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Abstract

Despite many years of study, certain aspects of myocardial ischemia remain incompletely

understood. One observation that motivated this study is that acute, complete occlusion pro-

duces elevations but never depression of the ST-segment potentials in electrocardiographic leads

over the ischemic zone. Limited flow, on the other hand, leads to ST-segment depression, both

in in situ experiments and during clinical stress tests. The prevailing biophysical theory of

ischemia suggests that complete occlusion should produce at least transient ST-segment depres-

sion, a finding we have neither observed in our own studies nor uncovered in the literature. Our

goal with these experiments was to understand the difference between complete occlusion and

reduced coronary flow, specifically the behavior at the transition between the two. We have

carried out experiments using isolated dog hearts with a cannulated left anterior descending

artery suspended in a human shaped electrolytic tank. To create a range of ischemic condi-

tions, we changed coronary flow rates both suddenly and in controlled sequences and varied

the heart rate of the isolated heart. The main finding was that in the isolated heart prepara-

tion, epicardial ST-segment depression over the ischemic zone arose only under conditions of

combined restricted flow and elevated heart rate. Reduced coronary flow alone never produced

ST-segment depression. These findings suggest that heart rate and probably metabolic work

create the conditions necessary for subendocardial ischemia that reduced flow alone cannot pro-

voke. They furthermore suggest that the degree of ST-segment depression for a given restriction

in coronary flow may depend on heart rate, which supports the notion of rate correction for

clinical stress ECG testing.
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1 Introduction

Although the phenomenon of ischemia has been known for well over a century1 and the topic of
many studies, there are features of this condition that remain incompletely understood. In the
heart, ischemia arises during angina, acute myocardial infarction, coronary angioplasty, and any
other condition that compromises blood flow to a region of tissue. Thus the electrocardiographic
detection and diagnosis of ischemia is of great clinical importance. The primary basis for clinical
evaluation of ischemia are deviations from baseline of the ST segment levels in the ECG. Sharkey et
al. reported that time to delivery of thrombolytic therapy in acute myocardial infarcts depends
more strongly on the extent of ST segment shift than any other parameter2. Diagnostic accuracy
based on ST-segment changes is, however, still somewhat limited, both in the context of acute
myocardial infarction3 and as a criterion for exercise stress tests4−6. As a result of this ambiguity,
there is a persistent need for better understanding of both the underlying physiology and the
electrocardiographic consequences of ischemia.

The motivation for this study, which attempts to address the need for better understanding of
ischemia, were observations from literature and our own studies of acute ischemia. When perform-
ing body surface potential mapping (BSPM) during coronary angioplasty, we (and others) have
found that some 30–60 s after inflation of the catheter balloon, a majority of patients showed a
localized elevation of ST-segment potentials, the location of which depended on the artery under
treatment7−10. However, in all such cases, these elevations in ST-segment potentials were never
preceded by ST-segment depression on the same part of the torso. ST-segment depression clearly
did occur on other parts of the thorax, but always as a monophasic event. We observed the same
behavior in subsequent experimental studies in which we induced acute occlusion of a coronary
artery and measured potentials on the heart surface. In the region perfused by the occluded artery,
ST-segment potentials went from baseline levels to become elevated, without any sign of transient
ST-segment depression11, 12. Apparently contradictory results came from recently described stud-
ies by Li et al.13, in which they partially occluded the left anterior descending and left circumflex
arteries of sheep hearts and observed epicardial ST-segment depression, which in some cases even-
tually became elevation. Much earlier, Guyton et al. reported similar findings in studies of reduced
coronary flow in dogs14.

The basis for much of current conceptions of the electrocardiographic response to ischemia comes
from pioneering studies by Holland and Brooks in the 1970’s15, 16, ideas later confirmed by other
investigators17−19. According to these principles, outlined schematically in the middle panel of
Figure 1, ST-segment shifts arise because of differences in electric potential between cells that have
become ischemic and those still receiving normal blood flow. Ischemic cells suffer from a continuum
of alterations including elevated resting potentials, reduced plateau potentials, and shortened action
potential duration. The resulting intracellular “injury current” flows from ischemic to healthy cells
during diastole and in the reverse direction during electrical systole. AC-coupled ECG amplifiers
assign a baseline to the TQ segment of the recorded signals and thus concentrate the resulting
changes to the ST segment.

