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Abstract

Cardiac diseases are among the main causes of death
worldwide. The most used method for evaluating cardiac
electrical activity and rhythm is the 12-lead electrocardio-
gram (ECG), due to its non-invasive nature and easy re-
producibility. However, its limited number of electrodes
has proven to be a limitation in diagnosing more complex
diseases. Results obtained from Body Surface Potential
Mapping (BSPM), using a high density of electrodes, al-
low for the identification of alterations in electrical activ-
ity, and this approach overcomes the limitations of the tra-
ditional ECG method. In this study, a BSPM system is de-
veloped, and its validation is experimentally performed in
an in-situ animal model through Lagendorff-isolated rab-
bit hearts. The non-invasive characterised rhythms were
validated through a complex system of multiple simulta-
neous recordings that involved the non-invasive electric
subsystem and a 3 Multi-Electrode Array (MEA) for in-
vasive electrical mapping. Furthermore, the system has
a panoramic optical mapping system, the gold standard
in electrophysiology, that captures the heart’s electrical
activity using 3 cameras. This study allowed us to val-
idate a non-invasive electrocardiograph mapping system
in an animal model. Establishing frequency parameters
for analysing different cardiac rhythms and abnormali-
ties, facing clinical standards for characterising different
rhythms.

1. Introduction

Arrhythmia encompasses irregular heart rate and rhythm
[1]. The main diagnostic tool is the 12-lead ECG. Cases
of supraventricular tachyarrythmias (SVT), such as atrial
fibrillation (AF), atrial flutter (AFL) and atrial tachycardia
(AT), in 2019, there were over 59.7 million prevalent cases
worldwide [2, 3]. Precise SVT diagnosis involves invasive

electrophysiology (EP) studies for locating origin sites and
mechanisms, often treated by catheter ablation. Despite
advances in non-invasive mapping technologies, invasive
electrophysiological studies are still crucial for accurate di-
agnosis and treatment of SVT, as they effectively pinpoint
origin sites and mechanisms [4].

Body surface potential mapping (BSPM) can offer high
potential for clinical application in low-risk patient set-
tings while providing a wealth of clinical information.
It promises to be a low-cost valuable aid in early diag-
nosis, ablation planning, and post-surgical follow-up [5].
Analysis in dominant frequency (DF) have been used and
it seems to find rotational patterns in invasive and non-
invasive methodologies.

Identifying the driving mechanisms and their location is
crucial to understanding these SVTs and achieving success
in ablation therapies, especially for AF patients. Investiga-
tors have shown that BSPM allows characterise arrhyth-
mias non-invasively, helping in clinical practice, and de-
creasing patient exposure to invasive procedures and their
associated risks [6]. Additionally, we developed an ani-
mal model langendorff perfused rabbit heart experiment of
BSPM to study the patterns and electrophysiological maps.
Validating it using epicardiac electrical mapping and the
optical panoramic electrophysiological map. Thus, in this
study, we aimed to evaluate the frequency analysis applied
to BSPM signals, epicardial electrograms and optical sig-
nals under SVT to validate the BSPM.

2. Material and methods

This study used New Zealand white rabbit (weight of
3.80 ± 0.17 kg) hearts applied into an in-house setup for
electrical and optical acquisition of cardiac activity signals.
The study was approved by the Ethics Committee on Ani-
mal Use (CEUA) at the Federal University of ABC in São
Paulo, Brazil, under protocol number 3947230519.
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The rabbits were anaesthetised by an intramuscular in-
jection of Buprenorphine (0.05 mg/kg). After 30 minutes,
a Ketamine/Xylazine cocktail (150 and 21 mg/kg, respec-
tively) was intramuscularly administered to induce deep
anaesthesia. To prevent blood coagulation in coronary
veins, Heparin (500 U/Kg) was intravenously infused into
the marginal vein of the rabbit’s ear. The rabbit hearts were
extracted by cutting the upper end of the ascending aorta
during a thoracotomy. Before the heart cannulation for
reperfusion, it is placed in a reservoir with modified Krebs-
Henseleit solution with low calcium concentration (in mM:
115 NaCl, 4.6 KCl, 25 NaHCO3, 0.5 CaCl2.2H2O, 1.2
KH2PO4, 1.2 MgSO4.7H2O, 1 Na-pyruvate, and 11 glu-
cose C6H12O6) for blood cleaning and maintainement of
heart activity while fat, lung, trachea and connective tis-
sues are removed from the extracted materials.

