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Abstract

This study presents an integrated experimental platform
for the electrophysiological assessment of explanted hu-
man hearts, enabling simultaneous high-resolution opti-
cal mapping with torso-mimetic body surface potential
recordings. Perfused hearts are suspended in a hexagonal
chamber equipped with wall-mounted electrodes mimick-
ing body surface electrical potential measurements. This
configuration allows precise temporal and spatial align-
ment between epicardial optical signals and model surface
potentials, establishing a framework for validating non-
invasive interpretations of cardiac activity.

In a representative case, rate-independent changes in
conduction were observed during ventricular pacing in
an explanted end-stage heart failure heart, while spon-
taneous tachycardia revealed variable propagation pat-
terns. The synchronized dual-modality recordings enabled
direct comparison of optical and surface signals, illustrat-
ing both the promise and the limitations of body surface
potential mapping for capturing complex intramural con-
duction.

This approach offers a translational bridge between
basic cardiac electrophysiological mechanisms and clin-
ical diagnostics. Future enhancements will include higher
electrode density and the integration of machine learning
for improved electrophysiological characterization of ex-
planted human hearts.

1. Introduction

Cardiac transplantation remains the final treatment op-
tion for patients with end-stage heart failure. Yet, the ex-
planted diseased heart remains an underutilized resource
for studying the electrical properties of advanced car-
diomyopathies[1]. Direct electrophysiological analysis of
failing human hearts has been limited, particularly with re-
spect to approaches that combine high-resolution optical
mapping with non-invasive techniques relevant to clinical
practice.

The integration of body surface potential mapping
(BSPM) with high-resolution optical mapping of explanted
human hearts represents an underutilized approach in ba-
sic cardiac electrophysiology research. By implement-
ing this novel approach at Virginia Commonwealth Uni-
versity (VCU Health), we are taking steps toward clini-
cally relevant insights in translational cardiac electrophys-
iology. Traditional BSPM systems have often relied on
indirect validation methods and animal studies to approx-
imate human heart conditions. In contrast, our platform
uses a hexagonal acrylic tank equipped with 60 electrodes
for non-invasive signal acquisition and a dual-camera sys-
tem with a voltage-sensitive dye to map epicardial electri-
cal activity. This integration enhances our ability to study
the human heart with both precision and clinical relevance.

By enabling detailed study of disease-specific electro-
physiological alterations, the system provides a means to
correlate clinical findings, such as ECG abnormalities and
arrhythmia history. Its capacity to map spatiotemporal ac-
tivation in failing human hearts may help to clarify conduc-
tion abnormalities manifest in BSPM signals, potentially
leading to the identification of new diagnostic markers.

This study represents an initial step toward establish-
ing a proof-of-concept platform that links research on ex-
planted hearts with clinical electrophysiology. By present-
ing activation patterns on both the epicardial surface and
the surrounding tank electrodes, this work illustrates how
intrinsic myocardial dysfunction may manifest in BSPM-
like signals. These findings offer preliminary insight into
the potential for improving non-invasive arrhythmia risk
stratification and informing therapeutic strategies such as
ablation planning. Future iterations of the system may in-
corporate higher electrode density and advanced computa-
tional modeling to further refine signal interpretation and
support translational applications.

2. Methods

The study team receives the explanted heart directly
in the operating room immediately after its removal dur-
ing cardiac transplantation, while the surgical team pro-
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ceeds with implantation of the donor heart, under the ap-
proved IRB protocol. Upon retrieval, the heart is promptly
rinsed with a cold cardioplegia solution (110 mM NaCl, 16
mM KCl, 10 mM NaHCO3, 16 mM MgCl2, and 1.2 mM
CaCl2), which induces cardiac arrest to prevent contrac-
tions and electrical activity. This solution protects the my-
ocardium by reducing ischemic injury and metabolic de-
mand. In the research lab, the heart is then cannulated and
positioned within a hexagonal acrylic tank using a custom
3D-printed holder that secures the aorta and stabilizes the
heart for perfusion and mapping.

2.1. Heart perfusion

The heart is subjected to coronary perfusion using two
custom-made cannulas inserted into the right and left coro-
nary arteries. Perfusion is performed with a modified Ty-
rode solution maintained at 37 ◦C, composed of 120 mM
NaCl, 4.7 mM KCl, 25 mM NaHCO3, 1.2 mM NaH2PO4,
1 mM MgCl2, 10 mM dextrose, and 1.8 mM CaCl2. The
solution is continuously bubbled with carbogen gas (5%
CO2 and 95% O2) to ensure proper oxygenation and pH
stabilization.

