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Abstract 

Atrial fibrillation (AF) is the most common arrhythmia 
in clinical practice. Recently, a mechanism for 
maintaining the AF which consists of one or more rotors 
activating the tissue at high frequency has been proposed. 
Ablation is one of the treatments for AF whose 
effectiveness could depend on the localization of the rotor 
tip.  

In a previous research, the approximate entropy 
(ApEn) was proposed as an effective rotor tip detection 
system. However, this system was validated with an array 
of 22500 electrodes providing one noise-free simulated 
electrogram per electrode, which can be considered as a 
system distant to the reality. In this work, three analyses 
from simulated electrograms obtained from 2D model of 
human atrial tissue under chronic AF conditions for rotor 
tip detection are presented. The first one with noise-free, 
the second one with noise of real electrograms (NoRE), 
and the third one is done by applying the Kalman filter 
(KF) on the simulated electrograms with NoRE. In each 
case, the effect of the dimension of electrodes array is 
analyzed with relationships of equidistant reduction 
rows-column from 2-2 to 6-6. This comparison showed 
that the noise has a greater negative effect than the one 
generated by the decrease of resolution in electrodes 
array, and despite of the acceptable Kalman filter’s 
performance for increasing the SNR significantly, the 
accuracy is lower than the results obtained with 
electrograms with NoRE but adequate for locating the 
rotor tip. 

1. Introduction

The Atrial fibrillation (AF) is supraventricular 
arrhythmia and its prevalence is close to 2.5% [1]. AF 
ablation has the objective to stop or prevent the AF 
suppressing the triggers and modifying the 
arrhythmogenic substrate [2]. The most common AF 
ablation procedure consist of the electrical insolation of 

the pulmonary veins [3], although its effectiveness is 80% 
after 1.3 intervention per patient and the 30% of them 
need posterior use of antiarrhythmic drugs [4]. Also, 
there exists a high risk of AF recurrence [2], but there is 
not a mechanism to define it. However, common possible 
causes of AF recurrence are  considered as follows: the 
electrical reconnection of the pulmonary veins,  activation 
of tissue at high frequency by one or more rotors, and the 
effect of AF triggers located externally to the pulmonary 
veins [2].  

Based on the above mentioned causes, the successful 
use of these procedures is highly related to the correct 
location of the rotor tips from electrograms with simple 
and double potentials electrograms and complex 
fractionated atrial electrograms (CFAE). These CFAE are 
low-voltage signals and they present highly fractionated 
potential with two or more deviations [5], but nowadays 
there is not a clear explanation about the cause of CFAE 
during AF.  

Thus, several researches have been conducted to 
develop systems for the rotor tip location. The dominant 
frequency (DF) has been widely reported as an approach 
for rotor tip identification, but its results are limited due 
to its temporal variability [6]. Besides, a system based on 
Approximate Entropy (ApEn) was proposed in [7] 
showing a successful performance in the identification of 
rotor tips. However, these systems have just been tested 
on simulated environments and need high resolution 
electrode array.  

We proposed to study the noise and the spatial 
resolution effect of electrode array on systems based on 
ApEn and DF used to locate rotors tip, for that we realize 
three analysis, the first one is carried out with noise-free 
simulated electrograms, the second one is executed with 
simulated electrograms with noise of real electrograms 
(NoRE), and the third one is done by applying the 
Kalman filter on the simulated electrograms with NoRE. 
In each case, the effect of the dimension of electrodes 
array is analyzed with relationships of equidistant 
reduction rows-column from 2-2 to 6-6 on a 2D model of 
human atrial tissue under chronic AF conditions. 
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2. Materials and methods 

2.1. Approximate entropy (ApEn) 

The ApEn is a measurement of the complexity and 
irregularity of a signal. The ApEn is a set of 
measurements of system complexity closely related to the 
entropy [8]. 
 
