Improved Methods for Processing Optical Mapping Signals From Human Left
Ventricular Tissues at Baseline and Following Adrenergic Stimulation

Maria Pérez-Zabalza'!, Emiliano R Diez??, Julia Rhyins®*, Kostantinos A Mountris!, José M
Vallejo-Gil®, Pedro C Fresneda-Roldan®, Javier Fafiands-Mastral®, Marta Matamala-Adell®, Fernando
Sorribas-Berjén®, Manuel Véazquez-Sancho®, Carlos Ballester-Cuenca®, Margarita Segovia-Roldén®,
Aida Olivan-Viguera®, Esther Pueyo!:

! Aragén Institute of Engineering Research, IIS Aragén, University of Zaragoza, Zaragoza, Spain
2 Institute of Experimental Medicine and Biology of Cuyo (IMBECU), CONICET, Mendoza,
Argentina
3 Department of Physiology, School of Medicine, National University of Cuyo, Mendoza, Argentina
4 Northeastern University Bioengineering, Boston, USA
® Department of Cardiovascular Surgery, University Hospital Miguel Servet, Zaragoza, Spain
¢ CIBER in Bioengineering, Biomaterialsand Nanomedicine (CIBER-BBN), Madrid, Spain

Abstract

Optical mapping (OM) allows ex vivo measurement of
electrophysiological signals at high spatio-temporal reso-
lution, but the signal-to-roise ratio is commonly low. A va-
riety of software options have been proposed to extract rel-
evant information from OM recordings, being ElectroMap
the most advanced tool currently available. In this study,
improved methods are presented for processing OM sig-
nals of cardiac transmembrane voltage. A software called
OMap is developed that incorporates novel techniques into
ElectroMap for improved baseline drift removal, spatio-
temporal filtering and characterization of action poten-
tial duration (APD) maps. In synthetically generated sig-
nals contaminated with baseline wander, white noise and
the combination of both, the errors in APD maps between
noisy and clean signals are remarkably lower for OMap
than for ElectroMap, particularly for high noise levels. In
OM signals recorded from human ventricular tissue speci-
mens, OMap allows to clearly characterize the APD short-
ening effect induced by [3-adrenergic stimulation, whereas
ElectroMap renders highly overlapped APD distributions
for baseline and [3-adrenergic stimulation. In conclusion,
improved methods are proposed and tested to character-
ize human ventricular electrophysiology from noisy OM
recordings.

1. Introduction

Optical mapping (OM) is a fluorescence imaging tech-
nique used to study cardiac electrophysiological signals.
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OM uses fluorescent dyes to ex vivo measure transmem-
brane voltage or intracellular calcium at high spatio-
temporal resolution, without direct tissue contact. OM
recordings commonly have low signal-to-noise ratios due
to the small light intensities and short exposure times when
high speed cameras are used at frames rates above 500 Hz.
The effects of noise are particularly remarkable when map-
ping small tissue preparations, where noise levels can be
comparable to the amplitude of the signal [1].

A number of approaches have been proposed in the lit-
erature to process OM recordings so that meaningful in-
formation on cardiac electrical activity can be extracted
from them. One of the latest approaches that has been
recently made available as open-source software is Elec-
troMap [2], which provides additional functionalities to
those offered by other non-commercial (Rhythm [3]) and
commercial (BV_Ana - SciMedia, Optiq - Cairn Research)
software options. In those software as well as in other pub-
lished methods for OM signal processing, strategies have
been proposed to deal with noise and robustly analyze car-
diac activation or repolarization properties. On the one
hand, methods based on strong spatial and temporal fil-
tering have been presented to extract relevant information
even if sometimes at the expense of morphological signal
distortion [4]. On the other hand, stacking methods based
on overlapping images from equidistant time intervals have
been suggested to reduce noise even if this can be at the ex-
pense of losing information on beat-to-beat variability [1].
Both types of methods are incorporated in ElectroMap.

In this study, improved methods for processing OM
signals are presented and applied onto recordings ob-
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tained from human ventricular tissue specimens. The pro-
posed methods depart from those available in the open-
source software ElectroMap and incorporate new process-
ing functionalities. On the one hand, novel techniques
for baseline drift removal, based on high-pass filtering or
on cubic spline and linear interpolation, have been added.
Also, additional options for adaptive spatio-temporal fil-
tering and for selection of regions with high enough SNR
have been included. We evaluate the performance of our
optimized software, in the following called OMap, and
compare it with that of ElectroMap using a set of syntheti-
cally generated signals. We subsequently apply OMap and
Electromap onto optically mapped slices of human ven-
tricular tissue specimens, before and after administration
of the B-adrenergic agonist isoproterenol.

