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perturb the highly organized electrical activation of the heart and can result in adverse cardiac events including
sudden cardiac death. Ischemia is known to influence the ST and repolarization phases of the ECG, but it also has a
marked effect on propagation (QRS); however, studies investigating propagation during ischemia have been lim-
Introduction: Acute myocardial ischemia occurs when coronary perfusion to the heart is inadequate, which can

ited.
Methods:We estimated conduction velocity (CV) and ischemic stress prior to and throughout 20 episodes of ex-
perimentally induced ischemia in order to quantify the progression and correlation of volumetric conduction
changes during ischemia. To estimate volumetric CV, we 1) reconstructed the activationwavefront; 2) calculated
the elementwise gradient to approximate propagation direction; and 3) estimated conduction speed (CS) with
an inverse-gradient technique.
Results:We found that acute ischemia induces significant conduction slowing, reducing the global median speed
by 20 cm/s. We observed a biphasic response in CS (acceleration then deceleration) early in some ischemic ep-
isodes. Furthermore, we noted a high temporal correlation between ST-segment changes and CS slowing; how-
ever, when comparing these changes over space, we found only moderate correlation (corr. = 0.60).
Discussion: This study is the first to report volumetric CS changes (acceleration and slowing) during episodes of
acute ischemia in the whole heart. We showed that while CS changes progress in a similar time course to ische-
mic stress (measured by ST-segment shifts), the spatial overlap is complex and variable, showing extreme con-
duction slowing both in and around regions experiencing severe ischemia.

© 2021 Elsevier Inc. All rights reserved.
Introduction

Electrical propagation of the depolarization wavefront through the
heart is a complex but ordered phenomena and changes to this propa-
gation, such as during acute myocardial ischemia, have long been
thought to result in sudden cardiac death and other adverse cardiac
events [1,2]. Myocardial ischemia occurs when coronary perfusion to
the heart is inadequate, initiating an electrochemical cascade known
to influence the ST and repolarization phases of the ECG, but it also
has a marked effect on electrical depolarization (QRS) [3]. Interestingly,
while changes to propagation have been studied during episodes of is-
chemia, these have been limited to surface based measurements.
maging Institute, University of
Moreover, there have been few reports to characterize the degree of
correlation between these propagation changes and the regions of is-
chemic stress. This paucity of investigationmay be explained by the dif-
ficulty of achieving high-resolution sampling of the activation sequence
within the myocardial volume. Such high-resolution intramural sam-
pling is necessary to capture the complex spread of activation even
under control conditions; it is just as necessary but evenmore challeng-
ing during ischemic stress.

The electrical signature of ischemic stress has been studied exten-
sively since the advent of electrocardiography, emphasizing ST segment
changes as indicative of underlying ischemic stress [4–7]. Our previous
studies have also used changes in the ST-segment to estimate, detect,
and delineate regions of ischemic stress, by means of both epicardial
and intramyocardial measurements [4–7]. The goal of the present
study was to measure ST-segment changes and compare them with
conduction velocities, estimated using newly developed techniques [8]
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to explore the spatiotemporal relationship between ischemic stress and
changes in propagation.

Changes in propagation during periods of ischemic stress are
thought to underpin many of the arrhythmogenic mechanisms long as-
sociated with ischemia; however, the lack of investigations in intramu-
ral propagation has prevented consensus [1,6,7,9]. Estimation of cardiac
conduction velocity is performed duringmapping studies from spatially
distributed measurements, and the majority of published studies have
been limited to surface-based measurements and, subsequently,
surface-based estimations of CV [9–13]. In a recent study, we examined
the differences between the CV estimated on the epicardium and from
within the heart and found that the magnitude of CV determined from
epicardial measurements will be systematically overestimated [8].
This overestimation was consistent across parameters such as pacing
site, cardiac geometry, and the techniqueused to estimate CV, highlight-
ing the necessity of volume-based measurements to study propagation.
Furthermore, studying intramural propagation allows us to evaluate
transmural heterogeneity of CV and how it is influenced spatially by is-
chemic stress. Here we applied our recently validated intramyocardial
estimations of CV8 to extend our understanding of propagation changes
during acute ischemia.

