioelectric field models, specifically for elec-
trocardiographic imaging (ECGI). ECGI requires an anatomical model of the heart and torso surface and high-
density recordings of potentials on the body surface (Brooks and MacLeod 1997, Pullan et al 2010, Rudy and 
Lindsay 2015). Validation of ECGI requires measurements from the heart against which to compare computed 
values (Oster et al 1997, MacLeod and Brooks 1998, Brooks et al 1999, Potyagaylo et al 2014, Cluitmans et al 2015, 
Dubois et al 2015, Shah et al 2015, Wang et al 2016, Wann et al 2018, Cluitmans et al 2018). The inclusion of both 
epicardial and intramyocardial source measurements will provide unique opportunities for ECGI approaches 
that can be specific to ischemia or focus on general detection of localized cardiac activity.
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In summary, we have significantly improved an experimental model of electrocardiographic evaluation of 
myocardial ischemia to be used as a novel standard for studies of mechanisms, bioelectric source computations, 
and cardiac simulation and modeling studies. With these data now achievable and available, significant strides 
can be made to improve the accuracy of noninvasive clinical tests to detect and localize myocardial ischemia. 
Future goals of this model includes improving its stability and further perfecting our experimental preparation. 
We will use it to assess and validate several key modeling and physiological parameters such as three-dimensional 
conduction velocity, bioelectric field and source models, different approaches to clinical stress testing, and ECG 
Imaging.
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CHAPTER 4

PHARMACOLOGICAL AND SIMULATED EXERCISE

CARDIAC STRESS TESTS PRODUCE DIFFERENT

ISCHEMIC SIGNATURES IN HIGH-

RESOLUTION EXPERIMENTAL

MAPPING STUDIES

4.1 Abstract
4.1.1 Objective

Test the hypothesis that exercise and pharmacological cardiac stressors create

different electrical ischemic signatures.

4.1.2 Introduction

Current clinical stress tests for detecting ischemia lack sensitivity and speci-

ficity. One unexplored source of the poor detection is whether pharmacological

stimulation and regulated exercise produce identical cardiac stress.

4.1.3 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 within the heart wall, the epicardial

surface, and the torso surface, respectively. Ischemic stress via simulated exer-

cise and pharmacological stimulation were created with rapid electrical pacing

and dobutamine infusion, respectively, and mimicked clinical stress tests of five

three-minute stages. Perfusion to the myocardium was regulated by a hydraulic

occluder around the left anterior descending coronary artery. Ischemia was mea-

sured as deflections to the ST-segment on ECGs and electrograms.
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4.1.4 Results

Across eight experiments with 30 (14 simulated exercise and 16 dobutamine)

ischemic interventions, the spatial correlations between exercise and pharmacolog-

ical stress diverged at stage three or four during interventions (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).

4.1.5 Conclusion

We found significant differences on the epicardium between 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 po-

tential gradient magnitudes within the myocardium during exercise. The presence

of microvascular dysfunction during exercise and its absence during dobutamine

stress may explain these differences.

4.2 Introduction
Acute myocardial ischemia is the most common cause of chest pain and indi-

cates many different pathologies, including Takotsubo cardiomyopathy, myocar-

dial infarction, coronary artery disease, or coronary 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]. Clini-

cally, the effort consists of a graded cardiac stressor, such as pharmacological stim-

ulants or regulated exercise. Despite their ubiquity, the sensitivity and specificity

of cardiac stress tests to acute myocardial ischemia are persistently poor, with the

exercise stress tests using ECG monitoring around 55% and 65% and dobutamine

stress test using ultrasound imaging (echocardiography) around 85% and 80%,

respectively [1], [3], [4]. The poor detection or misdiagnosis of ischemia can lead

to several adverse consequences, including accelerated cardiac decompensation or
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unnecessary procedural interventions.

One possible and unexplored source of this inadequate detection is differences

between cardiac stress types. Cardiac stress is induced clinically using regulated

exercise via treadmill walking or pharmacological stimulation via dobutamine in-

fusion [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 obvious mechanistic 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 echocardiography (echo) [4], [6]–[8]. These

studies report variable ranges of sensitivity and specificity, with the majority show-

ing 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 diagnostic 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 arrays. 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 current, also called injury
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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 study was to characterize the differences in the electrical sig-

natures of ischemia induced via dobutamine and simulated exercise from high-

resolution electrocardiographic mapping in a controlled experimental model. We

chose to assess electrical changes because of their ubiquity in clinical practice and,

at least at the cellular level, there is a precise biophysical mechanism for ischemic

changes. Based on previous clinical studies, we hypothesized a significant dif-

ference 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 ischemia at high reso-

lution (over 600 electrodes) within the heart wall (intramural), on the heart surface

(epicardial), and on the torso surface. We identified ischemic signatures based on

changes to the ST-segment potentials (ST40%) of electrograms (measured within

the heart or on the heart surface) or electrocardiograms (measured on the torso

surface).

4.3 Methods
4.3.1 Experimental Preparation

4.3.1.1 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 their similar cardiovascular structure to humans and validated use

in previous acute myocardial ischemia studies [14]. A midline sternotomy was

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 ex-

posed and a hydraulic occluder was placed around the vessel. Recording arrays
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described below were then placed. The pericardium and chest wall were then su-

tured closed and checked for residual air. The animals were purpose-bred for 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 (protocol number 17-04016 approved on

05/17/2017).

4.3.1.2 Recording Arrays

Recording arrays sampled electrical signatures within the heart wall (intramu-

ral), 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 needles were placed in the anterior ventricular my-

ocardium. The epicardial sock recorded at 247 sites around both ventricles with ap-

proximately 6.6 mm2 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 (Figure

4.1). 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].

4.3.2 Cardiac Stress Test Protocols

We simulated cardiac stress tests by mimicking clinical protocols. Each sim-

ulated cardiac stress test, or intervention, lasted up to 15 minutes, broken into 5,

3-minute stages. Interventions 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 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 vari-

ability. The order of interventions (i.e., dobutamine or simulated exercise occurring

first) varied between experiments. A 30-minute rest period preceded each ischemic

intervention, which has been previously shown as adequate time for the heart to

return to baseline [14]. Figure 4.2 shows an example of signals acquired from an

intramural recording electrode throughout an ischemic intervention. To reduce
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Figure 4.1: 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).



58

the effects of ischemic preconditioning, two normalization ischemia protocols we

induced prior to recorded ischemic episodes. Each normalization episode lasted

10 minutes with occlusion and pacing.

4.3.2.1 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 4.1 and were held constant throughout each stage [16].

Pacing has been shown to produce similar ECG responses compared to exercise

and is the most similar analog to exercise considering the experimental preparation

[17]–[19]. No studies to our knowledge have performed high resolution compar-

isons of pacing and exercise cardiac stress. To replicate clinical pharmacological

stimulation, we used the dobutamine infusion protocols shown in Table 4.1. The

infusion rate was held constant throughout each stage [20].

4.3.2.2 Hydraulic Vessel Occlusion

Perfusion deficits were created by placing 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 tol-

erated occlusion amount was determined 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.

4.3.3 Signal Processing

4.3.3.1 Quantification of Ischemia

Signals (electrograms and electrocardiograms) were referenced to Wilson’s cen-

tral terminal, digitally processed, and fiducialized using the open-source PFEIFER

platform [21]. Signals with unacceptable noise were manually identified and re-

moved in the intramural 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 acute myocardial ischemia and
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Figure 4.2: Sample electrograms during a single episode of ischemia. A. The
colormap applied to the electrograms, showing the stages within a single episode
of ischemia with arrows indicating the ends of each stage, when we captured
signals representative of the stage. B. Example electrograms from an intramural
electrode during a dobutamine ischemic intervention. Purple markers indicate the
ST40% potential values extracted from each of the electrograms captured at the
end of the five stages.
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Table 4.1: 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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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-minute interval) to allow for the ischemia to reach a steady-state with consistent

cardiac stress. Figure 4.2 shows an example of the ST40% values on intramural

electrograms 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 significantly into the abdomen across all animals and showed very

little cardiac signal. Therefore, we removed the bottom two electrodes from each

strip used in the analysis.

