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Abstract

This study compares activation—recovery interval (ARI)
from unipolar electrograms with optically derived action
potential duration (APD) as the reference, across endocar-
dial and epicardial surfaces in healthy porcine (N=3) and
pathological human hearts (N=2). Optical and electri-
cal signals were recorded simultaneously using high-speed
cameras and transparent electrode arrays. APD was com-
puted at 70-90% repolarization (APD~o, APDgg, APDy),
while ARI was measured by Wyatt and alternative meth-
ods. Comparisons revealed layer-dependent differences:
in pigs, the Wyatt method showed the best agreement with
endocardial APD, whereas the alternative method bet-
ter matched epicardial APD; in humans, the alternative
method yielded the closest agreement with APDgyg in the
endocardium and with APDgy in the epicardium. These
findings highlight the need for surface-specific approaches
when estimating repolarization from electrical recordings.

1. Introduction

Worldwide, one in three people will develop a poten-
tially life-threatening cardiac rhythm disorder during their
lifetime. From these cardiac arrhythmias, ventricular fib-
rillation is the most common cause of sudden death, ac-
counting for about 80% of cases [1]. Dynamic alterna-
tion in cardiac repolarization play a central role in the
generation of spatiotemporal gradients [2] and mecha-
nisms such as reentry or triggered activity. Its character-
ization, through metrics such as action potential duration
(APD) and activation—recovery interval (ARI), enables the
identification of risk patterns [3], optimization of thera-
peutic strategies, and improved interpretation of arrhyth-
mic mechanisms in both experimental and clinical set-
tings. In conventional electrophysiological studies com-
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monly used in clinical settings, factors such as electrode
polarity, placement, and limited spatial resolution can in-
troduce errors in repolarization assessment [4]. In con-
trast, optical mapping provides a direct measurement of
transmembrane voltage with high spatial and temporal res-
olution, independent of electrode orientation or polarity,
enabling a more precise characterization of repolarization
patterns [S].

This study aims to evaluate the proximity between re-
polarization results recorded simultaneously in the endo-
cardium and epicardium using electrical contact mapping
and optical mapping. On the electrical side, the Wyatt
and alternative methods [4] were applied to calculate re-
polarization intervals from unipolar electrograms. These
intervals were compared with APD values at 70%, 80%,
and 90% repolarization [5]. Beyond this dual-layer ap-
proach, a translational comparison was also performed be-
tween healthy porcine and pathological human hearts. By
employing optical mapping as the reference for transmural
data acquired in pigs and humans, this work enhances the
interpretation of electrical measurements.

2. Methods

2.1. Heart Extraction and Right Ventricu-
lar Free Wall Preparation

Three female pigs (P1, P2, P3) were donated by a sur-
gical training facility right after euthanasia, as described
in previous studies [6]. Euthanasia was performed using
a pentobarbital and phenytoin solution. The hearts were
quickly excised via left lateral thoracotomy and perfused
with Tyrode’s solution containing adrenaline and heparin,
followed by cold cardioplegia for transportation. The hu-
man hearts used in this study were provided by the VCU
Heart Transplant Program under an approved Institutional
Review Board (IRB) protocol (HM11452; H1 and H2).
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Hearts were surgically extracted by the cardiac surgery
team during transplantation and perfused with cardioplegia
for transportation. The right ventricle was separated and
prepared in a free wall configuration to allow simultaneous
imaging of the epicardium and endocardium. The heart
preparation was perfused with Tyrode’s solution, followed
by administration of the JPW-6003 V,,, dye and blebbis-
tatin.

