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Abstract

Acute myocardial ischemia is commonly diagnosed by
ST-segment deviations. These deviations, however, can
show a paradoxical recovery even in the face of ongoing is-
chemic stress. A possible mechanism for this response may
be the cardio-protective effects of the autonomic nervous
system (ANS) via beta-1 receptors. We assessed the role of
norepinephrine (NE), a beta-1 agonist, and esmolol (ES),
a beta-1 antagonist, in the recovery of ST-segment devia-
tions during myocardial ischemia. We used an experimen-
tal model of controlled myocardial ischemia in which we
simultaneously recorded electrograms intramurally and on
the epicardial surface. We measured ischemia as devia-
tions in the potentials measured at 40% of the ST-segment
duration. During control intervention, 27% of epicar-
dial electrodes showed no ischemic ST-segment deviations,
whereas during the interventions with NE and ES, 100%
of epicardial electrodes showed no ischemic ST-segment
deviations. Intramural electrodes revealed a different be-
havior with 71% of electrodes showing no ischemic ST-
segment deviations during control ischemia, increasing to
79% and 82% for NE infusion and ES infusion interven-
tions, respectively. These preliminary results suggest that
recovery of intramural regions of the heart is delayed by
the presence of both beta-1 agonists and antagonists even
as epicardial potentials show almost complete recovery.

1. Introduction

Acute myocardial ischemia shows several character-
istic electrocardiographic features, most commonly ST-
segment deviations. Previously, the absence of ST-segment
deviations was interpreted to mean an absence of ischemia;
however, studies have shown the presence of electrocar-
diographically silent ischemia that is documented by devi-
ations in intramural electrograms. [1, 2] The broad goal of
our research is to understand the spatiotemporal evolution
of acute myocardial ischemia through large-animal exper-

iments.
Clinical and experimental studies from our group and

others have shown initial increases in ST-segment de-
viations followed by reductions and resolutions of ST-
segments even during ongoing ischemic stress. [3–5] Is-
chemic stress is known to stimulate the autonomic nervous
system (ANS), which we hypothesize plays a role in this
premature recovery of ST-segment deviations. [4, 6] The
primary mechanism of action of the ANS on working my-
ocardium is by means of beta-1 receptors located on the
sarcolemma, [7]. However, the role of the beta-1 receptor
has not been examined during acute ischemia, especially
by means of three-dimensional mapping.

This study aimed to examine the role of beta-1 modula-
tion on the recovery of ST-segment deviations during my-
ocardial ischemia. We induced repeated episodes of acute
ischemia, first under control conditions and then follow-
ing local application of a beta-1 agonist (norepinephrine)
and antagonist (esmolol). Throughout each experiment,
we captured signals using intramurally placed needle elec-
trodes together with an epicardial sock. Signals from these
electrodes provided three-dimensional measurements of
ST-segments, from which we could quantify deviations
throughout 15-minute episodes of continuous and increas-
ing stress induced by graded pacing of the heart following
chronic reduction in coronary flow. Our results showed
that both agonists and antagonists to beta-1 receptors al-
tered the spatiotemporal response of the heart to ischemia,
reducing the response quite forcefully.

2. Methods

Experimental protocol: Electrograms were acquired
from an in situ porcine preparation as described previously.
[8] Briefly, myocardial ischemia was induced by reduc-
ing perfusion through the left anterior descending coro-
nary artery and increasing myocardial stress using con-
trolled atrial pacing. Our experiment consisted of three
interventions of controlled myocardial ischemia within the
same subject. First, a control episode was induced with-
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Figure 1. Run-metric plots of ST40% potential changes throughout an ischemic episode. The left panel shows ST40%
values from the epicardial surface recordings and the right panel shows the intramural values. For both panels, the columns
represent the control intervention (left), the intervention with NE (middle), and the intervention with ES (right). The top
row shows the ST40% potentials, where each line represents the electrical activity of one electrode. A red line corresponds
to an ischemic electrode, and a black line corresponds to a nonischemic electrode. The bottom row shows the RMS time
course of the ST40% potentials with the time of peak response during the control intervention marked with a vertical red
line.