The heart undergoes retrograde Langendorff perfusion
via the aorta using a modified Krebs-Henseleit solution at
37◦C. This solution comprises 115 mM NaCl, 4.6 mM
KCl, 25 mM NaHCO3, 1.2 mM CaCl2.2H2O, 1.2 mM
KH2PO4, 1.2 mM MgSO4.7H2O, 1 mM Na-pyruvate, and
11 mM glucose (C6H12O6). It is continuously bubbled
with carbogen gas (5% CO2, 95% O2) to maintain a pH
of 7.82±0.09 and a conductivity of 13±1 mS/cm. The
perfusion is conducted using a custom-made Langendorff
setup, facilitating the circulation of the nutrient solution
into the coronary arteries. Once the heart has been estab-
lished in the Langendorff perfusion system for about 15
minutes, we block the mechanical activity of the heart us-
ing (-)-Blebbistatin, avoiding the contraction motion. The
procedure involves the perfusion of 75 ml of a modified
Krebs-Henseleit solution with 25µM of (-)-Blebbistation,
and the use of a modified Krebs-Henseleit solution with
1.7µM of (-)-Blebbistatin throughout the experiment. This
procedure is important for optical mapping, as a pixel will
represent always the same region in the heart.

A translucent hexagonal tank (18.5x5.5 cm each face)
with 60 electrodes (10 per face) was developed for acquir-
ing high-density electrocardiograms for non-invasive map-
ping. The electrodes are made of stainless steel and are
in contact with a sucrose solution (in mM: 23 NaCl, 260
C12H22O11, impedance of 500Ω/cm) circulating within
the tank (100 ml/min) at 38°C, simulating trans-thoracic
impedance. In the centre of the tank, the heart is placed
and perfused retrogradely through the aorta (15-20 ml/min,
constant 80 mmHg pressure and 37◦C).

Simultaneously, three in-house Multi-Electrode Arrays,
each containing 16 silver electrodes, are placed in contact
with the epicardiac tissue of the ventricle, left and right
atria, for electrical contact mapping. Both epicardial and
tank-surface signals are acquired at 4 kHz, amplified at
60 dB, and synchronised (Open Ephys GUI v0.6.6, Open
Ephys Acquisition Board v2.4). The reference electrode,

made of tinned copper(Cu/Sn), is positioned beneath the
aorta on top of the cannula where the heart is fixed for ret-
rograde perfusion. The pre-processing of epicardial sig-
nals consisted of applying a Butterworth bandpass filter
with a high-pass cutoff (order 20) at 0.5 Hz and a low-
pass cutoff (order 10) at 250 Hz. It was followed by a
notch filter (order 6, cutoff 60 Hz). Tank signals were fil-
tered using the Discrete Wavelet Transform (DWT) with
the Daubechies 4 mother wavelet and 10 decomposition
levels. Reconstruction was performed using levels 7 to 10.

A panoramic optical mapping system was applied using
6 deep-red light emission LEDs (650 nm, Luminus De-
vices) and 3 high-speed cameras (HB-1800-S, Emergent
technologies) with C-mount lens (Lens Fujinon CF25ZA,
Machine Vision C-Mount / Fujinon) distributed at an an-
gle of 120◦ to each other and positioned at a fixed dis-
tance from the isolated rabbit heart. In this investigation,
we introduced 0.2 mg of the voltage-sensitive dye Di-4-
ANBDQPQ (Vm, Potentiometric Probes) into the rabbit
heart. This incorporation was achieved through multiple
perfusion cycles involving 150 ml of a modified Krebs-
Henseleit solution, which carried the elution of the dye
stock solution (consisting of 0.2 mg of Di-4-ANBDQPQ
dye eluted in 200 µL of ethanol). This meticulous process
ensures the accurate application of the voltage-sensitive
dye for optimal optical mapping results. The 6 LEDs
were used to uniformly illuminate the surface of the heart
and excite a dye used to highlight the electrical activity
of the heart. They were collimated with a condenser lens
(ACL2520U-A, Thorlabs) and band-pass filtered (650/40
nm, Thorlabs). Using the Norpix-StreamPix 9 software,
we acquired a high-speed 1600x1000 pixels 10 seconds
video at 500 frames/s in each camera.