Mathematically ApEn is computed as [8], [9]: 

 
i) ܺே	is a time series with N data points as follow: 
 

ܺே ൌ ሾ ଵܺ, ܺଶ …ܺேሿ                           (1) 
 
ii) ൫ Ԧܺ௜൯	is a vector composed by m points: 
 

൫ Ԧܺ௜൯௠ ൌ ሾ ௜ܺ, ௜ܺାଵ … ௜ܺା௠ିଵሿ,  ൫ Ԧܺ௜൯௠ ∈ ܺே      (2) 

 
iii)  The distance between the vectors ൫ Ԧܺ௜൯ and ൫ Ԧܺ௝൯ is 

calculated as follow: 
 
݀ൣ൫ Ԧܺ௜൯, ൫ Ԧܺ௝൯൧ ൌ 	 max

௞ୀଵ,ଶ…௠
ห൫ Ԧܺ௜ା௞ିଵ൯ െ	൫ Ԧܺ௝ା௞ିଵ൯ห  (3) 

 
iv) ௜ܰ

௠ is the number of ሺ݆ ൌ 1…ܰ െ݉ ൅ 1, ݆ ് ݅ሻ 
that for a given ൫ Ԧܺ௜൯ satisfied ൣ൫ Ԧܺ௜൯, ൫ Ԧܺ௝൯൧ 	൑   where r , ݎ
represents the tolerance parameter. 

 
 v) Estimate the frequency of similar patterns: 
 

௜ܥ
௠ሺݎሻ ൌ 	

ே೔
೘

ேି௠ାଵ
                              (4) 

 
 vi) The average of the natural logarithm of ܥ௜

௠ሺݎሻ is 
computed as follow: 

 

߶௠ሺݎሻ ൌ
ଵ

ேି௠ାଵ
∑ ln ௜ܥ

௠ሺݎሻேି௠ାଵ
௜ୀଵ             (5) 

 
vii) The ApEn is calculated using the equation (6): 
 

,ሺ݉݊ܧ݌ܣ ,ݎ ܰሻ ൌ 	߶௠ሺݎሻ െ ߶௠ାଵሺݎሻ           (6) 
 

2.2. Kalman filter 

The Kalman filter is an adaptive filter technique, 
commonly used in signal denoising and data fusion 
application. Kalman filter algorithm consists in two 
stages: the time update or prediction and the measurement 
update or correction [10].  

The time update consists in predicting ݔො at the stage ݇ 
and the covariance matrix ௞ܲ, as is showed in the 
equation (7) and (8), where ݑ௞ is the control input vector, 
 ௞ is the state transitionܨ ,௞ is the control input matrixܤ

matrix and finally ܳ௞ is the process noise covariance 
matrix [11]. 

 
ො௞ݔ ൌ ො௞ିଵݔ௞ܨ ൅  ௞                          (7)ݑ௞ܤ

 

௞ܲ ൌ ௞ܨ ௞ܲିଵܨ௞
் ൅ ܳ௞                         (8) 

 
The correction stage consists in improving the 

prediction realized in the previous stage, using the 
equations (9) and (10), ܼ௞ represents the measurement, 
 ௞ is the Kalmanܭ ௞ is the transformation matrix andܪ
gain [12]. 

 
ො௞ݔ ൌ ො௞ݔ	 ൅	ܭ௞ሺܼ௞ െ  ො௞ሻ                  (9)ݔ௞ܪ

 
௞ܲ ൌ ௞ܲ െ ௞ܪ௞ܭ ௞ܲ                        (10) 

 
The Kalman gain is calculated as follow: 
 

௞ܭ ൌ 	 ௧ܲܪ௞
்ሺܪ௞ ௞ܲܪ௞

் ൅ ܴ௧ሻିଵ           (11) 
 
The noise measurement is assumed to be zero, that 

means white Gaussian noise and its covariance is ܴ௧. 
 

