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A B S T R A C T

Objective: The aim of this study is to propose a method to reduce the sensitivity of the estimated omnipolar
electrogram (oEGM) with respect to the angle of the propagation wavefront.
Methods: A novel configuration of cliques taking into account all four electrodes of a squared cell is proposed.
To test this approach, simulations of HD grids of cardiac activations at different propagation angles, conduction
velocities, interelectrode distance and electrogram waveforms are considered.
Results: The proposed approach successfully provided narrower loops (essentially a straight line) of the
electrical field described by the bipole pair with respect to the conventional approach. Estimation of the
direction of propagation was improved. Additionally, estimated oEGMs presented larger amplitude, and
estimations of the local activation times were more accurate.
Conclusions: A novel method to improve the estimation of oEGMs in HD grid of electrodes is proposed. This
approach is superior to the existing methods and avoids pitfalls not yet resolved.
Relevance: Robust tools for quantifying the cardiac substrate are crucial to determine with accuracy target
ablation sites during an electrophysiological procedure.
1. Introduction

Accurate characterization of the electrophysiologic substrate is cru-
cial in identifying regions responsible for some cardiac arrhythmias and
other cardiac disorders such as ventricular tachycardia [1], Brugada
Syndrome [2], and atrial fibrillation (AF) [3], among others. In the
case of ventricular tachycardia with a reentry mechanism, regions of
fibrosis with surviving myocyte bundles create fixed or functional con-
duction blocks in addition to slow conduction. In this scenario, stable
circuits can be mapped with high density mapping catheters and later
modeled accordingly. Accurate mapping of the substrate is essential in
determining the degree of conduction delay and the critical isthmus.
Moreover, remodeling of the myocardium following an infarction con-
tributes to the formation of channels and regions in which conduction
time is prolonged, facilitating the initiation of a reentry [4]. In the
case of AF, the substrate for AF relates to left atrial (LA) dilation and
fibrosis with subsequent LA dysfunction and delay in electromechanical
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conduction. Regions with anomalous conduction such as fibrotic tissue
are associated to arrhythmogenic substrates in AF [5] and, therefore,
may become target ablation sites [6]. Indeed, previous studies have
shown that areas with fibrosis – detected with late gadolium enhanced
magnetic resonance imaging – are correlated to lower voltage EGMs
and slower conduction velocity (CV) [7]. Therefore, accurate mapping
of these regions would undoubtedly provide important information that
can be used for substrate modification during an electrophysiological
procedure.

However, despite the importance of quantitative EGM biomarkers
– such as amplitude and degree of fractionation – for identifying
candidate target ablation sites, discrepancies in the detection of low-
voltage regions between different electroanatomic mapping systems as
yet remain unresolved [8]. Additionally, accurate detection of local
activation times (LATs) is required to quantify parameters related to
the propagation of the activation wavefront, such as CV. There are two
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Fig. 1. Representation of the geometry of the Advisor™HD Grid Mapping Catheter (Abbott Laboratories, Illinois, US). A: Geometry and position of the electrodes in a model of
the device (not to scale, see measuring marks). B: Illustration of the classic approach of a triangular clique on one of the four-electrode configurations (upper left) and the novel
approach described in this work, that is, the cross clique (lower right).
main modes to obtain intracardiac EGMs. One of which is whereby
unipolar EGMs (uEGMs) are recorded from the differential potential
between an exploring electrode and a distant electrode. On the other
hand, bipolar EGMs (bEGMS) are obtained from the differential poten-
tial between a pair of closely spaced electrodes (with interelectrode
distance of few millimeters). Whereas uEGMs present some problems
related to electric far-field interference [9], bEGMs are sensitive to
the orientation of the bipole pair with respect to the direction of the
propagation wavefront [10] and catheter contact angle, among other
factors [11]. In order to overcome these limitations, an ingenious way
to obtain an oriented-independent bEGM from high-density multielec-
trode arrays – denoted as omnipolar EGM (oEGM) – has been recently
proposed [12]. This method, also referred to as orientation-independent
sensing (OIS), requires a grid of regularly arranged unipolar elec-
trodes. Using this concept, the Advisor™HD Grid Mapping Catheter
(Abbott Laboratories, Illinois, US) was developed [13] for a better char-
acterization of the electrophysiological substrate [14]. This catheter
consists of a 4 × 4 grid of unipolar electrodes regularly arranged
with an interelectrode distance of 4 mm, which allows a thorough
exploration of the local cardiac tissue (see Fig. 1.A) [15]. This catheter
has been successfully used for substrate exploration, e.g. for scar de-
tection [16], characterization of conduction gaps [17], atrial disorders
such as AF [18] or ventricular tachycardia [19], amongst others.