The effect of injury current on the ECG is a function of lead location and the region of the heart
experiencing ischemia. Figure 1 indicates two scenarios relevant to our studies: subendocardial and
transmural regions of ischemia. For a lead located on the epicardial side of a region of subendocar-
dial ischemia (left-hand panel of the figure), injury current during the ST segment flows primarily
away from the electrode, resulting in ST-segment depression in both epicardial electrograms and
body-surface ECGs. Should the region of ischemia extend through the entire myocardium, the
direction of injury current changes and ST-segment potentials become elevated, as indicated in the
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Figure 1: The biophysics of ischemia. Center panel shows schematically the altered ischemic action

potential and the resulting intracellular flow of injury current. The left-hand panel shows the effect

of subendocardial ischemia on the flow of intracellular current and the resulting changes in the ST

segment of AC-coupled electrocardiograms from leads located over the epicardium. The right-hand

panel depicts the markedly different condition of transmural ischemia, leading to elevations in ST

segment potentials in the electrocardiogram.

right-hand panel of Figure 1.
In order to anticipate the acute response to both complete occlusion and reduced coronary flow,

it is necessary to examine the transmural distribution of ischemia. Guyton et al. first suggested
that while perfusion of the ventricular wall during normal flow conditions is homogeneous, under
limited flow conditions perfusion of the subendocardial region becomes selectively reduced14. Other
authors have supported this view, suggesting that metabolic demands are higher in the subendo-
cardium than the subepicardium.20 Thus one should expect in a scenario of progressively reduced
coronary flow to observe first subendocardial ischemia that moves through the ventricular wall as
an inverse function of flow until the ischemic zone becomes transmural. One might also expect
that in the scenario of complete occlusion, there would be a brief period in which perfusion to the
subendocardium would be more compromised than to the subepicardium. Over time, the ischemia
would become completely transmural. Electrocardiographically, both scenarios would result in first
ST-segment depression in leads located on the epicardial side of the ischemia zone followed—as
soon as the ischemic zone became transmural—by ST-segment elevation. Results from our previ-
ous studies during both angioplasty and acute occlusion do not support this scenario so we designed
the experiments described here to investigate possible explanations.

2 Methods

2.1 Experimental preparation

The preparation for these experiments was similar to that described previously21, 11, 22, 12 with an
important modification to create controlled coronary flow. Briefly, we isolated the heart from
one dog (weight 15–20 kg) and perfused it via modified Langendorff setup with injection of blood
through the aorta from a second dog (30–35 kg). To maintain adequate flow in the isolated heart,
pumps extracted blood from the right ventricle and returned it to the support animal via the jugular
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vein. The modification required for these studies, shown schematically in Figure 2, consisted of
diverting blood from the inflow line through a digital rotary pump (Masterflex L/S, Cole-Parmer
Instrument Company, Vernon Hills, IL) and then to a glass cannula placed in a proximal segment
of the left anterior descending artery (LAD). This arrangement provided a means of controlling the
flow into the LAD by setting the rate of the pump.

Roller Pump

Isolated Heart

Left anterior 
descending artery

Glass 
Cannula

Pulmonary
Artery

Aorta

Figure 2: Cannulated isolated heart preparation. Blood flow to the isolated heart diverts through

a digital roller pump to a glass cannula inserted into a proximal site in the left anterior descending

artery.

To control heart rate, we applied a bipolar hook electrode to the right atrium and paced at
frequencies beginning just above the intrinsic rate of the isolated heart. Regular monitoring of
blood gases ensured that perfusion was adequate and pH was normal between interventions.

To simulate the conditions of the heart in a thorax, we suspended the isolated heart in a human
shaped torso tank which was filled with an electrolyte of conductivity adjusted to 500 Ω-cm.

2.2 Protocol

With complete control over coronary flow and heart rate, we carried out three different types of
experimental protocol:

Complete occlusion: the complete occlusion of flow to the LAD followed by acquisition of elec-
trograms at regular intervals, then restoration of normal flow with continued measurements
of electrograms.

Restricted flow: restriction of the flow to preset rates for fixed intervals, with measurement of
electrograms at the end of each time interval, followed by (stepwise) restoration of flow and
continued measurement of electrograms.

Heart rate stress: increase pacing rate in order to induce physiologic stress in the isolated heart
(which does not actually pump blood) combined with restricted flow.

