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Abstract

Cardiovascular diseases (CVDs) are the leading causes
of death globally. Comparative optical (gold standard)
and electrical experimental setups have been developed
to characterize the cardiac substrate and improve com-
mercial medical equipment. We aim to characterize sig-
nals provided by a novel electrical and optical animal ex-
perimental setup across the entire heart, atrium, or ven-
tricle and present differences between them using local
activation time (LAT), cycle length (CL), frequency (F),
heart rate (HR) and signal amplitude. New Zealand rabbit
hearts were Langendorff-perfused, and electrical activity
was acquired simultaneously with panoramic optical map-
ping and contact electrical mapping setup. Four rhythms
were characterized: sinus with AVB (LA:162, V:42 bpm),
atrial tachycardia with AVB (LA:463, V:73 bpm), atrial fib-
rillation with AVB (LA:428, V:0.4 bpm), and ventricular
fibrillation (LA 223, V:490 bpm). The difference in elec-
trical and optical LAT is smaller in SN-AVB (RA:12.2+4.3
ms) than in AF-AVB (RA:100.3+69.2 ms). The difference
in CL, F, and HR was less than 0.1 unit for SN and in-
creases in AF up to 27 ms, 0.6 Hz, and 43 bpm, respec-
tively. Optical results showed lower deviation values com-
pared to electrical. Differences between electrical and op-
tical results were presented since sinus to fibrillation.

1. Introduction

The absolute global burden of all Cardiovascular dis-
eases (CVDs) increased over time between 2000 and 2016
[1]. This modification of the characteristics of excitation
and electrical propagation of the heart by CVDs leads to
modifications in the conduction system [2]. Electrophys-
iological tests are essential for the identification of mech-
anisms for specific treatments. However, for complex ar-
rhythmias such as atrial and ventricular fibrillation, the cur-
rent commercial systems used for clinical evaluation of the
substrate can distort the electrograms, resulting in an erro-
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neous diagnosis and reducing the patient’s quality of life
[3]. Optical mapping, considered an advanced technique
and often regarded as the gold standard, serves as a valu-
able tool for enhancing current commercial systems. Its
implementation has facilitated a more precise identifica-
tion of mechanisms involved in initiating and perpetuat-
ing arrhythmias. These systems utilize voltage-sensitive
dyes, which change the emission spectrum proportional
to the voltage fluctuations across transmembrane myocar-
dial cells. This enables the mapping of the heart’s electri-
cal activity with high spatiotemporal resolution. Unlike
traditional electrode-based electrograms, the fluorescent
signal corresponds more closely to transmembrane poten-
tial and is less influenced by wavefront propagation direc-
tion. Moreover, employing multiple cameras allows for a
panoramic view of the entire heart. This study presents the
characterization of signals in sinus rhythm, atrial tachycar-
dia, atrial fibrillation, and ventricular fibrillation obtained
with an experimental model that simultaneously employs
electrical and optical panoramic mapping. The aim is to
identify differences between results of local activation time
(LAT), cycle length (CL), and frequency (F)[4] calculated
from both systems. This allows us to observe the progres-
sion from a normal and constant rhythm, such as sinus, to
the irregularities seen in fibrillation.

2. Methods

2.1. Experimental process and setup

As is presented in Figure 1, four New Zealand rab-
bits (3.44 £+ 0.36 kg) were used under protocol no.
3947230519 approved by the local Committee on Ethics
in the Use of Animals (CEUA). As previously reported in
[5], The animals were anesthetized and the euthanasia was
performed by thoracotomy, under deep anesthesia. Then,
was connected to the langendorff system, and a heated
modified Krebs-Henseleit buffer [6] was perfused trow
the aorta. Heart contraction motion was suppressed using
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uncoupler (-)-Blebbistatin. The potentiometric dye Di-4-
ANBDQPQ. The heart was located in the middle of the
panoramic optical mapping system comprising six high-
power deep-red LEDs (650 nm, Luminus Devices Inc.,
USA) and three high-speed cameras (Emergent Technolo-
gies) separated by 120°. Camera A captures a frontal view
of the left atria (LA) and ventricle (LV), camera B captures
the right atria (RA) and ventricle (RV), and finally, camera
C captures the anterior face of the heart. The video record-
ing software StreamPix 9 was used to acquire images at
500 frames/s for the three cameras simultaneously.
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Figure 1. Diagram of the experimental process, the electri-
cal and panoramic optical mapping system, and the off-line
processing

