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2 Abstract 

2.1 Background 

Acute myocardial ischemia has several characteristic ECG findings, including clinically 

detectable ST-segment deviations. However, the sensitivity and specificity of diagnosis based on 

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. 

 

2.2 Objective 

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

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

 

2.3 Methods 

We used a previously validated porcineBZ experimental model of acute myocardial ischemia with 

controllable ischemic load and simultaneous electrical measurements 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 rapidly 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. We assessed changes in intramyocardial ischemic 
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volume proportion, conduction speed, clinical presence of ischemia on remote recording arrays, 

and regional changes to intramyocardial ischemia. We defined the peak deviation response time as 

the time interval after onset of ischemia at which maximum ST-segment deviation was achieved, 

and ST-recovery time was the interval when ST deviation returned to below thresholded of ST 

elevation. 

 

2.4 Results 

In both epicardial and torso recordings, the peak ST-segment deviation response 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, conduction speed was reduced by 50% 

and returned to near baseline at ST-recovery. The overall ischemic volume proportion initially 

increased, on average, 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. 

 

2.5 Conclusion 

Our data show that remote ischemic signal recovery correlates with a recovery of the subepicardial 

myocardium, while subendocardial ischemic development persists. 

 

3 Introduction 

Chest pain is the most common patient complaint when arriving at the emergency department, 

with acute myocardial ischemia being the most worrisome underlying cause1,2. During the clinical 

assessment, patients receive an electrocardiogram (ECG) to measure the electrical activity ofBZ the 

heart and identify ECG signal deviations typical of ischemia. However, ECG signals indicating 

acute myocardial ischemia are transient and may not detect ischemia despite an event occurring.3,4. 

Previously, the disappearance of these ischemic ECG signals was interpreted to mean the ischemic 

event had ended and the cardiac tissue was recovering. However, detailed studies showed, despite 

the decreasing or absent ischemic ECG markers, that ischemia within the myocardium may 

persist3,4. Without intervention, the myocardium will continue to degrade, leading to cell death and 
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significant long-term risks of increased morbidity and mortality5. 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 disappearance 

of ischemic ECG signals during a controlled ischemic event6–8. During an ischemic episode, 

ST-segment deviations in the ECG signals initially increase, accompanied by a significant increase 

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

arrhythmic patterns6,8. Following this initial phase, which can last up to 15 minutes, there is a 

significant decrease in ST-segment deviations and arrhythmic events, indicating apparent 

myocardial recovery even as the critically reduced myocardial perfusion persists6,8. This 

persistence is apparent only under closer examination of the myocardial tissue (possible only in 

experiments), which can show ischemia at the cellular level, with consequences that include 

cell-to-cell uncoupling9. This uncoupling reduces passive current flow between cells and 

eliminates the ST-segment deflections recorded on remote electrodes9. Furthermore, cell-to-cell 

uncoupling leads to significant conduction velocity slowing, which can be monitored and 

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

prolongation of activation times10. 

The studies discussed above showed this transient recovery only during ischemia induced 

by complete occlusion of the coronary artery. They did not report changes during a partial 

occlusion event or added cardiac stress, such as experienced during a cardiac stress test. Partial 

occlusion ischemia has markedly different effects than complete occlusion ischemia, including the 

nontransmural distribution of ischemic regions11. Partial occlusion ischemia is induced and 

detected using cardiac stress tests, which stimulate the heart via regulated exercise or drug infusion 

to expose regional perfusion deficits to cardiac tissue12,13. As ischemia develops, key biomarkers 

are monitored for responses, including changes to the ST-segment of electrocardiograms12,13. 

Previously reported studies of partial occlusion myocardial ischemia have lacked the 

high-resolution and multidomain recording 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. We set out to address this deficit through experiments focused on 

comprehensive monitoring of acute, nontransmural ischemia. 
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This study aimed to examine the transient recovery of ischemic signals during a simulated 

cardiac stress test with partial flow ischemia. We used a previously validated experimental model 

of partial occlusion acute myocardial ischemia, instrumented with electrode arrays within the 

myocardium, on the epicardial surface, and the torso surface to examine this recovery 

phenomenon. We controlled ischemic stress using hydraulic occlusion with pacing or 

pharmacological stimulation. We then assessed 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 recovery of epicardial and 

torso surface ischemic ST-segment potentials during each episode of simulated cardiac stress test, 

i.e., even while the stress level increased. Using conduction speed measurements, we found no 

evidence that this recovery was related to cell-to-cell uncoupling. Furthermore, we identified 

preferential recovery of ischemic potentials in the subepicardial myocardial tissue. 

 

4 Methods 

4.1 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 electrode 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 around the ventricular epicardium 

with approximately 6.6 mm2 electrode resolution and approximately 10 mm spacing between 

electrodes. After instrumentation, the chest wall was closed with sutures, and residual air was 

evacuated. Torso electrode 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 kHz15. 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 
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conformed to the Guide for Care and Use of Laboratory Animals (protocol number 17-04016 

approved on 05/17/2017). 