To isolate the atrial signals, the atrioventricular node
(AV node) was inhibited from ablating the AV node using
a micro-needle linked with a commercial ablation system.
Induction of arrhythmia is performed using a custom-made
bipolar catheter, combined with the perfusion of a mod-
ified Krebs-Henseleit solution containing 1µM of carba-
chol. The pacing electrode is placed in the left atrium and
stimulates the heart to acquire different rhythms.

DF analyses are performed by applying a Hamming
window into a 4-second signal for DF calculation, per-
forming zero-padding to enhance frequency resolution,
and computing the Fast Fourier Transform (FFT). The re-
sulting spectral data, from all the recorded signals, was de-
noted and used to estimate the DF within the specified fre-
quency range [7], which may vary depending on the type
of rhythm under analysis [7, 8]. DFs were created for each
electrode signal and pixels of the images. Visualisation is
facilitated through a figure using Laplacian interpolation
to display the signals. The DF was calculated by the in-
verse of the cycle length (CL), where CL is the time, in
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Figure 1. Cardiac Signals. Presents optical and epicardial unipolar contact (MEA) signals for right atria (RA), left
atria (LA) and ventricle (V), followed by the tank-surface signal. These signals are acquired during a sinus rhythm with
atrioventricular node blockage (AVB), tachycardia and Arrhythmia with atrioventricular node dissociation.

seconds, between two consecutive beats. This metric was
used as a comparison between the techniques. The Orga-
nization Index (OI) is defined as the amount of area, in the
analysed frequency spectrum that represents the DF and its
harmonics, varying between 0 and 1.

Figure 2. DF Maps for Optical and non-invasive map-
ping for ventricular flutter with atrial bigeminy A –
Show an optical DF mapping from RA and LA cameras.
B – shows the tank DF map. Black letters indicate the
Anatomic reference in the mapping.

3. Results

Fifteen signals were analysed. Figure 1 shows epicar-
dial unipolar contact signals of the right atria, left atria and
ventricle respectively, followed by the tank-surface signal.
This figure highlights a sinus rhythm with atrioventricular
node blockage (AVB), sinus tachycardia and a ventricular
flutter with atrial bigeminy. Sinus and tachycardia present
uniform activation with constant frequency containing or-
dinate depolarisation. In the arrhythmic case, the invasive
electrical signal delineates specific abnormalities such as
ectopic reentrance of atrial depolarisation and ventricular
flutter.

To the regular rhythms presented, Table 1 highlights the
consistency between DF calculation techniques using the

FFT and the inverse of the CL. For regular rhythms, we
found a high value of OI. The DF and 1/CL match in values
bringing an absolute deviation of less than 0.2 Hz in all
cases. In a comparative analysis, we used optical mapping
as a reference and highlighted a relative deviation of less
than 2% in all cases. Showing that for regular rhythms the
tank frequency spectrum reflects the activity in the heart
surface.

Figure 2 shows the DF maps in optical (Fig 2A) and
tank-surface (Fig 2B) for a ventricular flutter with atrial
bigeminy. The rhythm presents two main areas of DF in
optical mapping, but they do not divide atria and ventri-
cles. There is a region in the posterior left ventricle with
a higher average DF of 7.73±0.02 Hz and an atrial area
with 5.0±0.7 Hz of average DF. In tank-surface DF map-
ping, we observe the presence of two different regions, as
the optical signal, one with 8.1±0.4 Hz and 4.9±0.4 Hz
of average DF. The different areas in both methodologies
reflect the two different regions in the heart surface.