For electrical mapping, the epicardial electrical activ-
ity was acquired using three handmade multi-electrode ar-
rays (MEAs) with 16 silver electrodes positioned in a 4x4
arrangement on a polyethylene terephthalate (PET) sur-
face (Fig. 1). Two of these arrays labeled as MEA1 and
MEA3, were positioned over the right and left ventricle, re-
spectively. The third array, designated MEA2, was placed
over the anterior view of the heart. The MEAs were con-
nected to a recording headstage (Intan Technologies) and
the Open Ephys acquisition board (Open-source Electro-
physiology), allowing the acquisition at 4 kHz. To pre-
vent chamber collapse, latex balloons were developed, al-
lowing the atrium to remain expanded and better contact
with MEAs. A bipolar electrode was placed over the epi-
cardium, and cardiac arrhythmias were induced by S1-S1S
or S1-S2 protocols. For 3D heart surface generation, a
three-pointed adapter was positioned at a fixed distance,
and one optical camera recorded a sequence of 2D images
every 5 degrees of rotation until a full rotation. To reduce
ventricular influence in atrial signals AV node was ablated
with 15 W of RF power to induce an atria ventricular block
(AVB).

2.2.  Off-line analyses

2.3.  Pre-processing

For electrical signals, 60 Hz was filtered using a 6th-
order harmonic filter with a notch filter designed using the
“filtfilt” MatLab function. Afterward, a high-pass Butter-
worth filter with a cutoff of 1.2 Hz and a low-pass filter
of 250 Hz were applied. For optical potentials, the base-
line was restored using a 4th-order Butterworth high-pass
filter with a cutoff frequency of 0.5 Hz. Subsequently,
optical signals were filtered with a spatiotemporal Gaus-
sian smoothing filter of 5x5 spatial filter kernel size and
1x7 temporal filter kernel size and fluorescence intensity
(AF/F) was calculated by (F - FQ) / FO, where FO rep-
resents the fluorescence intensity of the polarized cell’s
membrane, and F of a depolarized cell’s membrane)[7].

2.3.1. Signal characterization

For signal characterization, the first step involved resam-
pling the original optical sample frequency from 500 to
4000. Subsequently, the following parameters were calcu-
lated. Local activation time was detected for all beats pre-
sented within a selected time frame using the first deriva-
tive dF/dt(max) for optical signals, and the first derivative
-dV/dt for electrical signals. Once both parameters were
calculated, optical and electrical local activation times
were subtracted to determine the difference between acti-
vations and calculate the mean of all results as ALAT. CL
represents the difference between two consecutive beats in
ms, and ACl is the mean of all CLs obtained at each point
during the time selected. F was calculated as the inverse of
CL [8], and AF is the mean of all frequencies obtained at
each point during the time selected. HR was calculated us-
ing the frequency results and presented in beats per minute
(bpm) and the AHR represents the mean of all results. Fi-
nally, the amplitude for optical signals is the difference be-
tween the baseline and the highest peak, and for electrical
signals, the peak-to-peak amplitude.