To estimate an oEGM, at least three unipolar electrodes arranged as
the vertices of a triangle are required. The group of electrodes involved
to estimate the oEGM has been denoted as a clique [15]. Furthermore, a
close proximity between electrodes is required to satisfy the assumption
of a locally plane and homogeneous propagation within the clique.
Using a configuration based on an isosceles right angled triangle, two
orthogonal bEGMs are obtained from the electrodes at the short sides
(notice that the unipolar electrode corresponding with the vertex at
2

the right angle is used twice). The representation of the electrical
field from a pair of orthogonal bEGMs describes a loop with maximal
modulus in the direction of propagation [14]. Subsequently, the oEGM
can be computed as the orthogonal transformation that maximizes
the amplitude of the activation (i.e. a geometric rotation of the raw
data). Accordingly, oEGMs can be regarded as virtual representations of
bEGMs as if they were captured from an electrode pair matching the di-
rection of the propagation wavefront. This provides a more meaningful
measure of the real amplitude of the activation in comparison to uEGMs
and bEGMs, hence, allowing a more robust detection of low-voltage
areas [20]. Additionally, it also allows an estimation of the direction
of propagation and higher accuracy in the detection of local activation
times.

Applying this concept to a cell of 2 × 2 electrodes, 4 triangular
cliques can be defined according to the triad of electrodes considered.
For each of those cliques, the oEGM can be derived. When extrapolating
it to a 4 × 4 grid of unipolar electrodes (i.e. 3 × 3 cells), this technique
provides an array of 6 × 6 cliques, with 2 × 2 cliques arranged per
cell [21]. Furthermore, the estimation of such a high-density oEGMs
matrix allows other measurements such as CV or heterogeneity of the
propagation.

Although claimed as an orientation-independent EGM, a recent
study has shown significant sensitivity in the reconstruction of the
oEGM with respect to the direction of propagation [22]. Additionally,
it concluded that the cause for errors in the estimation of oEGMs were
temporal misalignments between bipolar activations. This limitation
reveals an important research gap regarding the OIS approach, since
the electrode configurations and settings under which the orientation
independence condition is satisfied remain to be unexplored.

In this study we aim to address that research gap, by evaluating
the performance of different clique configurations and interelectrode
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distances. For this, we considered the conventional triangular clique
employed in clinical practice as well as square and cross-oriented
cliques using the four electrodes of a 2 × 2 cell. Whereas the square
clique obtains average bipole pairs by averaging the two horizontal
and two vertical bipoles of the square, respectively, the cross-oriented
clique employs the diagonal bipoles pairs. We hypothesize that mis-
alignments occurring with triangular cliques can be reduced with other
clique configurations and hence, providing oEGMs less sensitive to
the direction of the propagation wavefront. Additionally, the effect of
interelectrode distance is explored. To test our hypothesis, we explored
the sensitivity to angle orientation of different clique configurations
using controlled simulations. Specifically, we analyzed the dependence
of the performance as a function of the following parameters: CV,
morphology of the signal, and interelectrode distance.

This manuscript is organized as follows: Section 2 elaborates on the
methods, describing the simulations, clique configurations, procedure
to estimate the oEGM and the parameters for performance assessment.
Section 3 shows an objective comparison of performance using different
clique configurations and electrode spacing, which are discussed in-
depth in Section 4. Finally, Section 5 concludes this work with the main
remarks and outcomes of the study.