The goal of this study was to examine the spatiotemporal relation-
ship between the intramural development of ST-segment shifts and
changes in CV during acute ischemia. We examined how CV changed
in the presence of ischemic stress by measuring it throughout episodes
of induced, controlled acute ischemia. Since ischemia affected both
components of CV independently, we report effects on the directionality
of the wavefront as well as the magnitude of the velocity, which we
refer to as ‘conduction speed’ (CS). We also examined the correlation
of ischemic stress and CS over time and space. We identified high tem-
poral correlations between ischemic stress and CS slowing. Less an-
ticipated were the complex spatial relationships we documented
between CS slowing in and around regions of ischemic stress that
resulted in low spatiotemporal correlation (STC).We also observed a bi-
phasic response in the conduction speed changes, whichwe found to be
predominately isolated to the endocardium.

Methods

Experimental preparation and model generation

Signals were acquired from 20 episodes of ischemia captured across
four in situ canine experiments [4,5]. All experiments were performed
under deep anesthesia using procedures approved by the Institutional
Animal Care and Use Committee of the University of Utah and
conforming to the Guide for the Care and Use of Laboratory Animals
(protocol number 17–04016 approved on 05/17/2017). Details of the
experimental preparation, such as the induction and grading of ische-
mia, have been described previously [4,14,15]. Briefly, acute and revers-
ible ischemia was induced via a supply-demandmismatch in the tissue
perfused by the left anterior descending (LAD) coronary artery. Theflow
rate through the LAD was modulated via a hydraulic occluder placed
around the artery while the heart rate was controlled by electrically
stimulating the right atrium. Each ischemic episode lasted 7–16 min
with a 30-min recovery period between episodes to allow the heart to
return to baseline conditions.

To record the extracellular potentials within the myocardium, we
inserted 12–25 intramural needles, each containing 10 unipolar elec-
trodes spaced at 1.5–1.8 mm, into the putative perfusion bed [4].
Fig. 1A shows a schematic of such a needle. Spacing between adjacent
needles was 1–2 cm, depending on the experimental preparation. We
defined the region outlined by the needle electrodes as the ‘needle en-
velope’. Fig. 1C shows an example of such a needle envelope. We ac-
quired electrograms from all needle electrodes simultaneously, either
continuously or in ‘runs’ of 3–6 s duration in 15 s intervals. Continuous
runs were later segmented for analysis. Representative beats used in
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this analysis were isolated, baseline corrected, filtered, and fiducialized
using the PFEIFER open source platform [16].

We implemented an image-based modeling pipeline in order to fa-
cilitate the generation of geometric models of hearts from each experi-
ment, which became the basis for estimation of conduction velocity. To
compare across experiments, we expressed the models in ‘universal
ventricular coordinates’ (UVCs), a system developed for the CARPentry
framework that uses anatomical features to align each heart into a com-
mon coordinate system [17]. The hearts were removed at the end of
each experiment and imaged using a dedicated small-animal MRI sys-
tem to acquire high-resolution three-dimensional scans. We then used
semi-automated tools in our open-source Seg3D system (www.seg3d.
org) to create subject-specific segmentations, which included locations
of the needle electrodes; these segmentations formed the basis of tetra-
hedral meshes with an approximate edge length of 650 μm constructed
using our meshing tool, Cleaver (https://www.sci.utah.edu/cibc-
software/cleaver.html) [4,18,19]. The transmural (ρ) UVC coordinates
provided simple stratification of the ventricular mesh into subendocar-
dial (0 ≤ ρ ≤ 0.33), midmyocardial (0.33 > ρ ≤ 0.66), and the
subepicardial (0.66< ρ ≤ 1.0) regions. Fig. 1C visualizes the ρ coordinate
values in UVC space.