4.3.3.2 Geometric Model Generation

Following each experiment, animals were imaged postmortem in a 3-Tesla MRI

scanner (Siemens Medical, Erlangen, Germany) from which the thorax as well as

the needle, 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-Tesla MRI 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 refinement were

implemented using the GRÖMER registration pipeline [23]. For intramural volu-

metric analyses, ST40 potentials were interpolated from intramural measurement

nodes throughout the high-resolution mesh using thin-plate spline radial basis

functions. Visualizations were performed using the map3d (https://www.sci.utah.

edu/software/map3d) and SCIRun open-source software packages and MATLAB

(Mathworks, MA, USA).
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4.3.4 Comparisons of Ischemic Electrical Responses

ST40 potential values were extracted and compared at the end of each stage

throughout an ischemic intervention as shown in Figure 4.2. Pairwise correlation

metrics were calculated between all dobutamine and pacing interventions within

the same animal experiment. In a typical scenario, two simulated exercise and

two dobutamine interventions were performed during an experiment. Four cor-

relation coefficients were then calculated 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 interventions from other

experiments. We also calculated general intervention characteristic variables and

compared them across interventions and experiments.

4.3.4.1 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 record-

ing domain (i.e., intramural, epicardial, and torso surface) between two interven-

tion types.

4.3.4.2 Clinically Detectable ST40 Changes on Remote Record-
ing Arrays:

We also assessed the presence of clinically detectable ST40 changes, which we

defined 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 deviations above or below the mean ST40 po-

tentials acquired during control recordings (no ischemia). We then compared the

number of electrodes above and below threshold in dobutamine and simulated

exercise interventions.
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4.3.4.3 Intramural Volume Analysis

Interpolated ST40 potentials within the tissue volume provided a means to

identify ischemic zones, which were defined as ST40 potentials above 1 mV. We

then computed the volume of these ischemic zone and compared differences in

absolute ischemic-zone volume between dobutamine and simulated exercise in-

terventions.

4.3.4.4 Ischemic Zone Dice Overlap

Using the ischemic zones, we calculated the Dice 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 intervention types. Excellent overlap is above 0.8, moderate above

0.6, and poor below 0.6 [24].

4.3.4.5 Intramural ST40-Potential Gradient Magnitude Anal-
ysis

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 quartile of gradient magnitudes for each intervention type. We

then compared differences in top quartile gradient magnitude between stress types

throughout the experiments.

4.3.4.6 Statistical Variability Analysis of All Calculated Met-
rics

To compare intervention characteristic variables (i.e., ischemic volume, gradi-

ent magnitudes, and clinical signal detection) for statistical differences, we per-

formed a random effects multilevel regression analysis, which compensated for re-

peated measures within one animal experiment. We also statistically compared the

correlation metrics that inherently computed differences between dobutamine and

simulated exercise interventions (i.e., spatial correlation and Dice overlap correla-

tion). For correlation metrics, we determined if the computed correlation values

between different intervention types were within the variability of computed cor-
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relations for identical intervention types. This analysis determines if the changes

in the correlation metrics were significantly different compared to the intrinsic

variability of interventions. Again, we performed a random effects multilevel

regression to compensate for repeated measures within 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, Texas, USA).

4.4 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. Figure 4.3 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 correlation value comparing

these intramural signals was 0.64, and the Dice overlap coefficient 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, 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 corre-

lation between these two interventions was low at 0.02. Finally, the torso-surface

potentials showed marked elevations during simulated exercise, which were not

present during dobutamine, and the spatial correlation was 0.79.

4.4.1 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 Figure 4.4 in red, the spatial correlation dropped substan-
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Figure 4.3: Sample measured ST40 potentials. Row 1: Simulated exercise inter-
vention stage 5. Row 2: Dobutamine intervention stage 5. Columns 1 and 2:
Interpolated ST40 potentials from intromyocardial recording arrays at different
basal/apical levels. Column 3: Epicardial sock potentials. Column 4: Torso surface
potentials.
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tially between different intervention types across all recording domains through all

stages of the ischemic interventions. 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) recordings. At the end of stage five,

the mean spatial correlation was below 0.6 across all surfaces, 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 intramural,

epicardial, and torso domains as the intervention progress (i.e., from stage 1 to 5).

We also performed a statistical variability analysis to determine if the spatial

correlations comparing different cardiac stress types were similar to the spatial

correlations comparing identical cardiac stress types. As shown in Figure 4.4, the

identical comparisons had spatial correlations that remained above 0.7 through-

out the interventions (blue).The spatial correlations between different intervention

types were significantly lower than spatial correlations between identical inter-

vention 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.

4.4.2 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 section 4.3.4,

from which we counted the numbers of electrodes that exceeded these thresholds.

We observed no significant difference among the numbers of electrodes with de-

tectable clinical signals during stages one through three on the epicardial surface

(Figure 4.5, p>0.05). We found significantly more detectable electrodes during

stage 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



67

(a) Intramural domain (b) Epicardial surface

(c) Torso surface

Figure 4.4: Summary of spatial correlation values across all experiments compar-
ing 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 calcu-
lations.
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dobutamine =18 electrodes p<0.05).

On the torso surface, there were no differences found between the number of

electrodes throughout the entire intervention (p>0.05 for all). On average, dobu-

tamine and simulated exercise interventions induced clinical signals in 20 to 30

torso electrodes. The number of clinically identifiable electrodes did not vary

markedly between stages two through five. The standard error was large (approx-

imately 10 electrodes) throughout stages two through five for both intervention

types.

4.4.3 Intramural Signal Analysis

To determine the underlying mechanisms for the differences noted between

ischemic signatures, we assessed the differences of ischemic potentials within the

myocardium.

4.4.3.1 Ischemic Zone Volume

Using interpolated intramyocardial ST40 potentials, we assessed the changes in

ischemic zone volume throughout the ischemic interventions (Figure 4.6). The vol-

ume increased in stage three of the ischemic interventions (mean up to 20,000 mm3),

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 return

to slightly elevated values (18,000 mm3 vs. 16,000 mm3). 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

there was no difference between ischemic zone volume induced via dobutamine

or simulated exercise throughout the interventions.

4.4.3.2 Dice Overlap

Dice overlap coefficients, which compare the spatial distribution of ischemic

volumes within the myocardium (Figure 4.7), showed a decreasing trend of both

identical and different comparisons throughout the interventions. Specifically,

Dice coefficients calculated comparing identical intervention types decreased from
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(a) Epicardial surface (b) Torso surface

Figure 4.5: Mean number of electrodes with detectable clinical signal on the epicar-
dial (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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Figure 4.6: Average ischemic zone volumes measured from intramyocardial elec-
trodes throughout an ischemic intervention. Blue lines represent simulated exer-
cise interventions and red lines represent dobutamine interventions. No statistical
significance was identified.



71

0.85 and 0.75, and different comparisons decreased from 0.75 to 0.58. Statistical dif-

ferences between different and identical Dice coefficient comparisons were noted

at every stage throughout an intervention (p<0.05 for all).

4.4.3.3 Intramural Gradient Magnitudes

Figure 4.8 shows results of the magnitude of ischemic gradients (in mV/mm)

calculated from intramyocardial ST40 values. Gradient magnitudes in both dobu-

tamine and simulated 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 initially as well, but then remained con-

stant 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).