2. Methods

The purpose of synthetic signals is to quantify the influence of
the angle orientation in the estimation of oEGMs. With that objective,
simulated clique activations with known propagation directions and
CV are generated. Considering the waveform of real uEGM activa-
tions sampled from intracardiac clinical data, we replicated delayed
versions according to the direction of the propagation wavefront and
the position of each electrode within the multielectrode grid. Fig. 1. A
illustrates the multielectrode arrangement, with A-D and 1–4 denoting
rows and columns, respectively. Montecarlo simulations were carried
out considering randomized propagation angles, CV within physiologi-
cal range (from 0.5 m/s to 1 m/s) and random selection of atrial uEGMs
among 5 different patterns taken from clinical recordings at different
atrial sites. Furthermore, we considered different distances from 1 mm
to 4 mm, in steps of 1 mm. For each interelectrode distance, 100
simulations were undertaken in accordance with the aforementioned
variables.

2.1. Configurations of bEGMs within a clique

Given a cell with 2 × 2 electrodes, up to 6 bEGMs can be com-
puted: the four side bEGMs 𝑏A2−A1, 𝑏B2−B1, 𝑏A1−B1 and 𝑏A2−B2, plus
the diagonal bEGMs 𝑏A2−B1 and 𝑏A1−B2. Being 𝑏𝑥 and 𝑏𝑦 the bEGMs
corresponding to 𝑥 and 𝑦 axes, respectively, the conventional triangular
clique configurations are defined as [22]:

• Top left triangle: 𝑏𝑥(𝑡) = 𝑏B2−B1(t) and 𝑏𝑦(𝑡) = 𝑏B1−A1(𝑡)
• Top right triangle: 𝑏𝑥(𝑡) = 𝑏B2−B1(𝑡) and 𝑏𝑦(𝑡) = 𝑏B2−A2(𝑡)
• Bottom left triangle: 𝑏𝑥(𝑡) = 𝑏A2−A1(𝑡) and 𝑏𝑦(𝑡) = 𝑏B1−A1(𝑡) (see

Fig. 1.B, Triangular clique)
• Bottom right triangle: 𝑏𝑥(𝑡) = 𝑏A2−A1(𝑡) and 𝑏𝑦(𝑡) = 𝑏B2−A2(𝑡)

Notice that the geometrical center of each of the bEGMs involved in
the clique, regardless of the triangle configuration, are coincidental (see
geometry in Fig. 1.B, Triangular clique). This is a major drawback when
combining EGMs that are not spatially – and hence, neither temporally
– aligned. Notice also that, in the case of triangular configurations,
there is always an electrode that is used twice (in both horizontal
and vertical bEGMs), whereas there is always an electrode that lays
unused. Apart from the classical triangular cliques, two alternative
configurations that make use of the four electrodes of the square cell
3

can be defined as: E
• Square: 𝑏𝑥(𝑡) =
1
2

(

𝑏A2−A1(𝑡) + 𝑏B2−B1(𝑡)
)

and 𝑏𝑦(𝑡) =
1
2

(

𝑏B1−A1(𝑡)+
𝑏B2−A2(𝑡)

)

• Cross: 𝑏𝑑1 (𝑡) = 𝑏B2−A1(𝑡) and 𝑏𝑑2 (𝑡) = 𝑏B1−A2(𝑡)

Notice that the diagonal bipoles of the square cell are utilized for
he cross-oriented clique (see Fig. 1.B, Cross clique), which imposes

coincident center for both bipoles. Regardless of the configuration
onsidered, we can define the vector 𝐛(𝑡) containing the orthogonal
ipole pair, with 𝐛(𝑡) = [𝑏𝑥(𝑡) 𝑏𝑦(𝑡)]T. In the case of the cross-oriented
onfiguration, the unique correction left to be done to determine 𝐛(𝑡)
s a simple counterclockwise rotation of 𝜋

4 rad:

𝐛(𝑡) =
[

cos 𝜋
4 − sin 𝜋

4
sin 𝜋

4 cos 𝜋
4

]

𝐝(𝑡) = 1
√

2

[

1 −1
1 1

]

𝐝(𝑡), (1)

where 𝐝(𝑡) =
[

𝑏B2−A1(𝑡) 𝑏B1−A2(𝑡)
]T is the pair of diagonal bEGMs.

herefore, after this orthogonal transformation, the problem to solve
emains the same as using the configurations previously mentioned.
espite the fact that square and cross-oriented cliques arise from dif-

erent definitions, it can be proven that both yield to an equivalent 𝐛(𝑡)
vector up to a scaling factor. By breaking down the notation of bEGMs
as uEGMs difference (e.g. 𝑏A2−A1(𝑡) = 𝑢A2(𝑡) − 𝑢A1(𝑡)):