Estimating volumetric conduction velocity and ischemia

To estimate volumetric CV, we 1) used a radial basis interpolation
method to reconstruct the activation wavefront from measured values
(activation time was determined using the min dV/dt technique [16])
throughout themesh [20]; 2) calculated the elementwise gradient of ac-
tivation time to approximate propagation direction; and 3) estimated
CV with an inverse-gradient technique [10,11,20,21]. In a recent study,
we showed that the level of sampling used in our experiments is ade-
quate to reconstruct the wavefront with high fidelity [20]. Fig. 2A.
shows an example of activation times distributed throughout theneedle
envelope during an ischemic episode.We then estimated thewavefront
direction by calculating the direction of the gradient of ATs in each ele-
ment of the needle envelope and then inverting and taking its partial
derivative [10,20]. The result is a CV vector assigned to each element
in the geometricmodel fromwhichwe computed elementwise conduc-
tion speed (CS) as the scalar magnitude of the CV vector. Fig. 2B shows
an example of estimated volumetric CV.

Quantifying wavefront refraction
To measure the change in direction of the wavefront, we quantified

‘wavefront refraction’ (WR), as an analog to the refraction of light.Wede-
fined refraction as the elementwise angle between the CV at the begin-
ning of the episode with that from each subsequent run. The result was
an angle of refraction in each element for each run. Fig. 2C shows the spa-
tiotemporal development of WR throughout an ischemic episode.

Quantifying ischemic stress
We estimated the spatial extent of ischemia using an approach de-

tailed in previous studies [4,20]. Briefly, values of ST40% were deter-
mined from the potential at a time point 40% between the end of the
QRS and the peak of the T wave, as determined by the RMS signal cre-
ated from all electrograms [5]. The measured values were interpolated
into the entire needle envelope. The value of ST40%was used as a surro-
gate for ischemic stress and to demarcate its spatial distribution. Fig. 2D
shows an example of the spatiotemporal development of ST40%
throughout an ischemic episode.

Correlation between the progression of ST40% and conduction speed

Temporal correlation between the progression of ischemic stress and con-
duction speed change

To determine the temporal relationship between CS changes and
ST40% development, we measured their correlation over time.

http://www.seg3d.org
http://www.seg3d.org
https://www.sci.utah.edu/cibc-software/cleaver.html
https://www.sci.utah.edu/cibc-software/cleaver.html


Fig. 1. A visualization of the intramural needle distribution within the myocardium. A) Top: a schematic representing the anatomical perspective in images B) and C). Bottom:Schematic
representation of the intramural needle with example intramural signals. B) Image-based mesh of the cardiac ventricles with intramural needles (gray spheres) C) Top: Needle envelope
from the superior perspective. Bottom: Needle envelope with the transmural (ρ) coordinate,
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We first integrated across space by computing the median values of
ST40% and CS across all nodes, and generated a single, global value for
each beat. The resulting time signals capture the progression of the
global values (ST40% or CS) over a single ischemic episode and we
refer to them as ‘run-metrics’ [20] (e.g., Fig. 5B). Each run-metric was
normalized to range from 0 to 1. Because CS changes are predominately
negative, i.e., conduction slows with ischemia, we negated the CS run-
metric and refer to ‘conduction slowing’.

Spatiotemporal correlation between progression of ischemic stress and con-
duction speed change

In addition to temporal correlation of ST40% and CS, we evaluated
their correlation over space and time, which we refer to as ‘spatiotem-
poral correlation’ (STC). For this analysis, we once again performed a
temporal correlation, but in this case of the elementwise run-metrics,
which resulted in a temporal correlation for each element. We evalu-
ated the median STC over all elements as a global comparison and
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then binned the elements by their transmural extent and found theme-
dians of the resulting distributions.
Characterizing the biphasic response in conduction speed

We observed a biphasic response in the progression of conduction
speed, i.e., a transient increase followed by reduction, which has been
observed in previous studies and we characterized the magnitude and
duration of this change. We also wanted to characterize the time points
at which we beginning to see morphological changes to ST40% and CS
and therefore determined the median time at which these changes oc-
curred across all episodes. We observed a biphasic response in 12 of
the 20 episodes of ischemia and restricted our characterization to
these episodes. To characterize the biphasic response, we measured its
temporal width and the peak amplitude.