 

4.2 Quantification of Ischemia 

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

annotation suite16. 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 myocardial ischemia. From each beat, we extracted the potential value at 40% into the 

ST-segment duration (from the end of the QRS to peak of the T wave) and averaged the values 

over a   5 ms time frame. Representative ST40% potentials were extracted every 15 seconds 

from continuously acquired data throughout the experiment. 

 

4.3 Simulated Cardiac Stress Test 

Controlled cardiac stress was induced by limiting coronary perfusion and increasing 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 at elevated rates 

or pharmacological stimulation via dobutamine infusion. Typical clinical protocols were used for 

target pacing and drug infusion rates12,13. Each episode of ischemia lasted 15 minutes with a fixed 

level of occlusion, which was determined on an experiment by experiment basis by the animal 

stability. Each 15-minute episode 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 episode, which has been shown as adequate time for the heart to return to baseline 

potentials14. Up to four episodes were performed in each animal. 

 

4.4 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 (Bruker BIOSPEC 70/30, Billerica, MA). Torso geometries, 
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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 pipeline17. 

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 volume using thin-plate spline radial basis functions, which assigned an ST40% 

potential 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 parameterizations assigned a unique 

four-parameter location to each node in the mesh according to values for z,  ,  , and a 

parameter indicating left or right ventricle, as described previously19. These values could then be 

translated across experiments as relative positions. For this analysis, we used the   parameter to 

indicate the relative intramyocardial depth (from 0–1) of each node within the myocardial wall. 

We defined the subepicardial region and subendocardial/midmyocardial regions in terms of   as 

 >0.66 and   <0.66, respectively. 

 

4.5 Three-Dimensional Conduction Velocity Measurements 

Three-dimensional conduction velocity was calculated using validated techniques described 

previously20. 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 functions20. 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 vector 

magnitude. 

 

4.6 Metrics of Ischemia and Statistical Analysis 
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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 identified the 

time of peak ischemic ST-segment potentials and the time of recovery of ST-segment potentials 

during an ischemic episode. To calculate peak and recovery ST40% response times, we identified 

epicardial electrodes that became positively ischemic during each episode. We then calculated the 

time when each such electrode was at its maximum and selected the median as the time of peak 

ST40% for an episode. We then determined the time when electrograms that had 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 episode. 

Statistical differences between metrics were compared using a random-effects multilevel 

regression to compensate for repeated measures within subjects. Statistical 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 Results 

5.1 ST-Segment Changes Throughout a Simulated Cardiac Stress Test 

Figure 1 contains an example of a typical progression in the transient changes in epicardial 

electrograms and torso surface ECGs throughout an ischemic episode. We observed an increase in 

ST40% potentials across a large proportion of electrodes, which peaked at approximately 6 min 

(peak time) and returned to near baseline levels at 12 min (recovery time) despite increasing 

ischemic stress (pacing rate or dobutamine level). An example of the ST40% potentials at baseline, 

peak, recovery, and end of the episode over each recording domain is shown in figure 4. The 

pattern of ST40% increasing to a peak and the resolving during the episode occurred consistently 
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across all surfaces. 

 

Figure 1: Example metric plot of ST40% potential changes throughout an ischemic episode (15 

minutes). Panel (a) shows epicardial sock ST40% potentials 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 the same ischemic episode. 

 

Figure 2: Example ST40% potential values measured across all recording domains at baseline, 

peak ST40% response time, recovery ST40% response time, and end of the episode, which was the 

time of maximal cardiac stress 

 

We observed similar trends across all six animal experiments and 15 ischemic episodes 

(nine dobutamine stimulation and six right atrial pacing). A summary of peak and recovery ST40% 

response times across all interventions is shown in figureBZ 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 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 clinically 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. 

 

Figure 3: Average time to peak and recovery ST40% values as measured on the epicardial sock 

electrodes. 

 

Figure 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 
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stress. 

 

5.2 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). 

 

Figure 5: Average median cardiac conduction speed measured in the myocardium at four time 

points, baseline, peak epicardial ST40% time, recovered epicardial ST40%, and the end of the 

ischemic intervention. 

 

5.3 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 episode 

(Figure 6). 

 

Figure 6: Total volume proportion within the sampled myocardium that was ischemic at four time 

points, baseline, peak epicardial ST40% time, recovered epicardial ST40%, and the end of the 

ischemic intervention. 

 

We then separated the sampled myocardium 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 7, 

panel (a) ). 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 7, panel (b)). 
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Figure 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. 

 

6 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 15-minute simulated cardiac stress tests (15 ischemic episodes across 6 

animals). We examined these transient recoveries from multiple domains: intramyocardial, 

epicardial, and torso surface. We also measured changes in intramyocardial conduction speed and 

volume of tissue showing ischemic potentials. We found the complete recovery of cardiac 

conduction speed (a surrogate for cell-to-cell coupling) correlated with recovery of ischemic 

ST-segment potentials. We also found the recovery of remote (epicardial and torso surface) 

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. 