4.5 Discussion
The goal of this study was to test the hypothesis that there are significant dif-

ferences between ischemia induced by dobutamine and simulated exercise car-

diac stress. Our experimental model simulated partial blockage, demand-based

ischemia and with the goal of simulating clinical stress tests by 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 is-

chemia between dobutamine and simulated exercise interventions within the heart,

on the epicardium, and the torso surface, the three recording domains we captured.

These differences 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 differences in ischemia generated by

both stress mechanisms. We found no significant differences in the ischemic zone
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Figure 4.7: Average ischemic zone volumetric Dice overlap coefficients from in-
tramyocardial electrodes recordings. Blue lines represent dice coefficients calcu-
lated 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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Figure 4.8: 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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volumes; however, we did measure differences in the Dice overlap coefficients

and ischemic potential 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.

4.5.1 Differences in Electrical Signatures of Ischemia Between Dobutamine
and Simulated Exercise

Our findings suggest that significant differences exists between dobutamine

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 differ-

ences grew in the middle and later stages (3–5) (Figure 4.4) across all domains.

Similar patterns were visible in several other metrics, such as the ST40 shifts on

the epicardium (Figure 4.5), overlap of ischemic zones (Figure 4.7), and gradient

magnitudes of ST40 potentials (Figure 4.8).

The torso surface recordings were less sensitive to these findings than cardiac

signals (Figure 4.5) 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 potentials are much closer to the ischemic

sources and capture more of their features than the torso surface, as indicated by

results in Figure 4.5. A further source of ambiguity is the finding that ischemic vol-

umes were not significantly different between stressors (Figure 4.6), although they

had different locations, amplitudes, potential gradients, and shapes (Figures 4.3,

4.4, 4.7, and 4.8). The ECG lacks the intrinsic resolution and sensitivity to differ-

entiate these features. Another possible source of diminished ECG sensitivity are

the experimental and natural variability between subjects. 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 subse-

quent image-based reconstruction of the chest cavity. We applied vacuum suction

to ensure minimal 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.
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4.5.2 Microvascular Dysfunction as a Possible Mechanism 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 seen within ischemic tissue. During exercise or simulated exer-

cise with pacing, clinical and experimental 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 consistent findings in previous stud-

ies reasonably suggest microvascular dysfunction as a possible mechanism for

different levels of intramyocardial perfusion and hence electrical signatures.

Our observations support the presence of microvascular dysfunction during

simulated exercise because we observed more intense ischemia within underper-

fused regions during simulated exercise than dobutamine stress. Potential (ST40)

gradients we computed within the tissue supported these findings. There were sig-

nificantly larger (approximately 30%) gradient magnitudes within the myocardium

during the latter stages of exercise vs. dobutamine interventions (Figure 4.8).

The larger gradient magnitudes indicate more severe ischemia flanked by healthy

tissue even though the volume of ischemic tissue remained similar between stres-

sors (Figure 4.6). The enhanced intramyocardial potential gradient magnitudes in

simulated exercise drive an increase in injury current throughout the myocardium,

which increases ST40 amplitudes on remote recording electrodes. We hypothesize

that dobutamine with ECG analysis performs poorly because microvascular dys-

function is diminished during dobutamine infusion, resulting in decreased ST40

amplitudes on the epicardium and torso surface. To our knowledge, this is the

first reported study to suggest microvascular dysfunction as a possible mechanistic

driver for differences in ECG-based detection of ischemia.
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4.5.3 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 pathology of microvascu-

lar dysfunction is becoming more 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 myocar-

dial infarction with nonobstructive coronary arteries (MINOCA), all of which can

be linked to microvascular dysfunction [31]–[34]. Therefore, testing strategies to

detect microvascular dysfunction have become more defined and include invasive

testing, advanced imaging, and local drug challenges [33], [35]. However, few

studies exist that describe routine non-invasive tests for microvascular dysfunc-

tion, tests which 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 (Figures 4.8 and 4.5). By

contrast, dobutamine stress produced smaller ischemic electrical signals, which

in the clinical setting may mask patient burden by eliminating microvascular dys-

function. In pathologies with major microvascular dysfunction components, dobu-

tamine 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.

4.5.4 Limitations

The main limitations of any study based on animals models is how well the re-

sponse matches those expected in humans. We simulated exercise in anesthetized

pigs through rapid pacing and simulated pre-existing coronary artery disease or

vascular spasm with mechanically induced partial occlusions, which only approx-

imate real exercise. However, this model showed similar responses to those ob-

served 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
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controlled for baseline differences in function. Another valuable measurement that

was not recorded is blood pressure. This would provide insights to the hemody-

namic differences 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 myocar-

dial tissue and our preparation omitted explicit measurement of the blood flow

through the coronary vasculature. Additionally, we did not measure microvascu-

lar resistance changes to confirm microvascular dysfunction; however, previous

experimental and clinical studies have indicted the regular presence of this dys-

function under the conditions we emulated. We also limited the measurements to

electrical markers of ischemia rather than perform additional echocardiography

to determine if wall motion abnormalities were present; the extreme electrical

instrumentation of the heart precluded clear ultrasound imaging. We omitted

baseline or control recordings in the results presented here because there was little

ischemia present at the beginning of either intervention type. There are drawbacks

to using spatial 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 metrics were 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 same individual subject. Finally, the number of animals and experiments could

always be increased, although we did achieve statistical significance and measured

consistent responses.

4.5.5 Data Sharing and Availability

Another contribution of this study is the geometric and electrical data collected,

which will serve as material for future hypothesis testing and validation of com-

puter simulations. The Consortium for ECG imaging (CEI) will manage the data

from this study, making it available for analysis and collaborations. The goal of
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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 platform http://edgar.sci.utah.edu/ to

collaborate across multiple labs and disciplines, which enables substantial growth

and discovery [36]. The datasets described in this study will be available on the CEI

data-sharing platform, EDGAR. All software used in this study is also available

with open-source licensing on the https://github.com/SCIInstitute. Further, the

explicit data used in this study is 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 op-

timization of ECGI for this common condition that remains poorly diagnosed.

4.6 Conclusion
In conclusion, we found significant differences in the electrical signatures of

ischemia induced by dobutamine and simulated exercise cardiac 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 gradient magnitudes of ischemic poten-

tials throughout the myocardium, which resulted in larger ST-segment potentials

on the epicardium. We suggest that differences in microvascular dysfunction be-

tween 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 com-

ponents of microvascular dysfunction, exercise or pacing should be used rather

than dobutamine stress.
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CHAPTER 5

TRANSIENT RECOVERY OF EPICARDIAL AND TORSO

ST-SEGMENT ISCHEMIC SIGNALS DURING

CARDIAC STRESS TESTS: A POSSIBLE

PHYSIOLOGICAL MECHANISM

5.1 Abstract
5.1.1 Background

Acute myocardial ischemia has several characteristic ECG findings, including

clinically detectable ST-segment deviations. However, the sensitivity and speci-

ficity of ECG-based ST-segment changes are low. Furthermore, ST-segment devi-

ations have been shown to be transient and spontaneously recover without any

indication the ischemic event has subsided.

5.1.2 Objective

Assess the transient recovery of ST-segment deviations on remote recording

electrodes during a partial occlusion cardiac stress test and compare them to in-

tramyocardial ST-segment deviations.

5.1.3 Methods

We used a previously validated experimental model of acute myocardial is-

chemia with controllable ischemic load and measurement electrodes within the

heart wall, on the epicardial surface, and on the torso surface. Simulated cardiac

stress tests were induced by occluding a coronary artery while simultaneously pac-

ing or infusing dobutamine to stimulate cardiac function. Postexperimental imag-

ing created anatomical models for data visualization and quantification. Markers

of ischemia were identified as deviations in the potentials measured at 40% of the

ST-segment. Intramural cardiac conduction speed was also determined using the
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inverse gradient method. Changes in intramyocardial ischemic volume propor-

tion, conduction speed, clinical presence of ischemia on remote recording arrays,

and regional changes to intramyocardial ischemia were assessed. Peak deviation

response time was the time interval after onset of ischemia that maximum ST-

segment deviation was achieved, and ST-recovery time was the interval when ST

deviation returned to below 1mV of ST elevation.