Fig. 2. The spatiotemporal progression of AT, CV, WR, and ST40%, within the needle envelope at five time instances over an 8-min episode of ischemia in Exp.#2. The colour bar for each
measure is visualized below the visualized measure. A) Spatiotemporal progression of ATs over an episode of ischemia. B Spatiotemporal progression of CV over an episode of ischemia.
Note, the dense vector field generated using this method. C) Spatiotemporal progression of WR potential over an episode of ischemia. D) Spatiotemporal progression of ST40% potential
over an episode of ischemia.
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Statistical methods

All measures are reported as a median ± standard deviation. To
compare measures, we used two statistical tests: 1) a two-sample
Kolmogorov-Smirnov test (KS-test) to evaluate the significance of the
differences in distributions at two time points in the ischemic episode;
and 2) a Student's t-test to test whether changes in the median across
all considered episodes are significant. We evaluated the differences in
the skewed distributions (preischemia and peak) using a two-sample
KS-test with a significance threshold of 0.05. We also determined if
the magnitude of change beyond zero was significant for these two
measures and wave refraction (WR). We determined significance
using a Student's t-test with a threshold of 0.05. The same statistical
analyses were performed on the stratified medians: the KS-test to
evaluate whether each episodic change was significant, and the
Student's t-test to evaluate if the ensemble of changes across all epi-
sodes was significant. Significance is visualized in each relevant figure
using a green star.
Results

Global effects of acute ischemia

Fig. 3A and B show box plots of the median ST40% and CS changes
between peak and control periods across all 20 episodes of ischemia.
Fig. 3C shows two sample distributions of at control (purple) and the
peakof the ischemic episodes (pink), these distributions are representa-
tive of the changes we typically see and come from two separate exper-
iments. Fig. 3D shows the CS distributions for the same episodes. The
median value (across all episodes) of ST40% moved from 1.4 ± 1.0 mV
before ischemia to a peak of 5.6± 4.0mV. At the same time, themedian
value of CS dropped from 48.4 ± 11.9 cm/s to 30.8 ± 13.3 cm/s. The
green star indicates statistical significance.

In order to ensure the changes were significant beyond baseline in
addition to the distributions being significantly different from one an-
other, we performed a student t-test of the global change (the entire
89
needle envelope) in the median ST40%, CS, and WR across all episodes.
The median global ST40% change was 4.1 ± 4.1 mV, the median global
CS dropped 19.9 ± 10.2 cm/s, and the median global WR was 29.8 ±
18.7 (all three statistically significant).
Transmural stratification of ischemic changes
Fig. 4A and B show themedian ST40% and CS changes between con-

trol and peak periods across the 20 episodes of ischemia stratified by
transmural extent. Fig. 4C shows two sample distributions (same epi-
sodes as in Fig. 3) of ST40% at control (left) and peak of ischemia
(right), stratified by transmural region. Fig. 4D shows the stratified CS
distributions for the same episodes. The median ST40% increased from
universally low values of 1.3 ± 1.1 mV for the subendocardium, 1.3 ±
1.0 mV for the midmyocardium, and 0.7 ± 0.8 mV for the subepicar-
dium to similar peak values of 6.5 ± 4.3 mV for the subendocardium,
5.9 ± 5.2 mV for the midmyocardium, and 4.1 ± 3.0 mV for the
subepicardium. The median CS values were more variable across the
myocardial wall before ischemia, 71.9 ± 24.4 cm/s for the
subendocardium, 54.0 ± 5.8 cm/s for the midmyocardium, and 43.0 ±
5.3 cm/s for the subepicardium. The effects of ischemia also varied
with location, with the median CS values dropping to 37.1 ± 20.5 cm/
s for the subendocardium, 26.5 ± 12.0 cm/s for the midmyocardium,
and 30.5± 10.7 cm/s for the subepicardium. All global changes induced
by ischemia showed statistical significance while significance across
transmural regions was less consistent. Although the values of clearly
changed in response to ischemia (Fig. 4A), they did not vary sig-
nificantly across the myocardial wall thickness, i.e., among subendo-
cardium, midmyocardium, and subepicardium (Fig. 4A and C).
Conduction speed also changed (dropped) significantly with ischemia
(Fig. 4B), however, the significant differences across the myocardial
wall that were present at control, diminished almost completely at
peak ischemia(Fig. 4B and D).