2.2.  Setup Implementation

The setup consists of two main systems: an optical
mapping as in [2] combined with an multielectrode ar-
rays (MEAs), as shown in Figure 1. For MEA customiza-
tion, 16 platinum electrodes (1 x 1 mm), obtained from
the Livewire Duo-Decapolar catheter (St. Jude Medi-
cal/Abbott), were fixed onto a transparent acetate base and
arranged in a 4 x 4 grid with an inter-electrode spacing of
1 cm. A reference electrode was positioned at a distal loca-
tion from the MEAs (Figure 1, left). For pig experiments,
two EMCCD cameras (Evolve 128, Photometrics) were
used, whereas for human experiments, two CMOS cam-
eras (DMK 37BUX287, Pregius) were employed. In both
cases, one camera was oriented toward the endocardium
and the other, via a mirror, toward the epicardium (Figure
1, right). Six LEDs (650-660 nm) with corresponding op-
tical filters illuminated the tissue. Additionally, the setup
includes an electrical-optical synchronization and stimula-
tion system. For this analysis, a pacing cycle length (PCL)
of 800 ms was applied to both pig and human hearts.

2.3.  Signal Pre-Processing

Electrical recordings were first symmetrically padded
and then filtered using a second-order Butterworth band-
pass IIR filter to remove both low and high frequency
noise (0.5 and 200 Hz, respectively). User-defined IIR
notch filters were subsequently applied to remove specific
frequency components, such as 60 Hz powerline interfer-
ence, with a quality factor of 30 [7]. For optical record-
ings, the acquired 3D array was filtered using an adap-
tive one-dimensional Gaussian filter applied to each tem-
poral trace within the three-dimensional optical mapping
dataset and an adaptive Gaussian smoothing filter applied
to each frame or two-dimensional spatial map. No resam-
pling was applied across datasets with different sampling
frequencies. Instead, all parameters were extracted at na-
tive temporal resolution and compared in milliseconds, as
recommended in previous studies [8].

2.4. Repolarization Analysis

The Local activation time (LAT) for electrical record-
ings was defined as the maximum down-slope of the unipo-
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Figure 1. Experimental setup and repolarization analy-
sis. Top: Electrical and optical mapping systems. Bottom:
Representative APD at 70%, 80%, and 90% of repolariza-
tion. ARI for a positive t-wave using the Wyatt (ARIy)
and alternative methods (ARI,4), negative t-wave, where
ARI, ¢ is the same for both methods and no t-wave.

lar electrograms [9]. In the case of optical recordings,
LAT was considered as the time point at which the signal
crossed the 50% level between its minimum and maximum
values (Fig. 1, bottom, horizontal gray dotted line). To
improve temporal resolution beyond the native 2 ms sam-
pling interval (500 Hz), a local linear regression (polyfit)
was applied around the 50% crossing point (Fig. 1, blue)
[5]. APD for optical recordings was defined as the inter-
val between LAT and the time point at which the signal
decayed to a specified percentage of its maximal ampli-
tude: 70% (APD7p), 80% (APDgp), and 90% (APDy) as is
presented in Figure 1 as orange dotted lines. The ARI, de-
rived from unipolar electrograms, was defined as the time
between LAT and recovery time (RT). Two methods were
used to determine RT: the Wyatt and the alternative method
[4]. The ARIyw identifies RT at the steepest upslope of
the T-wave, whereas the ARI, identifies RT at the steepest
downslope for positive T-waves and at the steepest upslope
for negative T-waves (Fig. 1, bottom).

3. Statistical Analysis

Comparison matrices were generated using ARI and
APD values (three consecutive beats) extracted from
sixteen predefined sites corresponding to the electrodes
of each MEA. ARIy and ARI4 were compared with
APDzy, APDgy, and APDgyg, and analyses were per-
formed independently for endocardial and epicardial sur-
faces. To characterize the data distribution, we applied

Page 2



a median and interquartile range (IQR) analysis, report-
ing central tendency and dispersion as median [Q1-Q3].
The proximity between optical and electrical repolariza-
tion metrics was assessed using the absolute difference
between APD and ARI, expressed as |[APD — ARI|.
This parameter quantifies the level of agreement between
the two measures at each recording site, high proximity
(|JAPD — ARI| close to 0 ms) indicates that ARI reli-
ably tracks the repolarization behavior measured optically,
while low proximity (|APD — ARI| > 20-30 ms) high-
lights potential limitations in the use of ARI as a surrogate
for action potential duration.