3. Results

Figure 2 presents four cardiac rhythm episodes: sinus
with AVB (SN-AVB), atrial tachycardia with AVB (AT-
AVB), atrial fibrillation with AVB (AF-AVB), and ven-
tricular fibrillation (VF). Optical and electrical signals are
compared from one electrode and the pixels related to it,
over the RA, LA, and V (anterior view with parts of the
right and left ventricles). On the right of each plot, the
measured parameters are presented: two samples of cy-
cle length (CL; and CLs), the mean cycle length calcu-
lated during the time in seconds of each figure (C'L,,), the
mean frequency calculated (F), the heart rate in bpm (HR),
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Figure 2. An optical (up) and electrical signal(down) from one electrode and the pixels around it located on the RA (top),
LA (middle); and ventricle (V) (bottom) during, from left to right, sinus with AVB (SN-AVB), atrial tachycardia with AVB
(AT-AVB), atrial fibrillation with AVB (AF-AVB), and ventricular fibrillation (VF). Next to each plot is presented the mean
and standard deviation of cycle length (C'L; and C L), the mean cycle length (C'L,,,), the mean frequency calculated in Hz
(F), the mean HR calculated in beats per minute (bpm), and the mean total amplitude (Amp) in percentage of fluorescence
and voltage for optical and electrical mapping, respectively. at the bottom of each plot the difference between the electrical
and optical local activation of the time mean (A LAT), the mean cycle length (ACl), the mean frequency (AF), and the

mean HR (AHR)

and the mean total amplitude (Amp) in percentage of flu-
orescence and voltage for optical and electrical mapping,
respectively. Finally, for each rhythm, the difference be-
tween the electrical and optical local activation of the time
mean (A LAT), the mean cycle length (ACI), the mean
frequency (AF), and the mean HR (AHR) are presented at
the bottom of each image. The heart rate for New Zealand
rabbit hearts in normal conditions ranges from 187 to 250
beats per minute [9]; in ex vivo isolated rabbit hearts, it
was found to be 162.1 bpm [10]. As presented in Fig-
ure 2, the SN-AVB exhibited a HR of 162 bpm for both
optical and electrical signals in the RA and LA. The ven-
tricle showed a constant CL of 1422 ms and 42 bpm of
HR. Comparing amplitudes, electrical and optical record-
ings showed higher values in the ventricles, almost dou-
ble those recorded from the atrium. ALAT during SN-
AVB was 12.2+4.3 ms, 30.2+8.9 ms, and 15.1+1.8 ms
for the LA, RA, and V, respectively, while AF, ACL, and
AHR were less than 1 unit for all. In the case of AT-AVB
(more than 400 bpm), C'L; and C'Ls are different, result-
ing in higher values of standard deviation of both systems

(>5ms). ACI presented values from 1 to almost 7 ms be-
tween the electrical and optical systems. At this point, it is
possible to detect that optical results presented lower de-
viation values. For AF-AVB, CL values for the RA and
LA are under 150 ms, presenting higher HR, between 349
and 428 bpm. It is detected that RA and LA presented
a difference in frequency. Comparing electrical and opti-
cal recordings, deviation increased, especially for electri-
cal results. The difference in frequency was 0.6 and 0.2
Hz for RA and LA, respectively, resulting in a difference
in HR between 14.9 and 43.4 bpm. Figure 3 presents an
electrical (left) and optical (right) phase map of the RA
(middle), with a central rotor observed in the middle of the
optical map and the electrical map cached the left inferior
part of this mechanism.

Finally, the last column presented in figure 2 shows a
VF episode, in this case, the AVB procedure was not done.
but was possible to detect two atrial beats contaminated
with ventricular activity. Those two consecutive beats are
separated for 220.04+17.6 ms (optical) and 213.4£17.9 ms
(electrical) for the RA, and 177.3£3.1 ms (optical) and
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Figure 3. Electrical (left) and optical (right) phase map of
the Right atrium (middle) expressed in radians

179.6+1.6 ms (electrical) for the LA. These two beats
appear after 494.3+7.3 ms (optical) and 538.1£10.3 ms
(electrical) for the RA and 620.0£3.5 ms (optical) and
615.1£2.5 ms (electrical) for the LA. At this same time,
the ventricle presents a cycle mean of 123.0£9.3 ms (opti-
cal) and 127.2421.7 ms (electrical), giving as a result 7.7
bpm difference between systems.