We also measured the average change from baseline to peak levels
of ischemia to identify the significance of the change we are observing.
ST40% varied very little across the transmural extent with no significant
differences observed in the stratified changes. Changes in CS were



Fig. 3. Changes in CS and ST40% distributions between control and peak periods of the ischemic episodes. Significant difference between the preischemia and peak ischemia is indicated
with a green star. A) The change inmedian ST40% across 20 episodes of ischemia. B) The change inmedian CS across 20 episodes of ischemia. C) Two sample ST40% distributions prior to
the induction of ischemia (purple) and at the peak (pink) of the ischemic episodes. D) CS distributions prior to the induction of ischemia (purple) and at the peak (pink) of the ischemic
episodes for the same episodes as in Panel C.
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slightly more complicated. Whereas the largest absolute changes to CS
appeared subendocardially, the median changes between the subendo-
cardum andmidmyocardiumwere not significantly different. However,
the subepicardium did experience significantly lower amplitude
changes to CS than either the subendocardium and midmyocardium.
WR varied less across the transmural extent, and the stratified results
show that the subendocardium had the highest median WR with 47.1
± 23.4°, followed by the subepicardium with 36.2 ± 22.9°, and finally
the midmyocardium with 28.3 ± 19.9°. Only the difference between
the subendocardium and the midmyocadium was significant. A
Figure summarizing these average changes can be seen in the Supple-
mental Material.

Correlation between ischemic stress and conduction changes

Fig. 5A shows the global temporal correlation and the spatiotempo-
ral correlation (STC) as well as the temporal correlation binned by
transmural extent between ST40% and conduction slowing across 20
episodes of ischemia. The global temporal correlation was much higher
than the STC, 0.91 ± 0.10 versus 0.59 ± 0.18. The figure also shows the
transmural heterogeneity in the temporal correlation, with the highest
correlation in the midmyocardium (0.76 ± 0.21) followed by the
subendocardium (0.54 ± 0.32) and finally the subepicardium (0.50 ±
0.19). To illustrate the high level of temporal correlation, Fig. 5B
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shows four sample pairs of run-metric curves (one from each of four
separate experiments) with elevation of ST40% and slowing of CS over-
laid and time aligned.

Characterization of the biphasic response and temporal change

We characterized the average onset of major change in the ST40%
and CS metrics from baseline conditions and the biphasic transitions
and the results are summarized in Table 1. For a typical episode of is-
chemia, the progression of ST40% began 115 s into the ischemic epi-
sode, followed 65 s later by the progression phase of conduction
slowing, with the biphasic response preceding the progression
phase by 31 s.

In 12 of the 20 episodes of ischemia, we observed a paradoxical
initial increase in the CS beyond baseline levels before subsequent
slowing. This effect occurred most frequently in the subendo-
cardium (9/12 episodes) and therefore we averaged only the
subendocardium speeds in those 9 episodes in order to characterize
the average increase in speed and duration of the period of acc-
eleration. Fig. 6 shows an example of this response, where the
subendocardium experienced a median increase in CS of 12.8 cm/s
before subsequently dropping by 56 cm/s. On average, the speed ac-
celerated 3.72 ± 3.41 cm/s before the onset of major change in con-
duction speed.



Fig. 4. Changes in CS and ST40% distributions between peak and control periods of the ischemic episodes stratified by transmural extent (subendo. = Green, midmyo. = Orange, and
subepi. = Purple). The example distributions in C) and D) are the same as in Fig. 3. Significant difference between the preischemia and peak ischemia is indicated with a green star. A)
The change in median across 20 episodes of ischemia stratified by transmural extent. B) The change in median CS across 20 episodes of ischemia stratified by transmural extent. C)
ST40% distributions before and at peak ischemia for two sample episodes, stratified by transmural extent. D) CS distributions for the same episodes and same conditions.