5.1.4 Results

In both epicardial and torso recordings, the peak ST-segment deviation re-

sponse time was 4.9±1.1 min and the ST-recovery time was approximately 7.9±2.5min,

both well before the termination of the ischemic stress. At peak response time, con-

duction speed was reduced by 50% and returned to near baseline at ST-recovery.

The overall ischemic volume proportion initially increased to 37% at peak response

time; however, it recovered only to 30% at the ST-recovery time. By contrast, the

subepicardial region of the myocardial wall showed 40% ischemic volume at peak

response time and recovered much more strongly to 25% as epicardial ST-segment

deviations returned to baseline.

5.1.5 Conclusion

Our data show that remote ischemic signal recovery correlates with a recov-

ery of the subepicardial myocardium, while subendcardial ischemic development

persists.

5.2 Introduction
Chest pain is the most common chief complaint of a patient arriving at the

emergency department, with acute myocardial ischemia being the most worrisome

underlying cause [1], [2]. During the subsequent assessment, patients receive

an electrocardiogram (ECG) to measure the electrical activity from the heart and

identify deviations typical of ischemia. However, ECG signals indicating acute

myocardial ischemia are transient and may not detect ischemia despite the occur-

rence of an event [3], [4]. Previously, the disappearance of these ischemic ECG

signals was interpreted to mean the ischemic event had ended and the cardiac
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tissue was recovering. However, detailed studies showed, despite the decreasing

or absent ischemic ECG markers, the ischemia within the myocardium may persist

[3], [4]. Without intervention, the myocardium will continue to degrade, leading to

cell death and significant long-term risks of increased morbidity and mortality [5].

Therefore, it is crucial to understand the evolution and progression of remotely

recorded ischemic signals related to underlying ischemic myocardial substrates

and the possible mechanisms that lead to decreased ischemic ECG signals.

Many previous experimental and clinical studies have shown the transient dis-

appearance of ischemic ECG signals during a controlled ischemic event [6]–[8].

During the ischemic episode, ischemic ECG signals initially increase, also known

as ST-segment deviations, accompanied by a significant increase in arrhythmic

events such as premature ventricular contractions or other re-entrant type arrhyth-

mic patterns [6], [8]. Following this initial phase, which can last up to 15 minutes,

there is a significant decrease in ST-segment deviations and arrhythmic events,

indicating myocardial “recovery” even as the critically reduced myocardial perfu-

sion persists [6], [8]. This persistence is apparent only under closer examination

of the myocardial tissue (possible only in experiments), which can show persistent

ischemia at the cellular level, including cell-to-cell uncoupling [9]. This uncoupling

reduces passive current flow between cells and eliminates the ST-segment deflec-

tions recorded on remote electrodes [9]. Furthermore, cellular uncoupling leads

to significant conduction velocity slowing, which can be monitored and character-

ized in an experimental preparation as a temporal spreading of the QRS complex

and prolongation of activation times [10].

However, these studies showed this transient recovery only during complete

occlusion ischemic events. They did not investigate changes during a partial oc-

clusion event or added cardiac stress, such as a cardiac stress test. Partial occlu-

sion ischemia has significantly different effects than complete occlusion ischemia,

including the nontransmural formation of ischemic tissue [11]. Partial occlusion

ischemia is induced and detected using cardiac stress tests, which stimulate the

heart via regulated exercise or drug infusion to expose perfusion deficits to cardiac

tissue regions [12], [13]. As ischemia develops, key biomarkers are monitored for
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responses, including changes to the ST-segment of electrocardiograms [12], [13].

Previous partial occlusion myocardial ischemia studies lacked the high-resolution

and multidomain recording arrays that would enable a comprehensive analysis of

the transient changes in ischemic electrical signals throughout the myocardium,

on the epicardial surface, and the torso surface.

This study aims to examine the transient recovery of ischemic signals during a

simulated cardiac stress test with partial flow ischemia. We will use a previously

validated experimental model of partial occlusion acute myocardial ischemia, in-

strumented with electrode arrays within the myocardium, on the epicardial sur-

face, and the torso surface to examine this recovery phenomenon. We controlled

ischemic stress using hydraulic occlusion with pacing or pharmacological stimu-

lation. We will then assess several different ischemia metrics, including typical ST-

segment deviations, changes in intramyocardial conduction speed, and regional

recovery of ischemic electrical signals. Our results showed a significant recov-

ery of epicardial and torso surface ischemic ST-segment potentials throughout a

simulated cardiac stress test. Using conduction speed measurements, we found

no evidence this recovery was related to cell-to-cell uncoupling. Furthermore, we

identified preferential recovery of ischemic potentials in the subepicardial myocar-

dial tissue.

5.3 Methods
5.3.1 Experimental Model

The experimental model used in this study has been described previously in

Zenger et al. [14]. In short, midline sternotomies were performed on anesthetized

30 Kg male or female Yucatan minipigs to expose the anterior cardiac surface.

Each animal was instrumented with intramural, epicardial, and torso surface elec-

trode arrays. Intramural arrays were custom fabricated plunge needles with 10

individual recording electrodes spaced 1.6 mm down the needle shaft. For each

experiment, 20–30 needles were placed in the approximate left anterior descending

coronary artery (LAD) perfusion bed with an approximate inter-needle spacing

of 5-10 mm at the epicardium. A 247-electrode epicardial sock array was placed
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around the ventricular epicardium with approximately 6.6 mm2 electrode resolu-

tion and approximately 10 mm spacing between electrodes. After instrumentation,

the chest wall was closed with sutures, and residual air was evacuated. Torso elec-

trode strips, each with 12 electrodes spaced 3 cm apart, were placed from superior

to inferior across the animal torso with 8–12 strips spanning around the thorax. All

signals were low-pass filtered, gain adjusted, and sampled simultaneously with a

custom digital multiplexer at 1 kHz [15]. All animals were purpose-bred for 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 (protocol number 17-04016 approved on

05/17/2017).

5.3.2 Quantification of Ischemia

Signals were processed and filtered using the PFEIFER open-source ECG and

electrogram annotation suite [16]. Signals with low signal-to-noise values were

manually identified and removed from intramural recordings or reconstructed via

Laplacian interpolation from the surrounding electrodes on the epicardial and

torso surfaces. ST-segment changes were used as indicators for acute myocar-

dial ischemia. From each beat, we extracted the potential value at 40% into the

ST-segment duration and averaged the values over a ± 5 ms time frame. Repre-

sentative ST40% potentials were extracted from continuous data every 15 seconds

throughout the experiment.

5.3.3 Simulated Cardiac Stress Test

Controlled cardiac stress was induced by limiting coronary perfusion and in-

creasing cardiac activity. A calibrated hydraulic occluder was placed around the

left anterior descending coronary artery (LAD) to reduce perfusion. The occluder

could then be adjusted from 0–100% of the original cross-sectional area. Cardiac

stress was induced using right atrial pacing or pharmacological stimulation via

dobutamine infusion. Typical clinical protocols were used for target pacing and

drug infusion rates [12], [13]. Each intervention lasted 15 minutes with a fixed level
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of occlusion, which was determined on an experiment by experiment basis by the

animal stability. Each 15-minute intervention was broken into five 3-minute stages.

After each stage, the pacing or pharmacological infusion rate was increased. A

30-minute rest period followed each ischemic intervention, which has been shown

as adequate time for the heart to return to baseline potentials [14]. Up to four

interventions were performed in each animal.