4. Discussion

The presented system can provide results of the com-
plete heart, and study the atria or ventricles separately.
However, some considerations must be taken into account
for both electrical and optical measurements. Even though
optical signals exhibit greater immunity to contamination
from far-field electrical activity compared to bipolar or nu-
merous unipolar electrodes [8], they also present an influ-
ence, especially when conducting studies in the atrial area.
This is due to the delicacy of the atrial tissue compared
to the ventricular tissue, which is thicker and more abun-
dant. For this reason, other options such as AV node abla-
tion should be implemented to preserve the atrial structure
without removing the ventricle, thus contributing to better
measurement by the electrodes.

5. Conclusion

According to the results obtained, it can be seen that the
deviation of the different measured parameters increased
from sinus rhythm to cases of fibrillation. The optical map-
ping system showed less variation than the electrical.

Acknowledgments

J. Siles is supported by grant #2020/03601-9 and grant
#2023/04822-7 (BEPE), Sao Paulo Research Founda-
tion (FAPESP). I. Uzelac and J. Salinet are supported
by grant #2018/25606-2, Sao Paulo Research Founda-
tion (FAPESP). T. Neves and A. Quadros are supported
by FAPESP grant #2024/02521-2 and #2023/06306-6, re-
spectively.

References

[1] Thomas H, Diamond J, Vieco A, Chaudhuri S, Shinnar E,
Cromer S, Perel P, Mensah GA, Narula J, Johnson CO, et al.
Global atlas of cardiovascular disease. Glob Heart 2018;
13(3):143-63.

[2] Garry DJ, Yannopoulos D, Alexy T. Revolutionizing car-
diovascular medicine: targeted therapies for the cardiac
conduction system. Journal of Clinical Investigation 2022;
132(20):e164192.

[3] Salinet J, Molero R, Schlindwein FS, Karel J, Rodrigo M,
Rojo—Alvarez JL, Berenfeld O, Climent AM, Zenger B,
Vanheusden F, et al. Electrocardiographic imaging for atrial
fibrillation: a perspective from computer models and animal
experiments to clinical value. Frontiers in Physiology 2021;
12:653013.

[4] Berenfeld O, Ennis S, Hwang E, Hooven B, Grzeda K,
Mironov S, Yamazaki M, Kalifa J, Jalife J. Time-and
frequency-domain analyses of atrial fibrillation activation
rate: the optical mapping reference. Heart Rhythm 2011;
8(11):1758-1765.

[5] Siles J, Uzelac I, Silva V, Sandoval I, Weber G, Salinet J.
Simultaneous recording of electrical and panoramic optical
mapping from ex-vivo isolated rabbit hearts: From sinus
rhythm to induced arrhythmia. In 2023 Computing in Car-
diology (CinC), volume 50. 2023; 1-4.

[6] Bailey LE, Ong SD. Krebs-henseleit solution as a phys-
iological buffer in perfused and superfused preparations.
Journal of Pharmacological Methods 1978;1(2):171-175.

[71 Uzelac I, Crowley CJ, Iravanian S, Kim TY, Cho HC, Fen-
ton FH. Methodology for cross-talk elimination in simulta-
neous voltage and calcium optical mapping measurements
with semasbestic wavelengths. Frontiers in physiology
2022;13:3.

[8] Cantwell CD, Roney CH, Ng FS, Siggers JH, Sherwin
SJ, Peters NS. Techniques for automated local activation
time annotation and conduction velocity estimation in car-
diac mapping. Computers in Biology and Medicine 2015;
65:229-242.

[9] Reddy BS, Sivajothi S. Vital and electrocardiographic pa-
rameters in domestic new zealand white pet rabbits. Inter-
national Journal of Livestock Research 2017;7(10):86-91.

[10] Kronsteiner B, Haberbusch M, Aigner P, Kramer AM, Pilz
PM, Podesser BK, Kiss A, Moscato F. A novel ex-vivo iso-
lated rabbit heart preparation to explore the cardiac effects
of cervical and cardiac vagus nerve stimulation. Scientific
Reports 2023;13(1):4214.

Address for correspondence:

Jimena Gabriela Siles Paredes

Biomedical Engineering - CECS

Federal University of ABC - UFABC

Street: Av. Anchieta, Sdo Bernardo do Campo - SP, Brazil
E-mail: jimena.gabriela@ufabc.edu.br

Page 4