Fig. 5. Temporal correlation between ST40% and CS. A) Box plots showing the temporal correlation of ST40% and CS over 20 episodes of ischemia (left) and the temporal correlation over
space binned by transmural extent (right). Significance in this figure is displayed between the midmyocardium and the subendocardium and subepicardium using a green star. No other
distributionswere significantly different fromone another.B) Four sample run-metric curves showing overlaid ST40% (black) and conduction slowing (blue), one selected fromeachof the
four experiments used in this study. Note, both curves are normalized and the CS run-metric is negated for the purposes of the correlation measure.
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Table 1
The median ± SE time point for the biphasic response and the onset of changes.

Metric being characterized Biphasic onset ± SE Onset of major change ± SE

ST40% n/a 115 ± 21 s
Conduction Speed 155 ± 8 s 186 ± 27 s
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Discussion

This study has reported, for the first time to our knowledge, simulta-
neous estimations of ischemic stress and changes in the spread of
excitation during episodes of acute ischemia in order to investigate
the spatiotemporal relationship between these electrophysiological
markers.We analyzed CS and ST40% changes over 20 episodes of graded
ischemia across four canine experiments using a validated technique to
reconstruct activation times and estimate CV/CS at resolutions limited
only by the subject-specific, geometric model [8]. We applied these
novel techniques to correlate and analyze the progression of ST40%
and CS, and identified within the myocardium many of the features of
altered physiology suspected of being arrhythmogenic.
Conduction velocity changes throughout an episode of acute myocardial
ischemia

We observed significant changes in ST40%, CS, and wavefront direc-
tion within the putative perfusion zone during episodes of acute ische-
mia, changes that showed significant transmural heterogeneity,
especially of CV. Although intramural measurements at the required
density could include only part of the left ventricle, the qualitative find-
ings with respect to the location and progression of ischemic ST40%
values are supported by our previous studies [4,5]. Most notably, early
development of acute ischemia is not bound to the subendocardium,
rather regions of non-transmural ischemic stress are distributed
throughout the myocardium, at least during the hyperacute phase
Fig. 6. An example run-metric of CS stratified by transmural extent during an episode of isc
associated speed histograms normalized by probability. A) Stratified run-metric of CS during
from time points indicated in A). i) 15 s into the ischemic episode. ii) 90 s into the ischemic e
into the ischemic episode.
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(< 15 min.) produced by partial coronary occlusions [4,5]. A major
novel contribution of this study is that conduction speed is transmurally
heterogenous even before the induction of ischemia, with the fastest
conduction in the subendocardium, followed by the midmyocardium
and, finally, the subepicardium. The faster speeds seen at the subendo-
cardium are most likely due to Purkinje-tissue junctions, which appear
asmultiple, discrete sites of almost simultaneous initiation of activation,
resulting in very fast apparent spread of excitation (>100 cm/s). Sur-
prisingly, the variability of conduction speeds at the peak of ischemia
was reduced, i.e., they were more similar transmurally than before the
onset of ischemia. We also found that the subepicardium experienced
the smallest ischemia-induced reductions in CS. The subendocardial re-
gion showed the largest response to ischemia, both in terms of CS and
the direction of propagation (refraction) of the wavefronts. This large
subendocardial refraction—seen to a slightly lesser extent also in the
subepicardium—may be explained by the lower safety factor associated
with surface based propagation. This reduced safety factor makes the
wavefront more susceptible to changes in anatomy or substrate (such
as ischemic tissue) than a propagating wavefront with a high safety
factor [22].