5.3.4 Image-Based Modeling Pipeline

The torso geometries and electrode locations were acquired via postmortem

magnetic resonance imaging (MRI) (Siemens Medical, Erlangen, Germany). We

then explanted the heart and acquired submillimeter high-resolution MRI imag-

ing (Bruker BIOSPEC 70/30, Billerica, MA). Torso geometries, cardiac anatomy,

and electrode locations were segmented using the Seg3D open-source software

package (www.seg3d.org, SCI Institute, SLC, UT). The anatomical structures were

meshed to create triangulated tetrahedral models using the Cleaver mesh tool

(SCI Institute, SLC, UT). Geometries were registered and further refined using

the GRÖMER registration pipeline [17]. Visualizations were performed using the

map3d (www.sci.utah.edu/software/map3d) and SCIRun (www.sci.utah.edu\\/
software/scirun) open-source software packages and MATLAB (Mathworks, MA,

USA). Measured ST40% potentials were interpolated into the intramyocardial vol-

ume using thin-plate spline radial basis functions, which assigned an ST40% po-

tential at every node within the high-resolution mesh.

Following the anatomical model creation, each high-resolution cardiac mesh

was parameterized using the Universal Ventricular Coordinate (UVC) scheme from

the Cardiac Arrhythmia and Research Package (CARP) [18]. These parameteriza-

tions assigned a unique four-parameter location to each node in the mesh accord-

ing to values for z, rho, phi, and left or right ventricle, as described previously [19].

These values could then be translated across experiments as relative positions.

For this analysis, we used the rho parameter to indicate the relative intramyocar-

dial depth (from 0–1) of each node within the myocardial wall. We defined the

subepicardial region and subendocardial/midmyocardial regions in terms of rho
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as rho>0.66 and rho≤0.66, respectively.

5.3.5 Three-Dimensional Conduction Velocity Measurements

Three-dimensional conduction velocity was calculated using validated tech-

niques described previously [20]. In short, activation times were first identified

from intramural plunge needle electrodes and reconstructed within the sampled

region of the high-resolution cardiac mesh using thin-plate spline radial basis func-

tions [20]. We used the inverse gradient technique to calculate conduction velocity

from the interpolated activation times, which inverts the activation time gradient

throughout the myocardium and takes the partial derivative on an element-wise

basis. Conduction velocity was further reduced to conduction speed per element

by taking the conduction velocity vector magnitude.

5.3.6 Metrics of Ischemia and Statistical Analysis

For intramural recordings, ST40% potentials of 1 mV or larger were considered

ischemic. For epicardial recordings, ST40% potentials above 2 mV or below -1 mV

indicate ST-segment elevation or depression, respectively. On the torso surface,

ST40% potentials above 0.05 mV or below -0.05 mV were indicative of ST-segment

elevation or depression, respectively. These thresholds were used to determine the

number of electrodes on the epicardial and torso surfaces considered “clinically

detectable” as these thresholds mimic those used in evaluating ST segments in

patients.

To quantify the transient changes in ischemic ST-segment potentials, we iden-

tified the time of peak ischemic ST-segment potentials and the time of recovery

of ST-segment potentials during an ischemic intervention. To calculate peak and

recovery ST40% response times, we identified epicardial electrodes, which became

positively ischemic during each intervention. We then calculated the time point

at each electrode was at its maximum and selected the median time as the time of

peak ST40% for an intervention. We then determined the time when electrodes that

developed positive ischemic potentials returned to below the ischemic threshold.

The median time of these recovered electrograms was chosen to represent the

recovery ST40% response time per intervention.
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Statistical differences between metrics were compared using a random-effects

multilevel regression to compensate for repeated measures within subjects. Sta-

tistical significance was defined as p<0.05. The plots generated show the mean

/pm the standard error unless otherwise noted. Statistical analysis was performed

using STATA 16.1 stats software package (StatCorp, Texas, USA).

5.4 Results
5.4.1 ST-Segment Changes Throughout a Simulated

Cardiac Stress Test

An example of a typical progression in the transient changes in epicardial elec-

trograms and torso surface ECGs throughout an ischemic intervention is shown in

Figure 5.1. We observed an increase in ST40% potentials across a large proportion

of electrodes, which peaked at approximately the 6-minute mark and returned

to near baseline levels at the 12-minute mark despite increasing ischemic stress

(pacing rate or dobutamine level). An example of the ST40% potentials at baseline,

peak, recovery, and end of the intervention on each recording domain is shown in

Figure 5.2. We noted the presence of high ST40% potentials at the peak ST-segment

response time of the intervention, followed by a recovery in potentials across all

surfaces.

We examined these trends across six animal experiments and 15 ischemic in-

terventions (nine dobutamine stimulation and six right atrial pacing). A summary

of peak and recovery ST40% response times across all interventions is shown in

Figure 5.3. The average time to peak was 4.9±1.1 minutes, and the average time to

recovery was 7.9±2.5 minutes. The separation between each time distribution was

almost perfect, with the peak response times significantly lower than the recovery

response times (p<0.05).

The changes in clinically detectable signals on the epicardial and torso surfaces

are shown in Figure 5.4. At peak ST-segment response time, the numbers of leads

with clinically detectable ST40% shifts were 80 of 247 epicardial and 55 of 96 on

the torso surface, indicating a significant amount of clinically detectable ischemia.

At the recovery ST40% response time, the number of electrodes where the clin-
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(a) (b)

Figure 5.1: Example metric plot of ST40% potential changes throughout an is-
chemic intervention (15 minutes). Panel (a) shows epicardial sock ST40% poten-
tials across all 247 electrodes. Panel (b) shows torso surface ST40% potentials
across all 96 torso electrodes. Each line represents a sequence of the ST40%
potential values from one electrode throughout an ischemic intervention.
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Figure 5.2: Example ST40% potential values measured within all recording do-
mains at baseline, peak ST40% response time, recovery ST40% response time, and
end of the intervention at max cardiac stress
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Figure 5.3: Average time to peak and recovery ST40% values as measured on the
epicardial sock electrodes.
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(a) (b)

Figure 5.4: Changes in measured clinically detectable signal (as either depressions
or elevations) as measured on the (a) epicardial and (b) torso surfaces at four time
points, baseline, peak epicardial ST40% time, recovered epicardial ST40%, and the
end of the ischemic intervention at max cardiac stress.
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ically detectable signal could be identified returned to near baseline levels with

approximately 10 epicardial electrodes and 10 torso electrodes with positive ST40%

clinical signals, which indicates nearly all clinically detectable ST deviations had

disappeared.

5.4.2 Changes in 3D Conduction Speed

At baseline, the average conduction speed through the sampled myocardium

was approximately 1.5±0.2 m/s. At peak ST-segment response time, average

conduction speed dropped to approximately 0.7±0.3 m/s, and at recovery ST40%

response time, the conduction speed returned to approximately baseline values,

1.4±0.3 m/s (Figure 5.5).

5.4.3 Changes in Ischemic Zone Volumes
Within the Myocardium

At baseline, less than 5% of the sampled volume was considered ischemic.

At peak ST40% response time, approximately 37% of the sampled myocardium

had become ischemic, which dropped to 30% at the minimum point and stayed

relatively stable through the end of the intervention (Figure 5.6).

We then separated the sampled region into two subregions: the subepicardial

and the subendocardial/midmyocardial. The ischemic volume proportion in the

subendocardial/midmyocardial regions followed similar trends to those of the

whole myocardial region with a 35% ischemic at peak response time and 29% at

recovery response time (Figure 5.7). The subepicardial region, however, showed

a more profound recovery, peaking at approximately 40% and dropping to 25%

at recovery ST40% response time, which further dropped to 23% at the end of

interventions (Figure 5.7).