out the presence of any beta-1 modulators. The second is-
chemic episode was accompanied by the infusion of nore-
pinephrine (NE) at a constant rate of 13.5 µg/kg*hour to
simulate physiological NE concentrations during graded
exercise. [9] The third ischemic episode was accompa-
nied by the infusion of esmolol (ES) at a constant rate of
300 µg/kg*min to replicate clinical dosing. [10] Through-
out the interventions, electrograms were recorded from a
247-electrode epicardial sock and 23 intramural plunge
needles, each with 10 unipolar electrodes. Electrograms
were sampled at 1 kHz [11] and signals were filtered, base-
line corrected, and fiducialized using the open-source soft-
ware PFEIFER. [12] All experiments were approved by
the Institutional Animal Care and Use Committee of the
University of Utah, protocol number 20-11001.

Evaluation metrics: ST-segment deviations were used
as indicators of myocardial ischemia. From each beat, we
extracted the average potential values in an 11 ms win-
dow 40% of the way between the end of the QRS and the
peak of the T wave. Representative ST40% potentials were
extracted every 15 s from continuously acquired electro-
grams throughout the intervention. To compare the ST40%
potentials at equivalent times during subsequent interven-
tions, we determined the time point of peak ischemic stress
during the control intervention from the root mean square
(RMS) of the ST40% potentials. We refer to this time point
as ‘peak control ischemic stress’.

For intramural recordings, ST40% potentials above
1 mV were considered ischemic. For epicardial record-
ings, ST40% potentials above 2 mV or below -1 mV were

considered ischemic. These thresholds were used to de-
termine the percentage of electrodes considered ‘clinically
detectable’ as these thresholds mimic those used in evalu-
ating ST-segments deviations in patients.[5]

3. Results

Figure 1 shows the ST40% potentials from each elec-
trode (both epicardial and intramural) throughout each in-
tervention. The baseline ischemic intervention had ini-
tial ST-segment deviations followed by a notable recovery
of ST-segment deviations that we have documented previ-
ously. [5] However, we also observed for both NE (beta-1
agonist) and ES (beta-1 antagonist) that the ischemic re-
sponse was greatly reduced in comparison to that measured
during the control intervention. Table 1 contains the aver-
age, standard deviation, minimum, maximum, and range
of the ST40% potentials at 4 minutes into each interven-
tion (corresponding to the peak control ischemic stress),
as well as the percent of nonischemic electrodes. Overall,
the baseline ischemic intervention had a more notable is-
chemic response in comparison to the interventions with
NE and ES.

Epicardial response to ischemia: The range of ST40%
potentials was approximately eight times larger for the
control intervention when compared to the interventions
with NE and ES. Furthermore, the percent of nonischemic
electrodes was 27% for the control intervention and 100%
for the interventions with NE and ES. Lastly, Figure 2
shows the distribution of the ST40% potentials for each
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Table 1. ST40% statistics: Mean ± one standard deviation (mV), minimum (mV), maximum (mV), range (mV), and
percent of nonischemic electrodes. Statistics are shown for both the epicardial surface (Epi.) and intramural recordings
(Intra.) at the time point corresponding to peak control ischemic stress, as described above.

Mean ± STD (mV) Min / Max (mV) Range (mV) Nonischemic Electrodes (%)

E
pi

. Int. 1 0.7 ± 3.8 -3.7 / 9.0 12.7 27
Int. 2 (NE) -0.1 ± 0.3 -0.7 / 0.9 1.6 100
Int. 3 (ES) 0.3 ± 0.4 -0.7 / 1.2 1.9 100

In
tr

a. Int. 1 0.4 ± 3.4 -5.1 / 9.7 14.8 71
Int. 2 (NE) 0.5 ± 1.3 -1.0 / 7.2 8.2 79
Int. 3 (ES) 0.6 ± 0.9 -0.7 / 4.7 5.4 82

intervention. For epicardial recordings, the baseline in-
tervention had a large density of electrodes showing ST-
segment depression. The interventions with NE and ES,
however, showed ST-segment depressions and elevations,
respectively, that were considerably lower than the is-
chemic thresholds.

