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Abstract

Understanding the dissociation between endocardial
and epicardial electrical activity is critical for investigat-
ing arrhythmia mechanisms. In this study, we used a dual
optical mapping system to simultaneously record trans-
membrane voltage signals from both surfaces (endo-epi)
in porcine and human hearts. Endocardium was paced
at incrementally faster rates, starting with a pacing cy-
cle length (PCL) of 1000 ms and continuing until con-
duction block or an arrhythmia. Porcine hearts showed
an abrupt transition to fibrillation with negligible action
potential duration (APD) alternans. In contrast, human
hearts exhibited marked alternans and repolarization het-
erogeneity prior to fibrillation, with APD reaching up to
600 ms in the endocardium at PCL=230 ms. During fib-
rillation, endocardial maps revealed areas of conduction
block and multiple reentrant sites, whereas epicardial acti-
vation was slower compared with the endocardium. These
results shows endo-epicardial dissociation and species-
specific differences in arrhythmogenesis, supporting the
use of dual-surface optical mapping as a tool for trans-
lational cardiac research.

1. Introduction

Understanding the electrophysiological dissociation be-
tween the endocardium and epicardium is essential for un-
covering the mechanisms involved in the initiation and
maintenance of cardiac arrhythmias, as well as for the de-
velopment of treatment strategies [1]. Although these ven-
tricular layers are functionally interconnected, differences
in activation and repolarization dynamics have been in-
creasingly linked to arrhythmogenesis. Most prior studies,
however, have examined each surface independently, limit-
ing the assessment of spatiotemporal interactions that may
drive complex arrhythmic behavior [2]. The use of porcine
models is well established in cardiac research due to their
anatomical and electrophysiological similarities to the hu-
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man heart [3], thereby enabling meaningful translational
comparisons between normal and pathological conditions.
In this study, we employed a dual optical mapping system
to simultaneously record high-resolution signals from both
endocardial and epicardial surfaces in healthy porcine and
diseased human hearts. By analyzing local activation time
(LAT), APD, and restitution curves, we aimed to highlight
the role of endo-epicardial dissociation in arrhythmia de-
velopment. Furthermore, the investigation of electrophysi-
ological differences under normal (healthy porcine hearts)
and pathological conditions (diseased human hearts) rein-
forces the value of translational models in advancing future
electrophysiological research and therapies.

2. Methods

2.1. Experimental Procedure

Three female porcine hearts (35-40 kg) were donated
from a surgery training facility right after euthanasia as
presented in previous studies [4]. Shortly euthanasia was
performed using a pentobarbital and phenytoin solution.
Then, pig hearts were quickly excised through left lateral
thoracotomy and perfused right away with Tyrode solu-
tion (in mM: 123.00 NaCl, 4.50 KCl, 20.00 NaHCOs,
4.78 NaH,PO4.H,0, 2.09 MgCl,.6H,0, 11.00 glucose,
and 1.80 CaCl,). The human hearts were provided by
the VCU Heart Transplant Program and approved by the
VCU Institutional Review Board (IRB). Hearts were surgi-
cally extracted and perfused with ice-cold cardioplegic so-
lution administered via both the left and right coronary ar-
teries. Tyrode solution (in mM: 128.20 NaCl, 4.70 KCl, 25
NaHCOs3, 1.2 NaH,PO,4.H,0, 1.05 MgCl,.6H,0, 10 glu-
cose, and 1.80 CaCl,) was continuously perfused during
the recordings. To enable dual-surface optical recordings,
tissue preparations were mounted in a free wall prepara-
tion, which involved surgical exposure of both endocardial
and epicardial right ventricle (RV) surfaces. Endocardium
was paced at incrementally faster rates, starting with a PCL
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of 1000 ms and continuing until conduction block or an ar-
rhythmia.