5.5 Discussion
This study aimed to examine the temporal changes of ischemic ST-segment

potentials during partial flow cardiac stress tests. We identified transient recovery

of ST-segment potentials on average 8 minutes into a 15-minute simulated car-

diac stress test. We examined these transient recoveries from multiple domains,
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Figure 5.5: Average median cardiac conduction speed measured in the my-
ocardium at four time points, baseline, peak epicardial ST40% time, recovered
epicardial ST40%, and the end of the ischemic intervention.
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Figure 5.6: Total volume proportion that is ischemic at four time points, baseline,
peak epicardial ST40% time, recovered epicardial ST40%, and the end of the
ischemic intervention.
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(a) Subendocardial volume proportion (b) Subepicardial volume proportion

Figure 5.7: Subendocardial/midmyocardial and subepicardial ischemic volume
proportions at four time points, baseline, peak epicardial ST40% time, recovered
epicardial ST40%, and the end of the ischemic intervention.
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including changes in intramyocardial conduction speed and regional changes in

ischemic potentials within the myocardium. We found the complete recovery of

cardiac conduction speed (a surrogate for cellular conductance changes) correlated

with recovery of ischemic ST-segment potentials. We also found the recovery of

remote ischemic ST-segment potentials was associated with a regional recovery

in the subepicardial myocardial tissue, while significant ischemia persisted within

the midmyocardial and subendocardial regions.

5.5.1 Transient Recovery of Intramyocardial Conduction Speed
During Ischemic Interventions

To pinpoint a possible mechanism for the transient recovery of ischemic po-

tentials, we examined the conduction speed throughout the myocardium during

ischemic stress. We found a similar recovery trend in conduction speed as in

ischemic potentials on the epicardial and torso surfaces. Specifically, we observed

a 50% conduction speed decrease at the peak response time of epicardial ST40%

potentials and a near-complete return to baseline conduction speeds at recovery

response time. The initial decrease in conduction speed from ischemia is well

documented [10], [21]. The subsequent recovery of conduction speed indicates

that the electrical function of the cardiomyocyte remained intact, despite persistent

ischemic stress.

The conduction speed recovery is a crucial finding to determine a possible

recovery mechanism of transient ischemic potentials. Previous research in com-

plete occlusion experimental models has shown a significant decrease in cell-to-cell

coupling as the biophysical basis for the decrease in ST40% deviations [6], [8],

[9]. Initial deviations of isoelectric ST40% potentials are created by passive in-

jury currents that flow intracellularly from healthy to ischemic tissue through gap

junctions [22]. Intracellular conductance decreases significantly during complete

occlusion, which correlates with a decrease in the ST-segment ischemic poten-

tials. It has been shown that decreased intracellular conductance decreases injury

currents and results in decreased extracellular ST-segment potentials [22]. In our

experimental model, conduction speed can be used as a surrogate for cell-to-cell

coupling because the rapid propagation of current throughout myocardial tissue is
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dependent on cellular coupling via gap junctions. It has been shown that without

intact cell-to-cell coupling, conduction speed drops to near zero [6]. Our results,

by contrast, show a significant recovery in conduction speed, corresponding to the

recovery in ischemic potentials, which suggests cell-to-cell uncoupling is not the

primary mechanism for transient recovery of ischemic signals during our simu-

lated cardiac stress tests.

5.5.2 Differences in Recovery of Ischemic Signals
Across Intramyocardial Depth

We also examined the changes in ischemic potentials throughout the myocar-

dial volume. When examining the ST40% potential changes based on intramu-

ral depth, we found a near-complete recovery in the subepicardial regions with

persistent ischemic zones within the midmyocardial and subendocardial regions.

We found the subepicardial third displayed almost entirely recovered potentials,

whereas the subendocardial two-thirds also recovered, but to a significantly lesser

extent. We observed persistent ischemia in the midmyocardial/subendocardial

region. On the epicardium, electrodes recorded almost full recovery, suggesting

that they sensed relatively healthy underlying tissue. An explanation for this

apparent recovery is that the healthy subepicardial region masks the underlying

subendocardial ischemic tissue, creating a false negative marker on the epicardial

surface for the presence of ischemia within the myocardium.

This subepicardial recovery impacts all remote ischemic potentials recorded

from the epicardial and torso surface and provokes exploration of why this region

recovers so selectively. A promising mechanism was described by Penny [23]

in studies in which guinea pig hearts were Langendorff perfused, and perfusate

flow was modulated between no flow and partial flow (10%). Penny observed

a peak followed by a significant reduction in ischemic epicardial and action po-

tential changes only during partial flow ischemic episodes. Penny further inves-

tigated this phenomenon and isolated catecholamine release as a possible driver

for the transient improvement of action potentials and reduced ischemic signals.

Specifically, Penny noted a significant reduction in extracellular potassium con-

centration during the recovery phase of an acute ischemic episode, which was
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present only during partial-flow ischemic events. Penny also showed, during

an ischemic episode, catecholamine release reduced extracellular potassium con-

centration. He hypothesized this response was from catecholamines stimulating

the sodium-potassium pump, whose activity is diminished during ischemia [23].

In his experiments, removing and blocking catecholamine release resulted in no

paradoxical biphasic response on remote recording electrodes, which supports a

hypothesis that catecholamine release is a necessary component of the transient

ischemic response we observed. The time course of the observations by Penny was

similar to our own, in which action potential morphology recovered at approxi-

mately 10 minutes into a partial flow ischemic event. We suspect the subepicardial

recovery is driven by catecholamine release that restores the electrical state of

cardiomyocytes.

5.5.3 Development of Clinical Subendocardial Ischemia

Current clinical dogma dictates the formation of subendocardial ischemia that

is driven strictly by deferentially reduced nutrient flow to the subendocardial re-

gion [11], [24]. This notion is substantiated by previous measurements of de-

creased blood flow to the subendocardial regions compared to the subepicardial re-

gions, suggesting subendocardial regions will be more affected than subepicardial

during an ischemic event. However, our studies over the past 6 years have shown

that ischemia can initially develop in localized regions distributed throughout

the myocardial wall, i.e., in the subepicardial, midmyocardial, or subendocardial

regions [11]. This finding contradicts the clinical dogma and further blurs the

notion that ischemia could be described as a simple, perfusion-only-based event.

In this study, we further examined the time course of ischemia development

during a clinical cardiac stress test. We showed a preferential recovery of the subepi-

cardial region compared to the subendocardium and midmyocardium. This find-

ing suggests subendocardial ischemic development is not driven solely by regional

differences in blood flow but requires another critical element. The combination

of our results and previous studies highlights catecholamine release as a possi-

ble missing element to explain subendocardial ischemia development. In our ex-
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tended mechanistic hypothesis, the regional differences in blood flow likely play

a role. Subepicardial regions likely deplete the catecholamines quickly, which

prevents their protective effect from reaching the subendocardial layers. Therefore,

a lack of not only nutrients but also catecholamines reaching the subendocardial

regions creates subendocardial ischemia.

Also of note is the finding that recovery of ischemic potentials in the subepi-

cardial region does not mean the ischemic stress has ended or that the tissue is

no longer ischemic. Catecholamines on the subepicardial region have been shown

to change cardiomyocyte electrical function, not rescue them from ischemic stress

[23]. Previous literature has shown that significant damage still occurs within the

“recovered” ischemic tissue despite an absence of electrical indication of persistent

ischemia [23]. This false recovery of ischemic potentials is another possible mech-

anism for developing “silent” myocardial ischemia, which is not detected by the

epicardial or other remote electrodes, i.e., body-surface ECGs.