2. Materials and Methods

2.1. Experimental data

Human left ventricular papillary muscle specimens re-
sected during valve replacement were collected at Miguel
Servet University Hospital. Patients gave full informed
consent for the study, which conforms to the principles
outlined in the Declaration of Helsinki and was approved
by the local Ethics Committee (Ref. PI17/0023). The
collected specimens from five patients were immediately
submerged in cold, pre-oxygenated Tyrode solution: NaCl
140 mM, KCl 6 mM, MgCly 1 mM, CaCl, 1.8 mM, 2,3-
Butanedione monoxime (BDM) 30 mM, HEPES 10 mM.
350 pm-thick slices were vibratome sectioned in ice-cold
(4°C) preoxygenated 30 mM BDM-Tyrode’s solution. The
slices were loaded with 10 uM blebbistatin (30 min), 7.5
#M Rhod-2 (30 min) and 7.5 uM RH237 (15 min) to mea-
sure transmembrane voltage and intracellular calcium con-
centration. Next, the slices were placed in a dish with clean
Tyrode solution for a 30-to-60-minute washing step, fol-
lowing which OM recordings were acquired while pacing
at 1 Hz. B-adrenergic stimulation responsiveness was eval-
uated by application of isoproterenol hydrochloride (100
nM, Sigma Aldrich) slowly washed into the bath solution.
OM signals were normalized in amplitude to the interval
[01].

2.2.  Synthetic data

Synthetic transmembrane voltage signals were gener-
ated by simulating electrical propagation in a 3 x 3 cm?
human left ventricular tissue. The O’Hara-Virdg-Varré-
Rudy human ventricular action potential (AP) model [5]
was used to simulate endocardial, midmyocardial and epi-
cardial cardiomyocytes in a spatial configuration as re-
ported experimentally [6]. The tissue was paced at 1 Hz
from the left side. A longitudinal diffusion coefficient of

0.0013 cm?/ms and a transversal-to-longitudinal conduc-
tivity ratio of 0.25 were used. Simulations were performed
using the in-house software ELECTRA implementing the
Meshfree Mixed Collocation Method and the Finite Ele-
ment Method, the latter used in this study for the solution
of the monodomain model [7].

Different types of noise were added onto the clean syn-
thetic signals (see Figure 1) to emulate the OM recordings
acquired experimentally, as in previous studies [4]. Noise
associated with baseline drift, b(n), was generated as a lin-
ear combination of sinusoidal waves with uniformly dis-
tributed random phases 6, € [0; 27), uniformly distributed
random amplitudes ay, € [0; 1] and frequency f = 0.06 Hz:

K
b(n) =C~Zak cos(2m k fn+ ©y). (1)

k=0

(Quasi-)random noise was generated as white noise signals
with normally distributed random amplitudes. Baseline
drift noise was equally added for all elements of the simu-
lated tissue, whereas the level of white noise was gradually
increased from the most internal to the most external parts
of the tissue in three degrees. Synthetic signals were nor-
malized in amplitude to the interval [0 1].

According to the type of noise added to the signal, three
groups were distinguished, each comprising five different
noise levels: Drift (K =8 and C =[0.25, 0.5, 1, 1.25, 1.5]);
White noise (with the following noise powers in W for dif-
ferent areas within the tissue from the most internal (A1)
to the most external (A3): A1=10.05, 0.1, 0.25, 0.5, 0.75],
A2 =11.5,3.5,55,75,9.5], A3 =[11.5,12.5, 13.5, 14.5,
16.5]); Drift + White noise (C = 0.5, K = 8 and the same
white noise levels as in the White noise group).

2.3. Data processing

OM and synthetic signals were filtered in time and space
and baseline drift was corrected. The processed signals
were subsequently stacked to improve SNR and a sec-
ond baseline correction was applied to remove potential
remaining drifts in the stacked signals. The details of each
of these processing steps are described next.