𝐛cross(𝑡) =
1
√

2

[

1 −1
1 1

] [

𝑢B2(𝑡) − 𝑢A1(𝑡)
𝑢B1(𝑡) − 𝑢A2(𝑡)

]

= 1
√

2

[

(𝑢B2(𝑡) − 𝑢B1(𝑡)) + (𝑢A2(𝑡) − 𝑢A1(𝑡))
(𝑢B2(𝑡) − 𝑢A2(𝑡)) + (𝑢A1(𝑡) − 𝑢B1(𝑡))

]

=
√

2𝐛square(𝑡)
(2)

Accordingly, we will unify both square and cross-oriented configu-
ations and refer to them in the following as the square clique.

.2. Estimation of oEGMs

When representing the local electrical field in a clique from a pair
f orthogonal bEGMs, it describes a loop that points to the direction
f propagation. In the case of a plane and homogeneous wavefront
as it should be fulfilled with HD grids –, the loop should become

arrow enough to almost fit a straight line. As long as oEGMs are
efined as the projections of orthogonal bEGM pairs on the direction
f wavefront propagation, this transformation ideally exhibits maximal
eak amplitude of the activation. In addition, the projection on a
erpendicular axis would provide a residual signal with low amplitude.
n accordance with this, the oEGM is computed as the projection that
aximizes the ratio of the oEGM peak amplitude to the peak amplitude

f the residue:

̂ = argmax
𝜃

[

max ([cos 𝜃 − sin 𝜃]𝐛(𝑡))
max |[sin 𝜃 cos 𝜃]𝐛(𝑡)|

]

(3)

𝐨(𝑡) =
[

cos �̂� − sin �̂�
sin �̂� cos �̂�

]

𝐛(𝑡) (4)

where 𝐨(𝑡) = [𝑜(𝑡) 𝑜⟂(𝑡)], being 𝑜(𝑡) the estimated oEGM and 𝑜⟂(𝑡) the
esidual bipolar signal resulting from the projection on the orthogonal
xis to the direction of the propagation wavefront. The direction of the
avefront can be estimated as 𝛹 = −�̂�.

2.3. Assessment of oEGM estimation

The quality of oEGM estimations from simulations of perfectly plane
and homogeneous wavefront propagations will be assessed from the
peak amplitudes of the pulses retrieved from vector 𝐨(𝑡): 𝑝𝑜 = max(𝑜(𝑡))
and 𝑝𝑜⟂ = max

(

|

|

𝑜⟂(𝑡)||
)

, as well as the peak ratio 𝑟 = 𝑝𝑜∕𝑝𝑜⟂ . In order to
ssess top performance limits for each configuration, true propagation
irections will be employed to compute 𝐨(𝑡). Best fits to the real oEGM
ould exhibit higher 𝑝𝑜, lower 𝑝𝑜⟂ and, therefore, higher 𝑟 values.

With respect to the accuracy in the detection of LATs, these are
stimated as the instant at peak amplitude of the oEGM signal [23].
stimated LATs will then be compared to the ground truth, defined as
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the instant at maximum negative slope of the unipolar signal as it passes
through the center of the clique.

For the analysis of performance dependence with respect to CV,
interelectrode distance and uEGM morphology, a simulation is de-
signed. Regarding morphology, uEGMs with slower/faster deflections
(i.e. with smoother or sharper transitions) are considered. For each
setting, the consistency of the morphology of the estimated bEGM will
be evaluated. This will allow us to assess the robustness of the method
as well as its limitations.

2.4. Statistical analysis

Results are provided as mean ± standard deviation (SD), or me-
ian and interquartile range (IQR) if required. For data exploration,
he distribution of the independent variables was evaluated using
olmogorov–Smirnov and Mann–Whitney–Wilcoxon tests. A p-value of
0.05 was considered statistically significant throughout.