We present here results from all three protocols, each of which creates a slightly different form
of ischemia in the isolated dog heart.
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2.3 Signal acquisition and processing

In each of the individual protocols described above, we recorded simultaneously from 490 epicardial
sock electrodes contained in a flexible array attached to a nylon stocking fitted over the ventricles.
Each electrode consisted of a knot in a 3 mil silver wire tied around the junction of two strands
in the stocking material. The electrodes covered both ventricles uniformly with a mean spacing
of 4.3 mm; a line corresponding to the LAD provided approximate alignment of the sock between
experiments. To insert the cannula into the LAD, we first peeled back the top edge of the sock,
exposing the previously dissected segment of vessel, then returned the sock to its original position
once the cannula was in place.

ToffQon Soff

3/8 5/8

SToff

80ms

ST80

Figure 3: Fiducial markers and integral maps. All temporal fiducial markers were based on changes

in curvature of a root-mean-square curve of all torso tank potentials. The integrals used for the

maps were: QRS (Qon to Soff), QRST (Qon to Toff), ST (Soff to SToff), STT (Soff to Toff).

The electrolytic torso tank contained 374 recording electrodes, from which we acquired elec-
trocardiograms simultaneously with the epicardial signals. The potential reference for all unipolar
time signals was a Wilson central terminal constructed from separate electrodes embedded in the
shell of the tank. Our recently completed acquisition system permits simultaneous recording of up
to 1024 channels at a sampling rate of 1000 Hz. with adjustable gain and each channel buffered
by sample-and-hold circuitry. Data flows continuously from the acquisition system to a personal
computer (Macintosh PowerPC, Apple Inc.) and directly to magnetic disk. This system permits
continuous recording of all channels over minutes at a time. Typical measurement epochs for this
study were of 5–10 s duration, from which we selected shorter segments for analysis.

Signal post-processing consisted of gain correction of all channels, windowing of single beats
of interest, then linear baseline adjusting of each signal using customized software. In cases of
poor electrode contact or otherwise inadequate signal quality of the epicardial signals, we applied
wave-equation based interpolation23 to reconstruct the electrogram. Because of the focus of these
studies was on the electrocardiographic response to ischemia, we also determined fiducial markers
for QRS complex and T wave based on a root-mean-squared signal computed from all tank surface
sites and used these to calculate integrals. For each individual lead from the heart or tank surface,
we computed the areas under the signal from the onset to the end of the QRS interval, for the
entire QRST interval, from the J-point to the end of the T wave, and from the J-point to the
end of the ST segment (taken as 3/8 of the time from the J-point to the end of the T wave).
In order to compensate for changes in QRST duration and in alignment with other studies, we
also computed the mean potential over a 9-millisecond interval centered at 80 ms beyond the J-
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point. Figure 3 describes all the fiducial markers and integrals. To visualize the results, we used
customized graphics software24, 25 to display three-dimensional interactive sequences of iso-integral
maps for each of the interventions, samples of which are in the Results section below.

3 Results

We present here results from three different sequences recorded from two separate experiments.
Each sequence illustrates a different feature of the electrophysiologic response to complete coronary
occlusion, restricted flow, or heart rate stress.

3.1 Complete occlusion

0 s 120 s

300 s210 s

A B

C D

Figure 4: Sequence of epicardial and tank potentials following complete occlusion. The left-hand

image in each panel contains the ST-segment isointegral map from the torso tank surface in an

anterolateral view. The right image shows the epicardial isointegral values from the same beat.

Each map has the value of the ST-segment integral (in mV·ms) coded as a gray shade with darker

shades indicating more positive values. All four torso tank maps have the same scaling between

value and gray shade; the four epicardial surface maps have similarly locked scaling but at different

values. The sequence of four beats in the figure correspond to four times after the onset of complete

occlusion of the left anterior descending artery, as marked in each panel.

The sequence of isointegral maps, shown in Figure 4, describe the changes in ST-segment
integral potentials on both the heart and torso surface following complete cessation of flow through
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the LAD for three minutes. As we (and others) have observed in previous experiments, epicardial
regions downstream from the site of the occlusion develop elevated ST-segment potentials (darker
gray regions) within 30–60 s of onset of occlusion, which then resolve within several minutes of
restoration of normal flow. Panel C shows that 30 s after restoration of normal flow, ST-segment
elevations are still near maximal, and that even after 2 min of restored flow (Panel D), resolution
is not complete. At no time following occlusion was there any evidence of ST-segment depression
within the region that finally showed elevation. Other parts of the epicardium did develop ST-
segment depression simultaneously with the elevation visible over the surface of the ischemic zone.
Potentials on the torso tank surface showed similar changes following occlusion, with a more diffuse
pattern than on the epicardial surface.

