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Impact of bipolar electrodes contact on fractionation index
measurement
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Abstract— Signals such as Complex Fractionated Atrial Elec-
trograms (CFAE) are tracked during ablation procedures to
locate the arrhythmical substrate regions. Most of CFAE clas-
sification tools use fractionation indexes. However, recordings
from intracardiac catheter depend on electrode contact quality.
This paper investigates the impact of electrode contact area
on fractionation indexes. It is assessed through three kinds of
arrhythmical activations resulting from a numerical simulation
of a small piece of the cardiac tissue. Bipolar electrograms
are extracted corresponding to 25 different contact areas and
fractionation indexes (Shannon entropy, non linear energy
operator and maximum peak ratio) are computed. Results yield
that the Shannon entropy offers a good potential discrimination
between arrhythmic scenarios and is less sensitive to the
electrode contact variation.

I. INTRODUCTION

During Atrial Fibrillation (AF), atria are contracted and ac-
tivated rapidly and irregularly. Some underlying mechanisms
of AF were identified such as reentrant activity or ectopic
foci [1]. Among existing AF treatments, radiofrequency
ablation appears to be one of the most efficient. It consists
in an ablation of the arrhythmical substrate regions using
an intracardiac catheter. Before ablation, the practitioner ex-
plores atria cavities using the catheter as a bipolar electrode
to find electrical signals, symptomatic of abnormal activity.
Some signals have been presented in literature as particularly
involved in AF maintenance, these are Complex Fractionated
Atrial Electrograms (CFAE) [2]. CFAE are now used in
ablation procedures to guide the electrophysiologist through
atrial regions to ablate or isolate AF sources; this process is
known as electrogram guided therapy [3-5]. Unfortunately
there is no consensus yet about the way to handle these
electrograms (EGM) and several definitions can be found
in literature for CFAE signals. To date, electrophysiologists
are still using visual recognition to detect CFAE. Several
studies have proposed classifications for CFAE in order to
cluster the huge variety of intraatrial signals that falls into the
definition boundaries. Classification mostly relies on signal
fractionation measurement. Some indexes are given, based
on signal processing tools to quantify fractionation from
CFAE activation patterns [6-8]. Fractionated electrograms are
extracellular potentials presenting multiple deflections that
result from local asynchronous activation of atrial substrate
beneath the recording electrodes. Reliable measurements
require a stable and constant acquisition process, however
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the catheter disposal is different for each new spot. The
applied pressure, the angle, the contact surface between the
metal electrode and the substrate are changing every time,
with every heart beat. Several studies in medical domains
investigate the impact of contact quality on electrogram
acquisition and reveal this is a major parameter to take
into account [9-11]. This work presents bipolar electrogram
recordings made on a simulated substrate. The Aliev Panfilov
model is applied to a 2D surface to simulate a piece of
cardiac tissue. Disturbances are created to obtain typical
AF activation scenarios. Electrograms are acquired using a
numerical model of the ablation catheter tip. Bipolar EGM
are collected for several electrode contact surfaces. Three
indexes are then applied to quantify fractionation on the
resulting electrograms, the Shannon entropy, the Nonlinear
Energie Operator (NLEO) and the Maximum Peak Ratio
(MPR). Impact of electrode contact area on these indexes
values will be discussed.

II. MATERIALS
A. Aliev Panfilov Model

This behavioral model is a modification of the Fitzhugh
Nagumo model of an excitable medium. It reproduces most
of the basic properties of cardiac cells such as depolarization
and repolarization phases of the action potential [12]. The
simplicity of this model makes it possible to simulate large
surface of cardiac tissue without using large computing
resources. Two differential equations describe the fast and
slow processes, presented here for monodomain in a 2D
isotropic implementation:
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where e is the membrane potential, r is the conductance of
the inward currents, these variables are dimensionless here.
k, a, b, 1y, U are parameters determined from experiments.
With § the diffusion parameter and V? the Laplacian oper-
ator. Iy, is the potential used to initiate the first excitation.
Default values given in the Panfilov model description are:
€=0.002;a=b=0.15; 41 =0.2; 4, =0.3; k=8; § =0.05
This model allows spiral waves and break up to be initiated
easily. This model is suitable to investigate qualitatively some
scenarios occurring during AF. For a comparison with a
realistic case, it will be necessary to use an ionic model of
atrial cell (for example Courtemanche-Ramirez-Nattel model
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B. Catheter representation