 

6.1 Transient Recovery of Intramyocardial Conduction Speed During 

Ischemic Interventions 

To pinpoint a possible mechanism for the transient recovery of ischemic potentials, 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 the recovery 

response time. The initial decrease in conduction speed from ischemia is well documented10,21. A 

novel finding of this study was the subsequent recovery of conduction speed, suggesting that the 

electrical function of the cardiomyocyte remained intact, despite persistent, hyperacute (< 15 min) 

ischemic stress. 

The conduction speed recovery is a crucial finding to determine a possible recovery 

mechanism of transient ischemic potentials. Previous research in complete occlusion experimental 
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models has shown a significant decrease in cell-to-cell coupling as the biophysical basis for the 

decrease in ST40% deviations6, 8, 9. Initial deviations of ST40% potentials are created by passive 

injury currents that flow intercellularly from healthy to ischemic tissue through gap junctions22. 

Intercellular conductance decreases significantly at some time following complete coronary 

occlusion, which correlates with a decrease in the ST-segment ischemic potentials. This decreased 

intercellular conductance decreases injury currents and results in decreased extracellular 

ST-segment potentials22. In our experimental model, which involved only reduction of coronary 

blood flow in the face of elevated cardiac stress, conduction speed can serve as a metric of 

cell-to-cell coupling because the rapid propagation of current throughout myocardial tissue is 

dependent on cellular coupling via gap junctions. It has been shown that without intact cell-to-cell 

coupling, conduction speed drops to near zero6. 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 simulated cardiac stress tests. 

 

6.2 Differences in Recovery of Ischemic Signals Across Transmural Depth 

We examined the changes in ischemic potentials throughout a contiguous region of the myocardial 

volume, which also allowed us to compare responses across the ventricular wall. We found a 

near-complete recovery of ST-segment potentials in the subepicardial regions but persistent 

ischemic zones within the midmyocardial and subendocardial regions. On the epicardium, 

electrodes recorded almost full recovery, suggesting that they sensed relatively healthy underlying 

tissue. A consequence of this epicardial 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 potentials recorded from the epicardial and 

torso surface and provokes exploration of why this region recovers so selectively. A promising 

mechanism was described by Penny23 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 potential 

changes only during partial flow ischemic episodes. Penny further investigated this phenomenon 

and isolated catecholamine release as a possible driver for the transient restoration of normal 
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action potentials and electrograms. Specifically, Penny noted a significant reduction in 

extracellular potassium concentration during the recovery phase of an acute ischemic episode, 

which was present only during partial-flow ischemic events. Penny also showed, during an 

ischemic episode, catecholamine release was associated with a simultaneous reduced extracellular 

potassium concentration. He hypothesized this response was from catecholamines stimulating the 

sodium-potassium pump, whose activity is diminished during ischemia23. In his experiments, 

removing and blocking catecholamine release suppressed the restoration of normal electrical 

activity that his studies (and ours) documented, 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 approximately 10 minutes into a partial flow ischemic event. These observations 

support the presence of a mechanism by which subepicardial recovery is driven by catecholamine 

release that restores the electrical state of cardiomyocytes. 

 

6.3 Development of Clinical Subendocardial Ischemia 

Current clinical dogma of non-transmural ischemia prescribes the existence of ischemic zones that 

are anchored to the subendocardium, driven strictly by deferentially reduced perfusion to the 

subendocardial region11,24. This notion is substantiated by previous measurements of decreased 

blood flow to the subendocardial compared to the subepicardial regions. However, our studies 

over the past 6 years refute this notion. We have shown repeatedly that ischemia can initially 

develop in localized regions distributed throughout the myocardial wall, i.e., in the subepicardial, 

midmyocardial, or subendocardial regions11. This finding contradicts the clinical dogma and 

further blurs the notion that the electrical response to ischemia depends exclusively on levels of 

perfusion. 

In this study, we further examined the time course of ischemia development during events 

that replicate a clinical cardiac stress test in a large-animal model. We showed a preferential 

recovery of electrical activity in the subepicardial region compared to the subendocardium and 

midmyocardium. This finding 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 possible additional and essential 

element to explain subendocardial ischemia development. Subepicardial regions likely deplete the 
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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 a differential early recovery that appears as residual subendocardial ischemia. 

A critical consequence of our findings and this propose explanation is that recovery of 

electrical activity in the subepicardial region does not mean the ischemic stress has ended or that 

the tissue is no longer ischemic. Catecholamines in the subepicardial region have been shown to 

change cardiomyocyte electrical function, not rescue them from ischemic stress23. Previous 

literature has shown that significant damage still occurs within the apparently recovered ischemic 

tissue despite an absence of electrical indication of persistent ischemia23. This false recovery of 

ischemic potentials is another possible mechanism for the appearance of silent myocardial 

ischemia, which is not detected by the epicardial or other remote electrodes, i.e., body-surface 

ECGs. 

 

7 Limitations 

This study has some limitations. We do not have direct intercellular conductance measurements 

for cell-to-cell connectivity; however, the plethora of previous literature has documented a clear 

correlation between significant conduction delays and cell-to-cell uncoupling10. We also were 

unable to measure catecholamine release directly within the experimental preparation. 

Furthermore, the natural sympathetic and parasympathetic responses that lead to catecholamine 

enhancement could have been altered by the deep anesthesia during the experiments. 
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