The same solution also fills the hexagonal tank designed
to mimic a patient’s torso. Although the heart is fully
immersed, continuous coronary perfusion must be main-
tained through the cannulas to provide physiologic pres-
sure and flow conditions, typically around 30-40 ml/min.

2.2. Experimental protocol

After heart stabilization (15 minutes), mechanical activ-
ity was suppressed using Blebbistatin[2] to prevent con-
traction. This process includes perfusing 200 ml of a con-
centrated 25 µM Blebbistatin solution and maintaining a
modified Tyrode solution with 3 µM Blebbistatin through-
out the experiment. To visualize electrical activity, the
heart was stained with 1mg of voltage-sensitive dye (JPW-
6003) through the heart’s perfusion system.

The heart was positioned in the center of a custom-
designed hexagonal acrylic tank (25 × 12 cm per face)
filled with Tyrode solution maintained at 37°C through in-
tegrated heat exchangers. Thirty silver-coated copper elec-
trodes (10 mm diameter) were distributed across two op-
posing faces of the tank to simulate electrodes placed on
the left and right sides of a patient’s torso. These electrodes
were connected to an Intan RHD 64-channel acquisition
system, recording at a 4 kHz sampling rate with 45.67 dB
gain. An isolated needle inserted into the aortic root serves
as the electrical mapping system’s electrical reference.

For optical excitation of the voltage dye, six 650 nm
LEDs illuminated the heart surface through a condenser
lens and 650/40 nm bandpass filter. The resulting fluores-
cence was filtered through 700 nm long-pass filters and

captured by two synchronized high-speed cameras (500
Hz) positioned to image the left and right ventricles at 540
× 720 pixel resolution. Hardware triggering was used to
synchronize the optical and electrical recordings.

Electrical stimulation was delivered through a bipolar
electrode positioned at the right ventricular base, applying
pacing protocols with intervals ranging from 1000 to 200
ms or until 2:1 or arrhythmia is induced. This approach al-
lowed assessment of both intrinsic conduction abnormal-
ities and paced responses. The experimental design fo-
cused on correlating the high-resolution optical activation
maps of the epicardial surface and the body surface po-
tential measurements from the tank electrodes. Particular
attention was given to how pathological conduction pat-
terns in the explanted heart manifested in the non-invasive
electrode recordings.

As this study represents the initial validation of the ex-
perimental platform, data were acquired from a single ex-
planted heart obtained at VCU Medical Center under the
approved IRB protocol. All protocols were designed to
maximize the translational relevance, with the long-term
goal of advancing clinically meaningful non-invasive map-
ping techniques.

2.3. Pre-processing

The optical signals underwent a structure processing
pipeline to minimize baseline drift. A Butterworth high-
pass filter with a cutoff frequency of 0.5 Hz was applied to
suppress low-frequency fluctuations. To avoid signal dis-
tortion caused by frequency-dependent phase delays inher-
ent to standard filtering methods, the MATLAB function
’filtfilt’ is used. This function applies the filter in both for-
ward and reverse directions, effectively canceling out any
phase shifts to preserve the temporal alignment of signal
components.

Subsequently, a spatiotemporal Gaussian smoothing fil-
ter was applied to further refine the signals. A spatial filter
with 3×3 kernel was used to reduce signal spatial variance
due to noise while enhancing local features. In parallel,
a temporal filter with a kernel size of 5 was applied to
smooth the signal over time, producing a more coherent
temporal profile.

To align the optical signals with the electrical mapping
signals used in later analyses, the optical mapping data is
upsampled to 4 kHz using linear interpolation. This step
ensured temporal synchronization between the optical and
electrical signals with matching signal lengths.

The electrical signals underwent a series of filtering
steps to enhance signal quality and suppress noise. First, a
finite impulse response (FIR) band-pass filter was applied
with a high-pass cutoff frequency of 0.5 Hz (order 5) and
a low-pass cutoff frequency set at 250 Hz (order 10). To
remove the 60 Hz line interference, a notch filter of order 6
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was also applied. This combined filtering sequence yielded
temporally and spatially coherent electrical signals, suit-
able for subsequent analysis and interpretation.