2.2.  Dual Optical Mapping System Imple-
mentation

Dual optical mapping was conducted at two institutions:
Georgia Institute of Technology (GT, system 1), focusing
primarily on porcine studies, and Virginia Commonwealth
University (VCU, system 2), dedicated to human experi-
ments. Image acquisition was performed using two high-
speed cameras: one above the endocardium (CAM A), and
the other placed on the side of the tank (CAM B), a mirror
positioned at a 45-degree angle relative to the table helps
to record the epicardium [5] (Fig. 1). CAM A and CAM B
were equipped with fixed focal length lenses: 6 mm /2.0
(DF6HA-1S) and Fujinon 12.5 mm /1.4 (HF12.5HA-1B),
respectively. Optical signals were passed through a dual-
stage emission filter composed of a 595/40 nm bandpass
filter and a 700 nm long-pass filter. Cameras in system
1 were EMCCD (Evolve 128, Photometrics) with a spatial
resolution of 128 x 128 pixels, while system 2 used Pregius
CMOS cameras (DMK 37BUX287) with a resolution of
720 x 540 pixels. Excitation source was provided by four
red LEDs with a center wavelength of 660 nm, combined
with a 660/10 nm bandpass filter (Edmund Optics). Both
systems operated at a sampling frequency of 500 Hz. In
both setups, the voltage-sensitive dye JPW-6003 was used
for transmembrane potential recordings.
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Figure 1. Dual optical mapping setup. (A) Optical cam-
eras positioned above and below the tissue preparation,
with the endocardial and epicardial sides illuminated by
LEDs; (B) Real image of the setup with its components.

2.3. Signal Processing and Metric Extrac-
tion

The normalized change in fluorescence intensity, AF/F,
was calculated as (F - Fy) / Fy, where F;, represents the flu-
orescence intensity of the polarized cell membrane and F
that of the depolarized membrane [6]. Signals underwent
baseline drift removal using a high-pass Butterworth filter

with a cutoff frequency of 0.5 Hz. Subsequently, the sig-
nals were smoothed using a two-dimensional spatiotempo-
ral Gaussian filter with a spatial kernel size of 11 x 11 and
a temporal kernel size of 1 x 11 [6]. For this work we
analyzed 2 metrics: LAT and APD, to study endo-epi dif-
ferences trough the restitution curve and LAT maps. The
optical LAT is calculated by linear fit (Polyfit Matlab func-
tion) along the OAP upstroke and determining the 50% rise
of the OAP upstroke [7]. The APD was defined as the time
point when the cell has repolarized to 80% (APDygg) from
the maximum upslope of the action potential was detected,
and the repolarization level was calculated as 80% of the
distance from the peak back to the baseline level [8]. For
the OAPs restitution curve, for each PCL, a segment of
three beats was selected from sixteen points over the en-
docardium and epicardium (4 x 4 configuration). For each
segment of three beats APD,, was calculated, and then sub-
tracted from the PCL to obtain the diastolic interval (DI,,).
The curve was calculated for two consecutive beats, as the
relation between APD,,; and DI, [9].

3. Results
3.1. Signal Characterization
Figure 2 shows representative examples of the epicardial

(top) and endocardial (bottom) surfaces of pig and human
hearts, respectively.
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Figure 2. Anatomical characterization of pig and human
hearts presenting the epicardium and endocardium sides
and a representative optical action potential (PCL=800 ms)
showing the determination of LAT, and APDygy.

Pig hearts had average dimensions of 11.7 X 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 average di-
mensions of 17.0 x 12.7 cm (SD = 1.0 and 0.6 cm, respec-
tively) and an average weight of 556.0 g (SD = 67.7 g).
Human hearts displayed increased adipose thickness and,
in certain cases, signs of fibrotic tissue.