OMap incorporated the following processing options
into the currently available ElectroMap software. First, a
recently published adaptive spatio-temporal Gaussian fil-
ter that allows automatic selection of parameter values was
added [4]. In particular, the value for a temporal filtering
parameter o; was determined from the input data, which
was used for the definition of a 1D Gaussian filter with a
filter mask length of 60, + 1. This is in contrast to Elec-
troMap, which used a third order Savitzky-Golay temporal
filter. For both OMap and ElectroMap, a spatial 4 x 4-
pixel Gaussian (o = 1.5) filter was used.
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Figure 1: A. APD map for simulated electrical activity in
a human ventricular tissue. B. From top to bottom: noise-
less synthetic APs for the pixel marked with *x’; APs with
added baseline drift; APs with added white noise; APs
with added baseline drift and white noise.

Second, additional techniques for baseline drift removal
based on high-pass filtering or on cubic spline and linear
interpolation, on top of already available techniques based
on other polynomial fittings, were added. In this study,
baseline drift in the spatio-temporally filtered signals was
removed by high-pass filtering with a cut-off frequency of
0.4 Hz. ElectroMap, however, used a 11th-order polyno-
mial to fit the baseline wander.

Third, for both OMap and ElectroMap, stacking was
performed by averaging the signals corresponding to
equidistant intervals of 1000 ms. AP duration (APD) was
computed at 80% repolarization.

Fourth, a method for SNR calculation and optimal dis-
play of APD and activation maps was introduced into
OMap. Maps were initially calculated for the whole set of
pixels. A SNR value was calculated for each of them as the
ratio of the AP amplitude divided by the root-mean-square
of voltage during the diastolic interval [8]. A threshold on
SNR was set and APD and activation maps were presented
only for pixels with SNR above it.

2.4. Performance evaluation

OMap’s performance was compared with that of Elec-
troMap when applied onto synthetically generated signals.
APD was computed for each pixel in the mapped tissue for
both the clean signals as well as for the noisy signals after
the addition of baseline drift, white noise or both. The ab-
solute error (eapp) between the APD values for the clean

signals and each of the noisy versions were calculated.
3. Results and Discussion

3.1. Study on synthetic signals

Figure 2A shows APD maps for an example of noiseless
synthetically generated signals (central panel) and APD
maps for noisy versions calculated with ElectroMap (left
panel) and OMap (right panel). The gray area corresponds
to pixels with SNR below the established threshold. As can
be observed, the APD map computed with OMap reliably
matches the clean APD map, whereas the APD map com-
puted with ElectroMap shows remarkably less agreement.

Figure 2B shows the statistical distributions of absolute
errors for signals with different levels of added baseline
drift (top), white noise (middle) and both (bottom). It can
be observed from the top panel that the median value of
the absolute errors is similar for ElectroMap and OMap.
In the case of adding white noise, the middle panel shows
that ElectroMap has both higher median and interquartile
ranges (IQR) than OMap. The bottom panel correspond-
ing to cases with the two types of noises shows that OMap
is able to better deal with them, even if not providing mea-
surements for some of the pixels deemed as excessively
noisy to render reliable measurements (shown in gray in
Figure 2A). Median and IQR of absolute errors were no-
tably lower for OMap, particularly for high levels of noise.

3.2.  Study on optical mapping signals

Figure 3 illustrates the results for APD maps obtained
with ElectroMap and OMap for an optically mapped hu-
man ventricular tissue slice before (panel A) and after
(panel B) isoproterenol administration. The effect of APD
shortening by isoproterenol can be clearly observed from
the maps calculated with OMap while it is not evident
from those calculated with ElectroMap. Panel C in Figure
3 shows APD histograms for both software. The OMap
histrograms allow separation of the statistical distributions
corresponding to baseline and [-adrenergic stimulation,
whereas ElectroMap histrograms show more overlapped
distributions. This performance was similarly observed for
other slices of the same ventricular tissue specimen as well
as for all other analyzed tissues.

4. Conclusions

Improved methods for processing OM signals have been
proposed and tested. The new software, OMap, has been
compared with the most updated software ElectroMap over
a set of synthetically generated signals contaminated with
noise. OMap outperformed ElectroMap in all cases, partic-
ularly under high noise levels. In tissue slices from human
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Figure 2: Results for synthetic signals. A. Central panel:
APD map for a clean simulated tissue; Left and right pan-
els: APD maps for noise-corrupted tissue as processed
with ElectroMap and OMap. B. Violin plots showing the
distribution of absolute errors for synthetic noisy signals.

ventricular specimens, OMap was able to reliably charac-
terize APD maps and distinguish the APD shortening ef-
fect induced by S-adrenergic stimulation.
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