2.4. Wavefront propagation

The propagation of electrical wavefronts was character-
ized using both optical and electrical mapping techniques.
For optical mapping, activation times were determined by
analyzing the upstroke phase of optical action potentials
(OAPs). A linear fitting approach (MATLAB’s polyfit
function) was applied to the OAP upstroke, with the activa-
tion time defined at the 50% rise point of the OAP signal
(Fig. 1A). This method enabled the generation of high-
resolution spatiotemporal maps of wavefront propagation
across the epicardial surface.

Figure 1. Activation Time Selection. A) The Optical map-
ping selection by 50% of the rise. B) The electrical activa-
tion selection, where the first image shows the signal and
its selected point and the second one highlights the abso-
lute of the signal with 50% of its area.

For electrical signal analysis, a center-of-mass (COM)
approach was implemented to define activation points from
non-invasive tank recordings. The COM was calculated
as the time-point at which the area of absolute signal am-
plitude reached 50% of its total area during the activation
window (Fig.1B). Mathematically, this is expressed as:

tcom = min

{
t |

∫ t

t0

|V (τ)| dτ ≥ 1

2

∫ t1

t0

|V (τ)| dτ
}

(1)

where V (τ) is the recorded potential, and [t0, t1] de-
notes the analysis window. This method improved robust-
ness against electric noise interference compared to tradi-
tional dV/dt-based approaches[3, 4].

3. Results

Figure 2 demonstrates the stability of wavefront prop-
agation patterns across all tested pacing intervals (2000,
500, 400, 350, 300, and 1000 ms). Both optical (Fig.
2A) and electrical (Fig. 2B) maps show remarkably con-
sistent activation sequences despite the progressive short-
ening and subsequent return to longer pacing intervals.
Quantitative analysis revealed no significant correlation
between local activation time distributions across pacing
groups, indicating complete pacing rate independence.

Figure 2. Wavefront propagation in different pacing stim-
ulation intervals. A) The optical activation patterns for the
left ventricle. B) the electrical activation pattern for the left
and right faces of the tank.

The propagation in the right ventricle and across both
tank faces did not change consistently with different pac-
ing intervals. The preservation of activation patterns de-
spite abrupt changes in cycle length suggests that the un-
derlying electrophysiological pathology may have funda-
mentally impaired the tissue’s ability to modulate conduc-
tion velocity[5].

In contrast, Figure 3 captures a spontaneous tachycardia
episode that revealed fundamentally different propagation
dynamics. Optical mapping (Fig. 3B) shows a distinct
lateralized activation pattern, with wavefronts propagating
from the anterior to posterior right ventricle - a complete
departure from the uniform spread observed during pacing.
The corresponding electrical maps (Fig. 3A) demonstrate
how this conduction abnormality manifests differently on
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the tank surface, showing the earliest activation in central
electrodes rather than the characteristic vertical gradient
seen in paced rhythms, highlighting the complex relation-
ship between epicardial activity and surface potential pat-
terns.

Figure 3. Wavefront propagation in a Tachycardia rhythm.
A) shows the activation in the left and right tank surfaces.
B) shows the epicardial activation in the surface of the
heart by the right ventricle oriented camera.

The center-of-mass method proved particularly valuable
for analyzing spontaneous events, reliably identifying ac-
tivation times despite the complex signal morphology. A
comparison between Figures 2B and 3B reveals that the
two wavefront propagation maps exhibit distinct patterns
of cardiac activation. This differentiation underscores the
utility of our system in non-invasively identifying diverse
activation patterns. By integrating both optical and elec-
trical mapping techniques, we captured a more compre-
hensive representation of cardiac activity, offering insights
that might be less discernible through single-modality ap-
proaches alone.

4. Conclusion

This experimental platform successfully maintains ex-
planted human hearts in a viable condition for extended
electrophysiological assessment, enabling both controlled
pacing and autonomous activation studies. The platform’s
synchronized recordings revealed two key finding: (1)
rate-independent conduction during increased pacing rates
(Fig. 2), and (2) distinct propagation patterns during spon-
taneous tachycardia (Fig. 3), demonstrating that different
conduction pathways can be characterized through non-
invasive surface recordings.

Future enhancements will focus on increasing elec-
trode density to better approximate existing FDA-approved
BSPM systems (Medtronic) and implementing ECGi re-
construction. Machine learning approaches may leverage
the system’s unique paired optical-electrical datasets to im-

prove non-invasive arrhythmia detection.
The observed dissociation between paced and sponta-

neous conduction patterns highlights the platform’s poten-
tial for studying clinically relevant arrhythmia’s mecha-
nisms while preserving native human tissue properties, an
essential advantage over animal models or simulations in
translational electrophysiology research.
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