3.2 Stepwise reduced flow

6 ml/m30 ml/m

30 ml/m

A B

C D

6 ml/m

Figure 5: Sequence of isopotential maps following stepwise change in coronary flow. The four

panels in this sequence consist of ST-segment isointegral maps from a stepwise reduction and then

restoration of flow to the left anterior descending artery. We show four samples from the complete

sequence. The arrow to the left of each marked flow rate indicates whether measurements came

from the descending arm of the sequence (down arrow = reduction in flow) or the ascending (up

arrow = restoration of flow). Layout and scaling of the maps is the same as in the previous figure.

Figure 5 shows ST-segment isointegral maps from a sequence of progressively reduced flow
through the LAD recorded at the end of two-minute intervals at rates shown in the figure. Normal
flow rate was 34 ml/min and the subsequent flow rates—each held for 2 min—were 30, 24, 18, 12, 6,
0, 6, 12, 18, 24, and 30 ml/min. The resulting isointegral maps indicated a progressive elevation in
ST-segment potentials in the region perfused by the LAD with no sign of ST-segment depression in
this region. The time constant of the electrophysiologic changes appeared to be longer than the two-
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minute steps at each flow as there was little sign of stability in the levels of ST-segment potentials
even after two minutes. As a consequence, the electrocardiographic response at the same flow rate
could be quite different when reached on the descending limb of the flow rate protocol compared
to the same flow rate on the ascending limb. Figure 5 shows a set of ST-segment isointegral maps
extracted from the sequence, two of which we recorded at a flow rate of 6 ml/m. The first, in Panel
B, was during the descending arm of (reduced flow) the sequence while the other, in Panel C, was
from the ascending arm (restored flow).

3.3 Reduced flow with increased heart rate

A B

C D

130 bpm 165 bpm

190 bpm 215 bpm

Figure 6: Sequence of isopotential maps following a single reduction in coronary flow rate and a

stepwise increase in heart rate. All maps show ST-80 isopotentials. Panel A contains results at

control (30 ml/m flow rate and 130 bpm heart rate) while all other panels show results for a flow

rate of 24 ml/m and heart rate elevated as indicated by the figure labels. Layout and scaling of the

maps is the same as in the previous figure.

Finally, Figure 6 illustrates the effect of both reduced but fixed flow rate and a stepwise change
in heart rate. We began the sequence by reducing the LAD flow rate from 34 ml/min to 24 ml/min
and then paced at stepwise reduced intervals (increased rates) of 450 (130), 400 (150), 360 (165),
320 (190), and 280 (215) ms(bpm). For this figure, isointegral maps would have been deceiving
because the integral value decreased with reduced pacing interval, simply because of shortening
of the entire QRST sequence. To remain insensitive to rate, the figure contains isopotential maps
based on the average value over a nine-millisecond interval centered at the ST80 point (80 ms after
the J-point).

The findings in this sequence are markedly different from those in the previous two cases.
Here, the combination of reduced flow and elevated heart rate produce clear depression of ST-
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segment potentials as the heart rate increases, only to become suddenly ST-segment elevation at
the maximum heart rate. Thus the same region of the epicardium displays both depression and
elevation of the ST-segment potentials as a function of heart rate at a fixed, but reduced, coronary
flow rate. Only such a combination of reduced flow and increased rate was capable of creating
conditions of ST-segment depression over the ischemic region.

4 Discussion

The most important aspect of the results from these studies were the substantially different elec-
trophysiologic responses to conditions that classic ischemia theory suggests should have all had
essentially the same electrocardiographic effect. A prevailing mechanistic view of ischemia holds
that any negative imbalance between blood supply and metabolic need will result in ischemia,
whether that imbalance arises from reduced blood flow or from increased metabolic demand, or a
combination of the two. What our results suggest is that ischemia induced by reduced blood supply
alone produces one electrophysiologic response, while that resulting from only modest restriction
in blood supply coupled with increased heart rate produces quite a different response.