5.6 Limitations
This study has some limitations. We do not have direct intracellular conduc-

tance measurements for cell-to-cell connectivity; however, the plethora of previ-

ous literature has documented a clear correlation between significant conduction

delays and cell-to-cell uncoupling [10]. We also were unable to measure cate-

cholamine release directly within the experimental preparation. Furthermore, the

natural sympathetic and parasympathetic responses that lead to catacholamine en-

hancement could have been altered by the deep anesthesia during the experiments.
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CHAPTER 6

CONCLUDING REMARKS

6.1 Development of a Translational Experimental Model
The first aim of this dissertation research was to refine the experimental model

of partial occlusion acute myocardial ischemia in order to include torso surface

recordings and thus simulate clinical cardiac stress tests. First, we had to modify

and construct new intramural plunge needle arrays. These arrays had to be com-

pact to limit contact with other thoracic organs during the chest closure. Further-

more, the chest closure had to be scrupulous to limit the damage to surrounding

organs and remove artifacts from the air remaining in the torso. Following the

experimental procedure, we then had to identify each recording electrode location

within the heart, on the heart surface, and the torso surface. To do this, we in-

corporated postmortem whole-body MRI imaging. We could isolate the general

location of electrodes on the torso surface, within the heart, and markers from the

epicardial sock array from these images.

To support these new, comprehensive experiments, we have developed three

de novo processing tools and created succinct pipelines based on six open-source

software packages. Following each experiment, we had to process the experimen-

tal data, register geometries, and visualize results, tasks for which few standard

tools available. We refined our signal processing and filtering approaches for

our experiments, including automatic electrogram annotation and filtering [1].

We then developed a registration technique to link the ex vivo high-resolution

imaging with the in vivo postmortem scans. Finally, we significantly improved the

epicardial sock registration technique by incorporating nonrigid energy-based de-

formations [2]. The resulting pipeline was essential for the studies described here

and also forms an enabling legacy for future studies and so marks a substantial
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contribution.

Another essential facet of translational models is animal species selection. In

our case, several differences between animals guided our selection. The two best

species for our experimental preparation and scientific questions were dogs or

pigs. Both species have similar cardiovascular systems compared to humans in

terms of relative size, shape, and gross anatomy [3]. Pigs and dogs have several

known cardiovascular differences, including the location of Purkinje fibers and

collateral vessels [3]. Other important considerations for our application were

species stability in the face of experimental stresses and torso anatomy in the con-

text of re-closing the chest cavity. We have found that dogs provide significantly

more stable animal models of ischemia than pigs and have lower complication and

attrition rates. While incompletely characterized, we hypothesize that the lack of

collateral blood flow and mid-wall Purkinje system make pigs significantly more

vulnerable during acute myocardial ischemia. By switching from young, domes-

tic pigs, to mature Yucutan minipigs, we reduced the impact of these liabilities

and achieved similar attrition rates and stability compared to dogs throughout

repeated episodes of ischemia. The increased age of the minipigs could explain

these improvements. Another important difference between pigs and dogs is the

torso anatomy. The body habitus of pigs makes the chest closure simpler than

dogs, which have a large ”barrel” chest and overlapping lungs that make it difficult

to remove the residual air. Based on the stability and similar torso structure, we

chose the Yucutan minipig species for our studies.

We also designed the experiments described here to have more focused and

consistent protocols to answer a specific set of scientific questions than previous

studies that improved general understanding of acute myocardial ischemia. In

those previous studies, Aras et al. demonstrated the ability to accurately detect and

localize ischemia within the myocardial wall throughout an ischemic episode [4].

Using these initial findings, we designed and developed focused questions that

were repeatably tested using our experimental ischemia model. In this doctoral

work, we repeated identical ischemic protocols across nearly all animal experi-

ments, each designed to answer specific scientific questions. As a consequence,
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the results can be easily compared and compiled to assess trends and provide

statistical analysis power.

A challenge in any experiment preparation is developing strategies to reduce

attrition, maximize stability, and ultimately reduce any unnecessary use of ani-

mals. To achieve these goals, we implemented an animal stability test at the be-

ginning of each experiment, which allowed us to calibrate the maximum ischemic

load each animal could survive without showing adverse affects such a excessive

arrhythmias and even fibrillation. These tests were vital to ensure the animals

survived the barrage of ischemic episodes that followed. These tests also helped

us identify unique, animal-specific markers of ischemic instability that could be

tracked throughout the experiment.

Another challenge of all experiments on living organisms is animal-to-animal

variability. To reduce this variability, we selected a consistent species of pig, at sim-

ilar weights and ages. Still, we found significant differences between the coronary

anatomy, skin texture, and overall appearance of each animal. Any such vari-

ability, especially in coronary anatomy, is a significant confounding factor when

comparing results across studies. To reduce the effects of these differences, we

implemented several pipeline techniques to register and localize ischemic tissue

in a normalized approach. Specifically, we implemented universal ventricular

coordinates (UVCs) to compare ischemic sites and zones from one animal heart

to another [5]. Furthermore, we selected metrics and statistics that would mini-

mize the impact of variability across animals, e.g., using the UVCs to normalize

locations of ischemia.

Finally, all large-scale animal models require extensive and elaborate experi-

mental recording equipment. In our studies, we recorded from 1024 channels at

1 kHz sampling frequency. During this dissertation period, we replaced a custom-

designed system based on 30-year-old technology [6] with a new system based on

contemporary electronics and acquisition techniques [7]. We have several options

to consider when designing experimental recording equipment. First, buying a

full commercial system with integrated software and hardware would require the

least initial design and prototype work. However, commercial systems can be
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expensive because of their limited market, and usually have limited flexibility

to sample signals outside of the predetermined purpose. In our case, we had to

record samples from within the myocardium, on the heart surface, and on the

torso surface, which created a wide range of signal amplitudes. Furthermore,

commercial systems can be difficult to connect to custom electrode arrays and

connectors. Therefore, our approach was to link a commercially available system

for neural recordings combined with custom circuitry that included a step-down in

amplitude, cardiac-specific filtering, and defibrillation protection. We performed

several tests to compare the new system recordings to those from the previous

system to verify signal quality and stability based on signals from a signal genera-

tor, ECGs, and animal experiments. We published our approach and findings in a

recent conference proceeding [7].

6.2 Contributions to Knowledge of Acute Myocardial
Ischemia Development

In this dissertation, we examined acute myocardial ischemia using translational

models and made two critical findings that further our understanding of the nature

of electrical effects during episodes of acute myocardial ischemia.

The first finding showed differences in ischemic zones and signatures that de-

velop during dobutamine and simulated exercise stress. Current clinical stan-

dards already use 12-lead ECG measurements and ultrasound echocardiography

for exercise and pharmacological stress tests, respectively. The fundamental reason

for a test or stress type performing better than another was not clearly defined.

The differences we observed in electric potentials appeared both the within the

myocardium and on the epicardial surface. Clinically, our findings do not indicate

that one stress technique is superior to another. However, they suggest possible

advantages to selecting the best observation modality for a given stress type. In

our studies, we showed exercise testing produced more clinically detectable is-

chemia from ECG measurements than did dobutamine. Furthermore, we have

novel evidence to suggest a unique physiological mechanism that may explain the

differences we observed.
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The second important observation from this dissertation provides a possible

mechanistic explanation for the development of subendocardial ischemia. The pre-

vious reasoning for nontransmural ischemia being limited to the subendocardium

is that this region is furthest downstream from the epicardial coronary vessels

and hence experiences the most reduced perfusion when coronary flow is lim-

ited [8], [9]. The electrocardiographic result is the appearance of nonspecific ST-

depressions during clinical stress tests [8], [9]. However, previous results from our

group have demonstrated repeatedly that during the hyperacute phase, ischemic

zones develop throughout the myocardium [4], [10], [11]. Although other authors

have also described subendocardial ischemia in experimental models, the mecha-

nism of development remains unclear [12]–[14].