The modeled catheter is a Thermocool irrigated tip ab-
lation catheter from Biosense Webster (Biosense Webster,
Diamond Bar, CA, USA). It is used by our colleague
cardiologist to burn areas of atrial substrate responsible for
AF maintenance or triggering during ablation therapy. The
tip of the catheter is composed with four metallic electrodes
used to acquire the atrial substrate fields of potentials. Most
of the time, electrodes are used in pairs to acquire bipolar
electrograms. Fig. 1.a) shows the Thermocool catheter tip,
electrodes size and distribution. Only the distal pair of elec-
trodes is modeled here. Recordings are made disposing the
tip according to Fig. 1.b) configuration. For this study, only
electrograms from the East-Center position are presented.
The electrodes surfaces are 32.1 mm? for the distal one,
13.9 mm? for the 3 others. One chooses to keep one third of
these values as average contact surface with the substrate.
Chosen contact surface are thus 10.7 mm? for the distal
electrode, 4.63 mm? for the 3 others. Taking into account
average dimensions for a cardiomyocyte of 15 um by 100
um, about 7100 cells are covered by the distal electrode,
the 3 others cover about 3000 cells each. These amounts are
taking into account in further numerical simulations. Inspired
from [14], the first temporal derivative of the transmembrane
potential was calculated to retrieve extracellular potential.
It gives an unipolar recording. The bipolar recording is the
difference between two unipolar electrograms [15] from two
different spatial positions. This measure yields a first spatial
derivative. The potential recorded by an electrode is defined
as the sum of potentials from cells covered by its contact
surface. In the following simulations, areas of the electrodes
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Fig. 1. a) Thermocool catheter tip, electrode size and distribution.
b) Electrode disposal in the numerical substrate, representing 4 cardinal
positions for catheter acquisition. C for Center electrode represents the distal
one.

are modified to observe the impact on fractionation indexes.
The electrode contact surface is expressed as the ratio of
the full electrode area; for instance the 1/3 ratio means that
only one third of the surface touches the substrate and will
be indicated by a 3 in results ahead. This approach aims
to reproduce the conditions of acquisition of an intracardiac
electrogram during AF radiofrequency ablation. The quality
of the contact between the catheter and the substrate is not
constant and plays a significant role in the appearance of
signals and therefore on quantification tools.

C. Fractionation analysis tools

Three indexes are proposed to discriminate the 3 scenarios
of activation using different electrode contact ratios.
-The Shannon Entropy [16], it quantifies the statistical

spread of the signal states at a given time.
-The Non-Linear Energy Operator (NLEO) [17, 18]. This
index quantifies the energy requiered by a system to generate
oscillations in a signal.
-The Maximum Peak Ratio: Two peak detections are
applied to the signal; conditions for positive peak detection
are:

Pj=Mn;+A < Mxj[ \Mni1 +A < Mx; 2)

With P for peak, A is the fixed threshold, Mn is the local
minima and Mx is the local maxima. i and j indices refering
to arbitrary samples in the signal. After a first peak detection
whith no threshold, a kmeans clusterisation is applied on
detected peaks. The second peak detection is applied using
the maximum centroid value as a threshold. The MPR is the
ratio between the number of maximum peaks from the first
and the second peak detection.

III. RESULTS

This section presents the 3 types of activation, with the
respective electrograms acquired from the catheter tip model.
The planar waves are induced by applying a stimulation
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Fig. 2. Slightly arrhythmic planar waves and the corresponding bipolar

electrogram for electrodes positioned on the East-Center configuration. The
surface ratio is 1/3 for both electrodes. Activation maps are presented for
times 100, 5000 and 10000 (a.u.).
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Fig. 3. Unstable spiral waves and the corresponding bipolar electrogram

for electrodes positioned on the East-Center configuration. The surface ratio
is 1/3 for both electrodes. Activation maps are presented for times 100, 5000
and 10000 (a.u.).

potential at different frequencies on the left edge of the
matrix (Fig.2). The aim is to reproduce a planar propagation
with variable frequencies mimicking a slightly arrhythmic
situation. The spiral waves configuration (Fig.3) uses the
same method but the planar front is set to zero when it
reaches the half width of the matrix. This break causes the
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Fig. 4. Breaking waves and the corresponding bipolar electrogram for
electrodes positioned on the East-Center configuration. The surface ratio is
1/3 for both electrodes. Activation maps are presented for times 100, 5000
and 10000 (a.u.).

wave to roll on it self and form a spiral. The instability is
due to the used model parameters (€ = 0.005; a = b = 0.095;
Uy =0.15; up = 0.3; k = 8). The breaking waves scenario
(Fig.4) is set up by applying a multiple spiral waves pattern
to the matrix and using parameters leading to instability (€ =
0.005; a =0.08; b =0.1; uy =0.15; up =0.3; k= 8). The
Fig.2 shows irregular patterns with fractionation. This EGM
has some fractionation similarities with CFAE, the activation
pattern amplitude is greater than the 2 other EGM. The Fig.3
shows a large period of regular electrogram, this is due to
a quasi synchronization between the activation acquired by
both Central and East electrodes. The signal amplitude is the
lowest for this signal suggesting that the bipolar acquisition
induces a potential cancelation. Fig.4 shows very anarchic
activation maps and the resulting EGM acts as well. This
signal alternates periods of quasi sinusoid with periods of
fractionation. The signal amplitude is approximately between
the first 2 EGM. For each electrode the total metallic surface
is successively divided by 2, 3, 5, 8 and 10. The recorded
activity will differ according to the substrate covered areas.
Twenty five bipolar electrograms are then recorded using
the 25 different electrodes area ratio combinations. Signals
last 11000 points and are analyzed with a 1000 points step
window, it yields 11 values for each ratio and index. For
each of the 3 activation scenarios, the NLEO, entropy and
MPR indexes are calculated. Fig.5 shows that planar waves
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Fig. 5. Indexes mean values for the 3 activation scenarios and the 25