Changes in conduction velocity relative to identified ischemic zones

We examined the temporal progression of ischemic stress (ST40%)
and correlated it with conduction slowing globally (temporal correla-
tion) and within regions of the heart (spatiotemporal correlation). We
observed generally high temporal correlation (correlation > 0.8), but
surprisingly, the correlation between ST40% and CS progression varied
across the myocardium. Previous studies, by us23and others,9,24,24 have
studied the changes in the spread of excitation during induced episodes
of ischemia, however, typically without a temporally aligned metric of
ischemic stress. For the first time to our knowledge, this study captured
ST40% as a metric of ischemic stress simultaneously with CV, allowing
measurements of correlations between both the global and regional
time courses of these metrics. Our results indicate a close correlation
hemia that shows a pronounced biphasic response in the temporal progression and the
an episode of ischemia with five highlighted time points. B) Histogram of speed change
pisode. iii) 195 s into the ischemic episode. iv) 345 s into the ischemic episode. v) 480 s
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between increased ischemic stress and decreased global conduction
speed.Wedid capture two episodes inwhich ST40% increasedmodestly
but without a concomitant drop in CS, which resulted in the only cases
of temporal correlation dropping below 0.8.We also examined how the
temporal correlation between ST40% and CS varied across space, cap-
tured with a metric we called ‘spatiotemporal correlation’ (STC). Here,
we found far lower correlation. Such low values of STC suggest a compli-
cated spatial relationship between changes in the ST-segment and the
conduction speeds reflected in the QRS. Here, too, there was spatial het-
erogeneity, with relatively high STC in the midmyocardium (0.76) ver-
sus the subendocardiumand subepicardium (0.54 & 0.50, respectively).
Possible explanations for these findings include the presence of tissue
boundaries (e.g., the blood pool at the) or due to relatively contiguous
and continuous propagation in the midmyocardium.

The disparity between the high temporal correlation and moderate
STC may also be explained by how we chose to represent the ischemic
stress spatially via the ST40% metric. The spatial complexity that is not
captured temporally could be due to the interplay between the propa-
gating wave and the tissue experiencing ischemic stress. Furthermore,
the activation sequence was found to have beat-to-beat variability dur-
ing periods of high ischemic stress, variations not as pronounced in
ST40% changes, which may further explain the low STC. A great deal of
heterogeneity may be present in the AP changes throughout the myo-
cardial wall, meaning ST40% may be more or less representative of the
ischemic stress in some regions. We also measured notable and repro-
ducible delays between the progression of ST40% and CS, as we have
shown previously [20,23].

The biphasic response in conduction speed

A notable temporal response we observed was the paradoxical early
appearance in some ischemic episodes of transient increases in CS be-
fore a rapid slowing.While this behavior has been suggested in previous
studies based on biophysical theory and cellular experiments [25] it has
never been documented volumetrically in thewhole organ. During 12of
the ischemic episodes across all experiments, we observed a biphasic
response in CS, for the most part isolated to the subendocardium. The
initial increase in CS is most likely explained by the accumulation of ex-
tracellular potassium temporarily increasing the excitability of the tis-
sue, as proposed by Elharrar et al. [25,26] Why this response appeared
only in the subendocardium is unclear, but perhaps results from thehet-
erogeneous distribution of ionic channel types across the myocardium;
an additional factor could be the variability in cell types, such as
Purkinje cells or the cardiomyocytes of the subendocardium that are
particularly susceptible. Janse et al. [26] showed that the biphasic re-
sponse was isolated to propagation along the longitudinal fiber orienta-
tion, therefore, it may be that the highly anisotropic early activation in
the subendocardium has the highest volume fraction of longitudinal
propagation. It is likely that biphasic responses occur throughout the
wall (as Fig. 6 suggests), but that they do not contribute significantly
enough to be seen in median CS values. The biphasic acceleration was
on the same order ofmagnitude as the decelerationwe observed subse-
quently, which may indicate an underlying monotonic accumulation of
extracellular potassium concentration that elicits the biphasic response
in excitability. Previous studies have suggested the biphasic response in
CS is arrhythmogenic, particularly through reentrant type phenomena
[27]. It is unclear whether this biphasic response contributes to
arrhythmogenesis, however, it likely does disrupt the ordered (albeit
complex) activation sequence in a manner that could be potentially
arrhythmogenic.