In this dissertation, we propose an alternative explanation for the development

of subendocardial ischemia formation. This mechanism is fully compatible with

our previous results acquired during the very earliest phases of ischemia, and

may also explain the largely subendocardial ischemia described by others. Our

findings suggest that ischemia development is more complicated than a perfusion

mismatch and hypothesize that catecholamines are more concentrated at the epi-

cardial surface, which drives and apparent recovery of epicardial electrical activity.

During a perfusion deficit, catecholamines cannot reach deeper parts of the heart;

therefore, subendocardial tissue continues to generate injury currents. Under this

hypothesis, the apparent recovery of subepicardial tissue is likely not from an

increase in perfusion to the region but the cellular effects of catecholamines, which

are known to hyperpolarize the resting potentials of cardiomyocytes. This cellular

effect pulls the resting potentials of ischemic cells closer to normal resting values,

enabling a restoration of voltage-gated ion channel function. These findings sug-

gest that while the catecholamines reduce or eliminate injury currents (and the

associated ST deviations), the subepicardial tissue is still ischemic [15].
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6.3 Providing Meaningful Clinical Insights From Experimental
Studies

Several elements of almost all experimental models challenge their translation

to meaningful clinical insights. First, during experiments, one can control many

confounders and reduce outside noise. In our case, detailed experimental planning

and concrete repetition of experiments allow us to extract critical measurements

accurately and reproducibly, and trends can emerge. However, examining ex-

perimentally identified trends in the context of the clinical questions is crucial

to extrapolate information faithfully from animal models to humans. Such ex-

trapolation may overstate the conclusions or trends isolated experimentally, often

because of differences between human and animal physiology, some of which are

known and others as yet unknown. Furthermore, in several circumstances, the

observations may be interesting scientifically; however, the clinical result is almost

entirely meaningless, i.e., it will not change the resultant diagnosis or treatment.

In experiments, measuring all the relevant parameters is impossible, so we

also had to balance competing challenges and goals. We focused on the electrical

changes of the heart during acute myocardial ischemia; therefore, our recording

equipment and preparation were designed to measure electrical signals with the

goal of achieving adequate sampling rates, densities, and coverage of the heart

and thorax. We naturally relied on previous studies that correlated, associated, or

mechanistically described the relationships among parameters and inferred plausi-

ble explanations. For example, our studies examined changes in electrical parame-

ters such as conduction velocity and ischemic potential gradients as manifestations

of cellular uncoupling or microvascular dysfunction, respectively. Although these

are not direct measures of the underlying behavior, they suggest relationships built

upon previous studies. This technique of performing translational research is one

of the most fruitful and meaningful ways to quickly assess mechanistic changes in

a translatable model to clinical medicine.

Finally, we consider fundamental role of interdisciplinary teams and collab-

orating across the scientific and clinical specialties. Since the beginning of my

dissertation work, I was driven to test meaningful clinical hypotheses that would
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directly affect patient care. However, after my doctoral training, I have changed

my approach. Exploring for exploring’s sake has immense value. These explo-

rations may or may not immediately provide clinical impact but may develop

future hypotheses that drive more studies in the long term. Direct clinical research

is valuable to correlate and stratify patient risk. In an ideal world, these ideas

and collaborations should flow back and forth with mechanistic studies feeding

more clinical studies and clinical studies feeding mechanistic examination. As a

dual-degree student, the ideas of both clinical evaluation and mechanistic deter-

mination should sit at the forefront of most of my projects in the future. The ability

to dance between the two domains will drive significant scientific discovery and

improve human health.

6.4 Future Work
6.4.1 Further Experimental Model Refinement

Several key elements could be improved in the current experimental prepara-

tion. First, the registration and modeling pipeline still suffers from errors related to

the sock registration on the heart surface. Ideally, more MRI correspondence points

from imaging would contribute to a better epicardial sock registration. Careful

design of MRI compatible contrast markers could selectively increase the accu-

racy of these registrations. Another important change would be to the model of

occlusion. In our protocols, we relieved occlusion after each ischemic episode and

began recording immediately after occlusion at the start of each simulated episode.

Future work could incorporate a progressive occlusion onset or an occlusion sta-

bilization period before increasing the heart rate with drugs or pacing.

Another important experimental modification would be to measure mechani-

cal changes during episodes of acute myocardial ischemia. Clinically, ultrasound

echocardiography is used to identify myocardial tissue regions that are not con-

tracting correctly during cardiac stress [16]–[18]. Incorporating echocardiography

measurements into the experimental model while still recording electrical signals

in high resolution would be a fruitful if technically challenging innovation. The

potential artifacts generated from the intramural and epicardial recording arrays
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may limit this application, so further studies must identify if the artifact is sub-

stantial and if different materials or array resolutions could be used to limit the

presence of artifacts.

6.4.2 Detecting and Quantifying Microvascular Dysfunction

As we indicated in Chapter 4, we suspect differences in microvascular dysfunc-

tion drive the significant differences in electrical potentials seen between dobu-

tamine and simulated exercise stress types. To test this hypothesis thoroughly, we

would measure the coronary vascular resistance downstream from the occlusion

site to determine if microvascular dysfunction exists in either stress type. Such

measurements could also be coupled with measurements of the mechanical impact

of varying levels of microvascular dysfunction. We hypothesize that echocardio-

graphic resolution will be insufficient to detect microvascular dysfunction directly

because regions of ischemic and healthy tissue are interspersed, and wall motion

abnormalities will be blurred over large amounts of space. However, there may

well be macroscopic affects visible with ultrasound-based approaches.

6.4.3 Detecting and Quantifying Catecholamine Release and Ischemic
Recovery

As discussed Chapter 5, we suspect catecholamine release plays a role in the

paradoxical recovery of ischemic potentials during a cardiac stress test. To test

this hypothesis, we plan to measure the catecholamine release throughout the

ischemic episode and relate ischemic changes to the relative concentrations of cat-

echolamines in the blood. To perform this study, the sampling frequency required

to accurately reconstruct catecholamine changes would need to be identified. Ad-

ditionally, directly controlling catecholamine release through drug infusion is im-

portant to stimulate or inhibit catecholamine targets during an ischemic episode.

6.4.4 Determining Ischemic Load Function

We have previously attempted to create a function that predicts the amount

of ischemia present based on several key physiological parameters, such as time,

occlusion percentage, heart rate, etc. However, many of these studies have been
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unsuccessful. To improve on previous examinations, future experimental studies

must be designed to explore each physiological parameter space. Additionally,

more recorded physiological parameters should be recorded and modulated, such

as blood pressure, systemic pCO2, and catecholamine concentration. Finally, mul-

tiple model types relating each physiological parameter (linear vs. piece-wise or

others) should be tested to determine the ideal approach.

6.4.5 Arrhythmia Formation During Ischemic Episodes

Another imprtant and active area of research is arrhythmias that develop dur-

ing episodes of acute myocardial ischemia. Ischemia can create an ideal environ-

ment for cardiac arrhythmias to form. Specifically, ischemia changes the electrical

substrate of the myocardium by slowing conduction, changing refractory periods,

or blocking electrical function altogether. Furthermore, injury currents or other

re-entry circuits can develop and create an electrical trigger. The combination of

the electrical substrate and trigger is one of the necessary components for a cardiac

arrhythmia to form.

In many cases, the resultant arrhythmia from an acute ischemic event is sud-

den cardiac death. However, our mechanistic understanding of how arrhythmias

form during partial occlusion ischemic events is incomplete. The experimental

model refined and discussed in this dissertation could provide further insights

into arrhythmia development, including potential mechanistic drivers for arrhyth-

mia formation during acute myocardial ischemia. We observed consistent time

points when arrhythmias initiate most frequently. Future studies will examine

these “vulnerable” periods for both trigger initiation and substrate changes. A

combination of conduction velocity, wave propagation, tissue recovery, and injury

currents could significantly improve our understanding of arrhythmias during

acute myocardial ischemia.
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