. Results

Fig. 2 shows bidimensional loops described by orthogonal bEGMs
or different bipole configurations, including all triangular orientations
nd the square clique. For the sake of simplicity, propagation directions
= 0◦, 15◦, 30◦, 45◦𝑎𝑛𝑑 − 45◦ were considered. It can be observed

hat all configurations display a straight line for horizontal propagation
i.e. 𝛹 = 0◦ or 𝛹 = 180◦). Although not shown, analogous behavior was

obtained for exact vertical propagations (i.e. 𝛹 = 90◦ and 𝛹 = −90◦).
For other propagation directions there was at least one configuration
that displayed a bidimensional loop.

Widest loops were obtained with triangular configurations at prop-
agation directions perpendicular to the bisector formed by the bEGMs
involved. In those cases, the delay between both bipole centers was
maximal. As can be observed in Fig. 2, triangular configurations 1 and
4 showed the same pattern although rotated and mirrored. The same
occurs with triangular configurations 2 and 3. This can be explained
by the fact that the wavefront activates 𝑏𝑥 earlier than 𝑏𝑦, or vice
versa, depending on the triad of electrodes considered for the clique.
As well as this, triangular configurations showed a straight line at
propagation directions that matched the bisector of the bEGMs. For
example, for 𝛹 = 45◦, configurations 2 and 3 displayed a straight
line, whereas configurations 1 and 4 displayed a wide loop. Analogous
behavior is shown for 𝛹 = −45◦, with exchanged roles of the cliques
involved. In all cases, the square clique showed consistently narrower
loops regardless of the incidence angle. The amplitude of the residual
signal at its perpendicular direction was also minimal for the square
clique, regardless of the propagation direction (see Fig. 3). Moreover,
triangular configurations estimated angle and LATs with higher error
and provided oEGMs with lower amplitude and peak ratio.

Fig. 4 shows boxplots comparisons among triangular and square
cliques for the following parameters: angle errors, oEGM amplitude,
amplitude ratios 𝑟 and LATs errors. In this figure, an interelectrode
distance of 1 mm was considered. In addition, Table 1 shows the
numerical results for this and other interelectrode distances. For all
parameters, the null hypothesis of the Kolmogorov–Smirnov test of
normality was rejected. Accordingly, the Mann–Whitney–Wilcoxon test
was performed.

Statistical values for interelectrode distances of 1 mm, 2 mm, 3 mm
and 4 mm are shown in Table 1. By increasing the interelectrode
distance, the following effects were observed: angle estimation errors
increased, oEGM amplitude increased, peak ratios decreased and LAT
deviations increased.

Morphologies of bEGMs exhibited dependency on several factors,
as depicted in Fig. 5. In panel A, a uEGM with slow deflections
(i.e. smoother slopes) was employed. On the other hand, in panel B,
4

a sharper uEGM morphologies was considered.
In each panel, two simulations were carried out. The first simulation
consists of a parametric analysis with respect to CV, while keeping the
interelectrode distance unchanged. The second simulation is performed
with increasing interelectrode distance, while keeping CV constant
(1 m/s). Either by decreasing CV or increasing interelectrode distance,
the delay between the activations captured by the electrode pair is
increased. As can be observed, the larger the delay, the wider the
bEGM morphology. In addition, above a certain delay threshold, bEGMs
became notched, thus corrupting the bEGM morphology.

For the first simulation and setting the interelectrode distance to
4 mm, bEGMs became notched with CV thresholds of 0.28 m/s and
1 m/s for the smoother and sharper uEGM, respectively. For the second
simulation and setting the CV to 1 m/s, notch bEGMs were obtained
from interelectrode distance thresholds of 14.4 mm and 3.9 mm for
the smoother and sharper uEGM, respectively. These results indicate a
higher sensitivity for the uEGM waveforms.

4. Discussion

High-density multielectrode arrays have been widely employed in
experimental cardiac electrophysiology, such as patch-clamp experi-
mentation [24], Lagendorff perfused isolated hearts from animal mod-
els [25] and in-vivo animals [26]. However, it was not until develop-
ment of the Advisor™HD Grid Mapping Catheter (Abbott Laboratories,
Illinois, US) [15] when became of greater interest in clinical practice.
An advantage of this catheter is that it copes with the problem of
directional sensitivity of bEGMs. As a result, orientation-independent
bipoles are obtained from an algebraic rotation of an orthogonal bipole
pair. An oEGM should be regarded as a virtual bipole as if it were
captured from a bipole whose electrodes can be dynamically oriented
in the direction of the propagation wavefront.