For LAT and APDyg detection, a PCL of 800 ms was
applied. Activation and repolarization timings were cal-
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Figure 3. (A) OAPs displayed for PCLs of 800 and 240 ms. At right the endo and epi restitution curves for beat 1 (blue)
and beat 2 (black); (B) OAP at P1 and P2 from a human heart PCL of 230 ms (top panel). Restitution curves at P2 during
the first restitution and a second; (C) LAT optical maps from endocardium and epicardium of a human heart plotted at two
consecutive beats (beat 1 and beat 2); (D) Endocardium an epicardium optical maps during fibrillation in human heart.

culated using three consecutive beats recorded simultane-
ously from 16 pixels. Figure 2 provides illustrative ex-
amples of OAPs acquired from the epicardium and endo-
cardium of the RV in both pig and human hearts. LAT are
marked by vertical blue dotted lines, whereas repolariza-
tion timings (represented by APDgg) are indicated by or-
ange dotted lines. The mean APDyg, for the pig epicardium
was 297.2 ms (SD = 46.0 ms) and 302.0 ms (SD =39.6 ms)
for the endocardium, while for the human epicardium it
was 429.4 ms (SD =76.7 ms) and 469.5 ms (SD = 93.2 ms)
for the endocardium. Figure 3A (left panel) presents rep-
resentative OAPs acquired simultaneously from both sides

of a pig heart at two PCLs: 800 ms and 240 ms. LATs are
indicated by red circles, while the APDg, and DI intervals
are highlighted by a blue circle and a dotted green line, re-
spectively. Numerical values are summarized to the right
of each plot. The restitution plots (right panel) shows the
absence of alternans.

Figure 3B shows OAP recordings at P1 and P2 from the
endocardium and epicardium of a human heart. At a PCL
of 230 ms, APDg values at P1 were approximately 185 ms
(endocardium) and 175 ms (epicardium), with longer APD
observed endocardially. At P2, APD alternans was evident,
particularly in the endocardium, reaching approximately
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600 ms. In some alternans episodes adjustment of APD
termination was needed, as is presented with a dotted gray
line in endocardium P2 at PCL of 230ms. First and second
restitution curves further illustrate differences at P2.

3.2. Map Characterization

Figure 3C presents comparative activation maps ob-
tained from simultaneous endocardial and epicardial op-
tical recordings during Beat 1 and Beat 2 in a human
heart, an asterisk (*) highlights the pacing spot. In Beat
1 (longer APD), both surfaces show synchronized activa-
tion. Notably, in Beat 2 (shorter APD), the endocardial
map reveals fragmented activation patterns with multiple
wavefront entries (red arrows), suggesting the early devel-
opment of a potential reentrant circuit. Figure 3D shows
LAT maps during ventricular fibrillation in a human heart,
recorded from the endocardial (left) and epicardial (right)
surfaces. The endocardial map shows the first activated
areas (marked as 1), as well as two distinct sites of wave-
break or potential reentrant activity (2 and 3), suggestive of
localized reentry. In contrast, the epicardial surface shows
a less defined propagation pathways. These findings reveal
marked endo-epicardial differences in the spatiotemporal
dynamics of wavefront propagation during fibrillation.

4. Discussion and Conclusion

Using a dual optical mapping approach, we character-
ized endo-epicardial differences in healthy porcine and dis-
eased human hearts. Porcine hearts served as a physio-
logical reference, rapidly progressing to fibrillation with
minimal APD alternans. In contrast, human hearts exhib-
ited marked APD alternans, heterogeneous restitution, and
conduction fragmentation prior to fibrillation more like
in canine experiments [5]. Therefore, in relation to al-
ternans, canine physiology may be closer to human than
porcine. During arrhythmia, the endocardium showed con-
duction blocks and multiple reentrant sites, while epicar-
dial activation was slower than endocardium [10]. These
findings underscore the importance of transmural mapping
to elucidate arrhythmogenic mechanisms and support the
translational relevance of this dual-surface approach. Fur-
thermore, they align with clinical evidence showing that
spatial APD dispersion and alternans predict arrhythmia
risk [5,11].
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