4. Discussion

The use of a high-density body surface potential map-
ping (BSPM) system, combined with invasive epicardial
electrical mapping and optical panoramic electrophysio-
logical mapping represents a significant advancement in
our ability to comprehensively characterise cardiac ar-
rhythmias, experimentally. This integrated approach al-
lows the non-invasive identification of DF patterns and
provides an understanding of the underlying mechanisms
driving various heart rhythms. The use of three differ-
ent recording approaches makes the evaluation more ro-
bust and allows the validation of standards and parameters
for the accurate assessment of cardiac behaviour using the
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Sinus AVB Tachycardia
Optic RA Electric RA Optic LA Electric LA TANK Optic RA Electric RA Optic LA Electric LA Optic V Electric V TANK

DF [Hz] 1.71±0.04 1.72±0.04 1.76±0.04 1.72±0.04 1.74±0.07 4.8±1E-13 4.8±9E-16 4.8±3E-13 4.8±8E-16 4.800±0.008 4.85±0.06 4.80±0.01
OI 0.96±0.02 0.91±0.01 0.96±0.01 0.96±0.01 0.84±0.05 0.96±0.02 0.95±0.02 0.95±0.01 0.92±0.04 0.95±0.01 0.942±0.007 0.962±0.004

1/CL [Hz] 1.650±0.003 1.655±0.004 1.649±0.009 1.650±0.015 1.651±0.002 4.68±0.02 4.63±0.02 4.68±0.01 4.72±0.05 4.68±0.01 4.875±0.008 4.700±0.004
Abs De [Hz] 0.06±0.01 0.06±0.01 0.10±0.01 0.07±0.01 0.09±0.01 0.12±0.01 0.17±0.01 0.12±0.01 0.08±0.01 0.12±0.01 0.026±0.01 0.101±0.01

Comparative Analysis RA / MEA RA / TANK LA / MEA LA / TANK RA / MEA RA / TANK LA / MEA LA / TANK V / MEA V / TANK
DFRD [%] 0.46±0.01 1.5±0.07 1.9±0.06 1.2±0.06 0 0.012 0 0.012 1.019±0.01 0

1/CLRD [%] 0.34±0.008 0.2±0.02 0.03±0.0005 0.1±0.04 1.23±0.03 1.53±0.03 0.793±0.04 0.358±0.005 3.94±0.06 0.300±0.005

Table 1. DF for regular rhythms. Data collected from a sinus rhythm with AV node blockage, showing only atrial
activations, and sinus tachycardia. The table highlights the values of average DF, OI, and 1/CL, along with the absolute
deviation between the two techniques of DF calculation. In the comparative analysis, we observed a relative deviation
between the optical analysis (taken as a reference) and the MEAs and tank-surface electrodes in each anatomic reference.
De refers to Deviation, and RD is the relative deviation.

torso-tank model.
Optical, epicardial, and tank-surface electrical signals

provide valuable insights into cardiac dynamics, with each
method offering unique strengths. Invasive signals cap-
ture detailed arrhythmic abnormalities, while non-invasive
methods reflect cardiac activity but lack anatomical refer-
ences, limiting the association of BSPM potentials with
specific heart regions. Combining these approaches we
can enhance our understanding of cardiac activity and sup-
port the development of this animal model for non-invasive
BSPM mapping animal model. Our results show a low
relative deviation when comparing tank-surface electrodes
with optical and epicardial signals, validating our setup for
regular rhythms. The setup also holds promise for charac-
terising irregular rhythms, although anatomical references
in tank-surface signals still need refinement.

The promising results from DF analysis pave the way
for further exploration of additional electrophysiological
parameters. Future research will integrate complemen-
tary analyses to gain deeper insights into cardiac electrical
activity, understand arrhythmia mechanisms, and support
translational research for clinical implementation.

Acknowledgments

This study is supported by grant no. 2018/25606-2, São
Paulo Research foundation (FAPESP) and CNPq INCT
INTERAS. call 58/2022. Neves, Tainan was supported
by Coordenacão de Aperfeiçoamento de Pessoal de Nı́vel
Superior – Brasil (CAPES) and is supported by FAPESP
grant #2024/02521-2. J.G. Siles-Paredes and Angélica
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