Intramural response to ischemia: The peak values of
ST40% potentials were reduced by approximately half for
the intervention with NE and one-third for the intervention
with ES when compared to the control intervention. Fur-
thermore, the percent of nonischemic electrodes climbed
from 71% for the control intervention to 79% and 82% for
the interventions with NE and ES, respectively. The dis-
tributions of the ST40% potentials also differed by inter-
ventions, as shown in Figure 2. For intramural recordings,
the baseline intervention had a large density of electrodes
showing ST-segment depressions, the intervention with
NE, by contrast, produced a large density of electrodes
showing no ST-segment deviations, and the intervention
with ES produced only slight (< 1 mV) ST-segment eleva-
tions. However, none of the deviations during application
of the beta-1 modulators reached the ischemic threshold.

4. Discussion

The goal of this study was to evaluate a possible mecha-
nism by which the autonomic beta-1 receptor could medi-
ate the recovery of ST-segment deviations during myocar-
dial ischemia. [4, 6] We implemented experimental mod-
els of acute myocardial ischemia and incorporated NE, a
beta-1 agonist, and ES, a beta-1 antagonist, while record-
ing electrograms from the epicardial surface and intramu-
rally. The results of this unique, three-dimensional map-
ping showed a notable blunting of ST-segment deviations
on the epicardial surface and within the myocardium in re-
sponse to both NE and ES.

The fact that both NE and ES blunted the ST-segment re-
sponses to ischemia was not expected since the two drugs
are known to have opposite effects on beta-1 receptors.
[13, 14] Other mechanisms contribute to the overall re-
sponse, and our preparation could not isolate them. One
possible mechanism to describe the reduced ST-segment

response with NE is a reduction in extracellular potas-
sium concentration, which is a known and rapid contrib-
utor to the elevation in myocardial resting potentials. [5]
According to this hypothesis, NE stimulates the sodium-
potassium pump, whose activity is limited during ischemia
[4, 13]. In the face of ES, a different mechanism is possi-
ble in which there is a decrease in contractility leading to a
reduction in the oxygen demand of the myocardium. The
decrease in oxygen demand could result in a rebalancing
of the supply/demand mismatch that arises during partial-
flow ischemia. [10, 14] Thus, both NE and ES, through
different beta-1 pathways, could help resolve the ischemic
stress.

Our examination of the changes in the ST40% poten-
tials throughout a region of the myocardium allowed us to
compare responses across the ventricular wall. We found
a complete recovery of ST-segment deviations on the epi-
cardial surface, but persistent ischemic zones intramurally
for both NE and ES (Table 1). On the epicardial surface,
100% of electrodes showed healthy ST potentials for both
NE and ES, suggesting that the underlying tissue was ad-
equately perfused. A consequence of this epicardial re-
covery masks the underlying intramural ischemic tissue,
resulting in a false negative marker for the presence of is-
chemia, electrocardiographically silent ischemia. Previous
studies have shown that significant damage can still occur
within the masked ischemic tissue despite an absence of
the electrical indication on the body surface [4]. Further
studies must pursue different markers of ischemia that can
detect intramurally localized perfusion deficits and guide
suitable interventions.

This study was limited to one biological sample (N=1).
We also were unable to measure the specific concentrations
of both NE and ES within the experimental preparation,
limiting evaluation of quantitative relationships. Further-
more, the natural autonomic response that leads to neu-
rotransmitter interactions could have been altered by the
deep anesthesia during the experiments. Overall, we ob-
served that NE and ES both result in the disappearance of
ischemic signals despite ongoing ischemic stress.
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Figure 2. Frequency distribution of ST40% potentials at the time point corresponding to the peak control ischemic stress.
The left set of panels shows the epicardial surface recordings, and the right set of panels shows the intramural recordings.
The three interventions are represented as follows: red corresponds to the control intervention, blue corresponds to the
intervention with NE, and green corresponds to the intervention with ES. The black horizontal lines represent the ischemic
threshold bounds. The thresholds are not present in the epicardial histogram comparison between the interventions with
NE and ES because no ST-segment deviations were detected.
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