4. Results

Figure 2 shows representative examples of the epicardial
and endocardial surfaces of pig and human hearts, respec-
tively. Porcine hearts had average dimensions of 11.7x 9.5
cm (SD = 0.3 and 0.5 cm, respectively) and an average
weight of 216.9 g (SD =23.0 g). The human hearts had av-
erage dimensions of 17.0 x 12.7 cm (SD = 1.0 and 0.6 cm,
respectively) and an average weight of 556.0 g (SD = 67.7
g). Human hearts exhibited greater adipose tissue thick-
ness and, in some cases, evidence of fibrosis. The final
experimental setup is shown in Figure 2 (right), with the
ventricular preparation placed inside the imaging chamber
and both cameras actively recording. Both the epicardial
and endocardial surfaces are shown with their respective
MEA positioned in place.

For pigs, repolarization values generally ranged be-
tween 250 and 450 ms; however, in P3, ARI4 exceeded
500 ms. According to Figure 3A, ARI, tended to yield
higher values than APD, whereas ARIy, was consistently
lower over the endocardium. In P2, epicardial results
showed greater variability and represented the only case
in which both ARI estimates were lower than the corre-
sponding APD values. Based on the original recordings,
only positive T-waves were observed across both surfaces
in pigs. For human hearts repolarization values ranged be-
tween 300 and 600 ms. As shown in Figure 3B, in HI,
exclusively negative T-waves were observed on both sur-
faces, while in the endocardium of H2 a positive T-wave
was detected. For negative waves, ARI,,g, was consis-
tently located between the APD values, irrespective of the
cardiac surface.

Analyzing the absolute difference in the porcine endo-
cardium, AP D7q and ARIy showed the highest percent-
ages of proximity (values < 20 ms) in P1 (98%) and
P3 (27%). In contrast, only in P2 was a closer agree-
ment observed between ARI, and APDgy. In the epi-
cardium, the strongest correspondence was found between
APDr7y and APDgg with ARI4 (P1 =73%, P2 =33%),
whereas in P3 the closest proximity was observed between
ARIw and APD7g (56%). In human hearts, within the

Pig heart

b Epicardium

Figure 2. Representative images of porcine and human
ventricular preparations showing epicardial and endocar-
dial surfaces, and the dual-camera setup with respective
MEAs for simultaneous recordings.

endocardium of H2, ARI 4 showed greater proximity to
APDgy (27%), while in H1, ARI was closer to AP D
(31%). In the epicardium, the strongest correspondence
was observed between AR, and AP Do in H1 (35%)
and with AP Dgq in H2 (60%).

s. Discussion and Conclusion

A dual optical and electrical mapping system was imple-
mented for both porcine and human hearts, enabling the
simultaneous acquisition of optical and electrical record-
ings. This setup allowed for the direct comparison of re-
polarization metrics across species and cardiac surfaces.
Nevertheless, the system presents some limitations. In cus-
tom MEAs, factors such as soldering quality and base ad-
hesion introduce variability in the measurements. In ad-
dition, reference selection and pacing electrode locations
evolved throughout the experiments, potentially affecting
data consistency. Furthermore, ARI carries intrinsic lim-
itations as a surrogate for repolarization, since it is influ-
enced by multiple factors, and a perfect agreement with op-
tical APD metrics cannot be expected. In pigs, endocardial
APD7y and AP Dgy showed better correspondence with
ARIy, whereas in the epicardium AP D7y and AP Dg,
presented smaller differences with ARI 4. Overall, no sin-
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Figure 3. A. Boxplots comparing APD7y, APDgy, APDgg, ARIyy, and ARI4 for endocardial and epicardial surfaces
in porcine hearts (P1-P3). B. Equivalent comparison for human hearts (H1-H2). Boxplots display the interquartile range

(Q1-Q3), with the horizontal line indicating the median.

gle method consistently outperformed the other. These
findings suggest that ARI estimation, particularly in the
endocardium, may be influenced by interindividual vari-
ability and tissue-specific characteristics, requiring care-
ful consideration when selecting the most appropriate ap-
proach. In conclusion, although the implementation of the
dual mapping system provided valuable insights into the
relationship between optical and electrical repolarization
metrics, the results were not conclusive and further refine-
ment methodology is required.
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