Within the biophysical framework for the electrocardiography of ischemia, as described in Fig-
ure 1 above, our results address the question of what differentiates subendocardial from transmural
ischemia. The former creates conditions of plateau phase intracellular injury current flowing from
the epicardial towards the endocardial regions, leading to ST-segment depression in leads located
above the ischemia zone. Investigators such as Holland and Brooks15, 16, Guyton et al.14, Kléber et
al.17−19, and, more recently, Li et al.13 have all observed epicardial ST-segment depression following
partial block of coronary flow.

In our isolated heart preparation, however, we were unable to observe ST-segment depression
over the ischemic zone just by reducing blood flow, either through complete occlusion or through
stepwise reduction in flow. In all these cases, ST-segment potentials showed either normal levels
or elevations. Only through a combination of slightly reduced flow and elevated heart rate, was it
possible to observe first ST-segment depression followed at still higher heart rates by ST-segment
elevation.

The most obvious difference between our preparation and those of many others is that with
an isolated heart, there is minimal metabolic work carried out by the heart. Blood flows into the
coronary arteries by means of a retrograde perfusion of the aorta and this small amount of blood
later collects in the right ventricle from where a pump extracts it for recirculation. At the control
heart rates we typically use, only slightly faster than the native rate of this denervated heart, it
appears that either blood flow is adequate, so that there is no sign of ischemia, or it is so severely
compromised that the ischemic region is completely and instantly transmural.

In this context, Guyton et al. suggested, based on their experiments with reduced-flow is-
chemia in dog hearts14, that under healthy conditions, blood perfusion is uniform throughout the
ventricular wall. When the heart is stressed through reduced flow, however, the flow becomes het-
erogeneous, with the subendocardial region more affected than the subepicardial region. The source
of this heterogeneity appears to be both the larger amount of metabolic work that subendocardial
myocardium performs, and the fact the blood flows first through the epicardial region, suggesting
a form of transmural steal20. A possible explanation for our findings is that in situations of very
low metabolic work, transmural metabolic differences essentially disappear, and with them, the
heterogeneous blood flow that leads to subendocardial ischemia and ST-segment depression.
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There are several aspects to our studies that warrant examination and future improvement.
Most fundamentally, we made no actual measurements of regional perfusion, although we did
measure blood flow through the arterial cannula. Moreover, we inferred from well known changes
in the electrograms and electrocardiograms that ischemia was, indeed, the reason for the changes
we observed following changes in blood flow. Many investigators have documented the correlation
between measured changes in blood flow and the electrocardiographic responses we observed13−16,
and we intend to carry out such measurements of perfusion by glass microsphere techniques in
upcoming experiments.

A second omission in our measurements was that there were no direct endocardial electrograms
recorded. Li et al. illustrated in their study the value of this information in establishing the
presence of electrocardiographic heterogeneity across the ventricular wall. We will address this
in subsequent experiments that include transmural needle electrodes and thus provide access to
electrograms recorded throughout the entire ventricles.

Finally, there is a possibility that not metabolic activity, but heart rate itself may play a role
in the response we observed to reduced flow and accelerated pacing. Some potassium channels
in cardiac cells respond to rate variation by changing their conductivity and thus might alter
repolarization in a heterogeneous manner due to inhomogeneous distribution of these channels
across the ventricular. Such transmural variations in repolarization appear to provide explanations
for other repolarization abnormalities26, 27. In future experiments, we will attempt to modify the
isolation procedure such that the heart can perform variable amounts of metabolic work while
maintaining heart rate in order to separate rate from load effects.

The importance of these results comes from at least two perspectives of cardiac electrophysiol-
ogy. At the basic level, it is essential to understand the nature of ischemia and the electrophysiologic
response it illicits. The long held belief that ischemia induced by reduced flow was electrocardio-
graphically the same as ischemia produced by increased metabolic demand may require some refine-
ment. The explanation for this finding could suggest new insights into the underlying mechanisms
of perfusion and the response of myocytes and cell coupling to ischemic stress.

From a clinical perspective, these findings support the concept described by Okin, Kligfield et
al. that exercise induced shifts in ST-segment potentials are a function of both metabolic load (i.e.,
the level of the stress test) and heart rate28−30. Hence it is necessary to include both components
when evaluating a particular level of ST-segment shift in the ECG. The preparation we have used
here will lend itself very well to quantitative studies of the relationship between flow, heart rate,
and metabolic demand that will be the experimental correlates to the clinical studies by Okin,
Kligfield et al..
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