electrodes area ratios. (+) planar, (o) breaking, (.) spiral

are easily discriminated. The separation is less obvious for
spiral and breaking configurations. Entropy seems to better
discriminates these two kinds than the other indexes. It also
appears than NLEO and MPR are more sensitive to the

electrode area than entropy. Figs. 6, 7, 8 present the index
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Fig. 6. (o) breaking, (+) planar, (.) spiral. The Entropy index mean value
for each surface electrode ratio. Thin black line for mean and thick grey
line for variance.
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Fig. 7. (o) breaking, (+) planar, (.) spiral. The NLEO index mean value
for each surface electrode ratio. Thin black line for mean and thick grey
line for variance.
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Fig. 8. (o) breaking, (+) planar, (.) spiral. The MPR index mean value for
each surface electrode ratio. Thin black line for mean and thick grey line
for variance.

w o

mean value and variance for each electrode area ratio for
each scenario. CE is for Central Electrode ratio, PE for
Peripheral Electrode. For every ratio, the mean entropy index
for breaking waves is almost constant (see Fig. 6). The
planar waves entropy is lower than breaking and spiral values
and displays changing variance. The mean entropy for spiral
waves is above previous cases but shows irregular variance
according to the ratio.

In Fig. 7 NLEO shows a large variability according to the
ratios. Breaking waves NLEO shows a decreasing sawtooth
behavior. Values decrease with the central electrode area
reduction and increase with the peripheral electrode area
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Fig. 9. Normalized euclidian distances between clustered data centers
for the 3 indexes, Entropy, NLEO, MRP. (o) Distance breaking-planar, (+)
distance breaking-spiral, (.) distance planar-spiral.

increases. The CE surface is bigger than the PE, changes
of its contact area have a major impact on NLEO index.
Planar waves values for NLEO are decreasing rapidly with
the CE ratio and stabilize for weakest CE values, the variance
tends to be quasi constant to. In the spiral scenario, NLEO
varies slightly depending on the electrodes ratio. The NLEO
variance has low values except for the 2/2 ratio, this could
be explained by a desynchronization in the activity acquired
by both CE and PE. Discrimination between scenarios might
be possible for a given ratio but using this index for discrim-
ination without a stable acquisition process is unreliable.

MPR index (see Fig.8) appears quite constant for breaking
configuration, it slightly decreases with the central electrode
contact reduction. The variance is much less stable. For the
planar waves scenario, MPR values are lower here than for
the breaking case. MPR values for spiral are higher than
for the 2 previous cases. Mean value and variance are quite
constant for the seven first ratios and then increases for the
following ratios. This traduces the consequence of the CE
contact area. In Fig. 9, indexes discrimination potential is
assessed according to the 25 electrodes ratios. The three
scenarios represent 3 classes whom indexes data were clus-
tered using kmeans algorithm. A centroid is determined for
each cluster. For a given electrode surface ratio, the euclidian
distance between the 3 data classes is calculated and reported
on the Fig. 9. The distance corresponding to the entropy and
the NLEO measured between breaking and spiral scenarios
are quasi-constant. That means that the electrode ratios do
not influence the waveform. Entropy and NLEO distances
display a better discrimination potential for the planar case to
the spiral or to the breaking case. Using the maximum peak
ratio, it is not possible to distinguish the three scenarios.

IV. DISCUSSION & CONCLUSION

In this study, three typical arrhythmic substrate scenarios
are simulated. Bipolar electrograms are recorded from the
numerical substrate mimicking a catheter acquisition using
25 different electrode contact areas. EGM are submitted to
3 analysis tools to quantify the imbedded fractionation as
usually done in CFAE classification process. The impact of
electrode contact area differs from one index to another. It
appears that the Shannon’s entropy is more robust and still

offer a good discrimination between scenarios. To validate
the method used in this work, the simulation results will be
compared with experimental and clinical data. It could be
useful in the case of a classification tool implementation
process or in the context of clinical data analysis where
data acquisitions are subject to changing conditions. This
completes the assessment of discriminative power for frac-
tionation indexes.
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