2.3. 2D model of simulated AF 

The 2D model used in this study is made up of simulated 
atrial human tissue of 6 x 6 cm. On this model a permanent 
AF is simulated where 22500 EGMs were obtained from 
the model through virtual electrodes distributed over the 
surface of the model to a 400 µm distance among them. 
The model provides simple and double potentials of EGMs 
and CFAEs which lasted 5 seconds each one. It allowed 
generate a simulation of the rotor tip location which is 
showed in the Figure 1. 

 

 
 

Figure 1. Simulated atrial human tissue  
 

2.4. Proposed procedure 

According to the Figure 2, the simulated EGM signals 
were added with noise of one real EGM signal and with 
simulated Gaussian White Noise in order to approximate 
the simulated signals to real conditions. In addition, the 
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resolution of the electrode number per area was reduced 
in different proportions according to relationships of 
equidistant reduction rows-column from 2-2 to 6-6 
equivalent to reduction between 75% and 97.2% of the 
total electrodes in the array. The rotor tip location was 
determined applying an ApEn algorithm to noise-free 
simulated electrograms and simulated electrograms with 
NoRE. Then, the EGM signals with NoRE were filtered 
using Kalman filter in order to reduce the noise and once 
again the rotor tip location was assessed using the ApEn 
algorithm. Finally, the performance of the procedure was 
obtained using the Euclidian distant to the real rotor tip 
location. 

 
 

 
 

Figure 2. General proposed procedure 
 
 

3. Results and discussion 

Table 1 shows the error for rotor tip location based on 
the distance in millimeters (mm) between the known rotor 
tip position of 2D model and those predicted by ApEn 
algorithm using different spatial resolutions over noise-
free simulated electrograms, simulated electrograms with 
NoRE and filtered EGM signal with NoRE using Kalman 
Filter. The signal to noise ratio (SNR) of the simulated 
electrograms with NoRE was 16.2 ± 1.1 dB. The error of 
rotor tip location was calculated for the resolution {1-1, 
2-2,…,6-6}, obtaining the mean of error of 0.811 mm for 
the EGM without noise, 28.73 mm for EGM with noise 
and 6.5 mm for the filtered EGM reducing a 77.4% the 
error when the kalman filter was applied. The Figure 3 
shows three different moments: on the left, the rotor tip 
location using ideal EGM, in the second image, the 
results obtained with EGM signals with noise which is 
completely distorted and on the third image the results of 
the rotor tip location using kalman filter, which 

demonstrated a high noise reduction. 
 

Table 1. Spatial resolution and noise effect in rotor tip 
location. 

Reduction 
ERROR 

Free noise [mm] Noise [mm] Filtered [mm] 
1_1 0 31.5 5.9 
2_2 1.26 38.5 5.9 
3_3 0.89 28.8 5.9 
4_4 0.56 38.35 7 
5_5 1.6 6.4 8.4 
6_6 0.56 28.8 5.9 

Mean 0.81 28.73 6.5 

 
 

 
Figure 3. Tip rotor location 

 
4. Conclusion 

In this paper, the noise effect on the EGM signals and 
electrodes resolution for detecting rotor tip analysis was 
carried out by showing that the accuracy on the location 
of the rotor tip, based on approximate entropy algorithm, 
is negatively affected by the electrodes resolution. 

In addition, the noise generated a decreasing of the 
average of accuracy in around 28% regarding to the 
signal without noise, independent of the resolution, 
showing that the approximate entropy algorithm is very 
sensitive to the noise. Nevertheless, when the Kalman 
Filter was applied, the negative effect was attenuated 
increasing the SNR. In spite of this increase, it was 
necessary to improve the SNR for obtaining a major 
location system.  In this sense, applying the extended 
Kalman filter or another nolinear filter is proposed as 
future work and additionally using the IDW (Inverse 
Distance Weighted) technique as a method when the 
resolution is low in order to fill the holes presented in the 
electrodes matrix and to increase the resolution. 
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