Arrhythmogenics of acute ischemia

The combination of spatial heterogeneity of CS and its temporal pro-
gression leads naturally to speculations related to the arrhythmogenesis
that previous studies have shown occurs in early ischemia. Specific
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features of altered spread of activation that we observed include:
1) the presence of slow- (<10 cm/s) and fast-response (>10 cm/s) re-
gions in close spatial proximity [24]; 2) perturbations to the normal ac-
tivation sequence [28]; and 3) the paradoxical biphasic response during
early ischemia [26,27]. The time course of CS slowing observed intramu-
rally agree with studies that measured prolongation of the QRS on the
epicardium [29]. Furthermore, the QRS widening (a surrogate of reduc-
tion in CS in the myocardium) on the epicardium was associated with
subsequent development of ventricular fibrillation [30]. In the early
phases of ischemia it is thought that the primary source of CS changes
is a diminished fast-response of Na-channel activity; followed in the lat-
ter phases by eventual complete elimination of the Na currents and
nearly complete reliance on the slow response, as studied by Cranefield
et al. [24] The switch from the fast to the slow response occurs when CS
falls below about 10 cm/s, resulting in a dramatic decrease in the safety
factor and potential intermittent excitability, which are known to be ar-
rhythmogenic [24]. Ischemic stress also diminishes the electrical cou-
pling prevalent under normal physiological conditions, disrupting the
syncytial nature of the myocardial coupling and allowing for sharp
changes in the CS, which we observed throughout the needle envelope.
Furthermore, the reduced safety factor due to ischemia can result in
conduction blocks and in dramatic changes in the wavefront direction,
as was shown by the spatial wave refraction (WR), with 180 degrees
of refraction within 5 mm of the unperturbed wavefront. These condi-
tions establish the arrhythmogenic nature of reentry that we associate
with acute ischemia. In several episodes and across all experiments,
we observed cases of conduction speeds indicative of the fast and
slow-response throughout the needle envelope as well as large WR at
the anatomical boundaries.

The propagation sequence of theheart under sinus rhythm, although
complex, is surprisingly repeatable, and we saw minimal beat-to-beat
variability in refraction between sequential beats. This beat-to-beat
similarity was disrupted by ischemic stress and the propagation se-
quence changed from one beat to another. Studies by Costa et al. and
others have shown that disruptions to the wavefront of the typical acti-
vation sequence are particularly arrhythmogenic, as the propagation oc-
curs counter to the AP duration gradient [2,24,28]. Whether the initial
arrhythmogenesis is due to excitation generated via injury currents or
reentry, the two predominant theories behind arrhythmogenesis in is-
chemia, remains to be determined; however, the observed slow-
response and large heterogeneous WR establish favorable conditions
for either scenario. Of course, such speculation must also include infor-
mation about repolarization, the parameters of which are also available
from our studies. Our ongoing studies will seek to identify the mecha-
nistic underpinnings of ischemia-related arrhythmogenesis.

Limitations

Our study shares the limitation of all mapping studies in that spatial
sampling and coverage are a compromise between achievable electrode
densities and maintaining a viable, living organ under physiological
conditions. Our sampling was relatively dense in the radial direction
(1.5–1.7 mm), ideal for studying transmural gradients. Sampling in or-
thogonal directions was more limited (1–2 cm), making spatial exami-
nation in these directions more prone to error. However, our validation
studies suggest that even in these relatively sparsely sampled regions,
the CV can be estimated with high fidelity [20]. Furthermore, we were
sampling only a portion of the ventricular myocardium and, therefore,
cannot comment on changes in CS outside the needle envelope. Our re-
cordings were limited to extracellular sampling, which limits our analy-
sis to electrograms without directly examining the action potentials
themselves. Finally, we specifically avoided prolonged episodes of ar-
rhythmia in the experiments because of the threat of subsequent fibril-
lation and premature death of the animal. As a result, the discussion of
arrhythmogenesis is more speculative than it will be from future
studies.
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Conclusion

This study is the first to report, from experiments, volumetric con-
duction speed changes during episodes of acute ischemia. We showed
that conduction speed changes are temporally correlated to ischemic
severity, and we illustrated the biphasic response long-proposed in cel-
lular studies. Furthermore, our results suggest only a moderate spatio-
temporal correlation between ischemic stress and conduction slowing,
suggesting a more complex relationship between ischemic stress and
changes to CS with significant slowing observed on the periphery of
the region of ischemic stress.
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