Nevertheless, some problems related to omnipolar catheters still
need to be addressed. By definition, geometric centers of the bEGMs
involved in a triangular clique are not coincident. This makes the
activation wavefront pass through these sites at different time instants,
hence causing temporal misalignments among bEGM activations and
being a major cause for errors in oEGM estimation. In this work,
we demonstrate that incorrect oEGM estimates may occur even with
perfectly plane and homogeneous propagation wavefronts. To mitigate
this problem, a temporal alignment of activations has already been
proposed [22]. However, after temporally shifting bEGM activations,
a reliable time reference would no longer be available and thus, hin-
dering reliable LAT detection and CV measurement. Alternatively, we
propose to estimate oEGMs from the diagonal bEGMs of the clique, so
that both bEGM centers are spatially coincident with the clique center.
Therefore, time alignment of activations is no longer required. To the
authors’ knowledge, this approach has not been proposed yet. With
such configuration, thinner loops of the electrical field are described in
comparison to triangular cliques. However, amplitude using the square
configuration is slightly underestimated. This result is consistent from a
theoretical perspective, as it is well-known that the average of delayed
pulses results in a wider pulse with lower amplitude [27]. Nevertheless,
this is not a real limitation, as it was shown that the equivalent cross-
orientation provides larger amplitude oEGMs (scaled by a factor of
√

2). Finally, LAT estimation with the square clique was also more
ccurate than using triangular configurations. This is an important
esult, as accuracy in detection of LATs is essential to estimate delays
elated to wavefront propagation [28]. In general, it can be stated that
stimation of oEGMs from squared cliques overperformed triangular
onfigurations.

Effects of interelectrode distance was also explored. By increasing
nterelectrode distance, loops became wider (lower values between 𝑜(𝑡)

and 𝑜⟂(𝑡) amplitudes) and errors in the estimation of LATs and propa-
gation directions increased. The unique apparent benefit of increasing
interelectrode distance is an increase of the oEGM amplitude. This
can be well explained as the amplitude difference of delayed versions
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Fig. 2. Bidimensional loops described by orthogonal bEGMs for triangular, square and cross-oriented configurations and propagation directions 𝛹 = 0◦ , 15◦ , 30◦ , 45◦𝑎𝑛𝑑 − 45◦.

Fig. 3. Omnipolar EGMs (black) and the residual signal 𝑜⟂(𝑡) (red) retrieved propagation directions and bipole configurations of Fig. 2.
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Fig. 4. Boxplot of different variables to compare the bipoles and the triangular and square configuration, namely: A: Amplitude oEGM, B: Relation between oEGMs, C: Error in
LAT and D: Error in Angle Estimation.

Fig. 5. Illustration of the dependence of the bipolar morphology from with respect to the delay between unipolar signals and uEGM morphologies. Panel A and B use different
uEGM morphologies, with slow and fast deflections, respectively. For rows 1 and 3, an interelectrode distance of 4 mm is fixed. For rows 2 and 4, CV of 1 m/s is fixed. The
leftmost panel represents the reference unipole in black, and the three delayed unipoles utilized for the construction of the bipoles, in gray scale. The three rightmost columns
represent therefore, the bipoles for each of the parameters according to the first column, being the first of those a valid bipole, the central the illustration of the threshold point
at which the notch appears, and the rightmost a non-desired outcome with a clearly visible delay effect.
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Table 1
Statistical values of results for simulations.

Triangle Square

Angle error 1.81 ± 1.56◦ 1.20 ± 0.83◦

1 mm Amplitude 360.17 ± 88.55 μV 345.56 ± 84.45 μV
Peak ratiosa 5.98 [2.03…∞] 10.48 [6.10…∞]
LAT error 168.94 ± 148.78 μs 87.18 ± 81.46 μs

Angle error 3.37 ± 3.75◦ 1.94 ± 1.38◦

2 mm Amplitude 595.84 ± 139.01 μV 566.04 ± 126.65 μV
Peak ratiosa 5.65 [1.40…∞] 9.01 [4.86…∞]
LAT error 437.56 ± 334.48 μs 296.00 ± 152.12 μs

Angle error 4.58 ± 4.46◦ 2.87 ± 1.81◦

3 mm Amplitude 976.34 ± 183.33 μV 752.27 ± 162.31 μV
Peak ratiosa 5.20 [1.12…∞] 8.14 [4.84…∞]
LAT error 677.13 ± 504.07 μs 365.94 ± 150.67 μs

Angle error 5.92 ± 6.02◦ 3.82 ± 2.20◦

4 mm Amplitude 976.34 ± 213.53 μV 911.43 ± 189.64 μV
Peak ratiosa 4.76 [0.94…∞] 7.55 [4.87…∞]
LAT error 929.50 ± 651.50 μs 339.88 ± 172.05 μs

aMedian and range values are shown for this parameter.
f unipolar activations increase with the delay. Another important
imitation of increasing interelectrode distance is that a notch may
ppear at the center of the positive pulse of the bEGM morphology —
nd thus, the oEGM as well. Indeed, the problem of fractionation in
EGMs computed from spaced uEGMs has been already described [29].
his effect would compromise accuracy in LAT estimation as defined
s the instant at which the bEGM amplitude is maximum. Whether this
ndesirable effect appears or not, not only depends on interelectrode
istance, but also on CV and sharpness of unipolar activations. Whereas
he interelectrode distance relies on technology, the other constraints
epend on the specific patient’s electrophysiology. The assessment of
low conduction regions would be specially challenging, e.g. as it oc-
urs with the macroreentrant circuit of atrial flutter [30]. Nevertheless,
rom an engineering perspective, technology should be designed to
ork properly regardless of a patient’s condition.

The main limitation of the square clique configuration is that acti-
ation delays are increased by a factor of

√

2, which are equivalent to
an increase of

√

2 of the interelectrode distance, hence resulting in a
poorer spatial resolution. As a consequence of that, oEGM estimation
can be affected by limitations due to notch deflections in greater extent.
Consequently, reducing interelectrode space in future HD catheter de-
signs would be an asset. Additionally, with higher electrode density,
the assumption of a plane and homogeneous wavefront propagation
would be more easily fulfilled. Nevertheless, some questions ought to
be taken into account with reduced interelectrode distances. Firstly,
LAT precision under millisecond scale should be required. This could
be important to further analyze conduction parameters using the full
electrode grid, such as CV and heterogeneity of propagation directions,
among others. To achieve such time precision, oversampling of the
signals should be considered. Moreover, as lower amplitude oEGMs are
obtained, equipment with improved resolution in the acquisition and
digitization of the signals could be required to keep similar signal-to-
noise ratio levels. Apart from reducing interelectrode distance, other
solutions could also be explored, such as staggered multielectrode pat-
tern – to avoid the increasing

√

2 factor aforementioned –, or develop
improved signal processing algorithms to enhance oEGM estimation.

5. Conclusions

This paper analyzes limitations of clique configurations for oEGM
estimation in orientation-independent sensing from a simulation per-
spective. The two main conclusions of the study are: firstly, the square
clique provides a more robust estimate of omnipolar EGMs. With this
7

approach, pitfalls associated to temporal misalignments are avoided.
This approach resolves the still remaining directional sensitivity of
these catheters and provides an efficient solution to problems related
to the amplitude of bEGMs. Secondly, as long as electrodes are spaced
close enough to avoid notch effects in the resulting bEGMs, estimation
of wavefront directions and local activation times are consistently
improved, which are key factors to obtain high-density CV maps.
To better cope with that, interelectrode spacing should be reduced
as much as technology allows. Moreover, for multielectrode settings
where interelectrode distance is not short enough, the square clique
would be less convenient due to a loss of spatial resolution.

Future scope of this work should involve testing in experimental
and clinical settings in order to validate and support our conclusions
in a more realistic scenario. Studies reporting the limitations and
constraints in oEGM estimation are valuable for guiding the design and
implementation of future generation catheters and mapping software.

Supplementary material - code

The code written for this manuscript can be found in the following
github link: https://github.com/SamuelRuiperezCampillo/F_Castells_S_
Ruiperez-Campillo_et_al_CBM_2023_Omnipolar
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