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Abstract 

Atrial fibrillation (AF) is an abnormal heart rhythm 
originated in the top chambers of the heart. The goal of 
pulmonary vein ablation for AF is regaining a normal 
heart rhythm; nevertheless restoration sinus rhythm is 
difficult to prognostic. Frequency spectrum was 
calculated from electrical activity registered along all the 
atria. We investigate whether there were differences 
between atrial electrical activity spectrum from both atria 
in recurrent and non-recurrent AF groups. The database 
includes intracardiac recordings from 43 paroxysmal and 
persistent AF patients submitted to an ablation 
procedure. All patients were monitored after ablation, 
and were divided in 2 groups according to AF recurrence 
outcome: 26 of them remained in sinus rhythm, whereas 
the other 17 turned back to AF. Results showed a 
stronger correlation between atrial activity frequency 
spectrum from dipoles located in the left atrium and in 
the right atrium in the non-recurrent group than in the 
recurrent AF group. In addition, statistical significant 
differences were found between atrial activity frequency 
spectrum correlation between dipoles located in the left 
and right atria in the non-recurrent and recurrent AF 
groups. These findings show the more regular atrial 
activity along the atria in the patients with non-
recurrences in AF. 

1. Introduction

Atrial fibrillation (AF) is the commonest sustained 
arrhythmia encountered in clinical practice [1].  AF 
management is one of the most difficult among cardiac 
arrhythmias [2]. The observation that ectopic beats 
originating from the pulmonary veins could act as triggers 
for the initiation of AF opened up the possibility of 
curative treatment by catheter ablation [3]. The potential 

for curative treatment, with its association with 
significant morbidity and mortality, has generated much 
interest catheter ablation for AF [4]. Nevertheless, 
radiofrequency ablation has currently an important role 
for sinus rhythm restoration [5,6]. Pulmonary vein 
ablation procedure consists of generating electrical 
barriers in muscle fibers that extend from the left atrium 
into the pulmonary veins by altering the tissue properties 
in the vicinity of the ablating catheter tip [6]. Although, 
the energy is applied around the connections of the 
pulmonary veins to the left atrium, frequently, other areas 
involved in triggering or maintaining AF are also targeted 
[7]. As an alternative, studies published several years ago 
as it has been in recent prospective randomized trials and 
entailed a much lower risk of complications than what 
was seen in a similar meta-analysis of antiarrhythmic 
drug trials, according to researchers who ran the numbers 
on both treatment approaches [8]. 

Nevertheless, although success rates of sinus rhythm 
restoration after pulmonary vein ablation are promising, 
long-term results are not that satisfactory. In fact, AF 
recurrence rates after ablation procedure are with still 
high and underestimated [9-11].  

Current AF guidelines recommend an initial 3-months 
follow-up [11]. During this time, in case of early AF 
recurrence, the initially paroxysmal AF may evolve 
towards persistent AF, as AF episodes may become more 
frequent and longer. Therefore, the identification of 
subjects at high risk of AF recurrence would have 
important clinical implications.  

The main goal of this paper is to provide some 
parameters related to AF recurrence from the signal 
analysis of the electrograms in frequency domain. The 
main objective of spectral analysis is to provide an 
estimate of the distribution of atrial signal power at 
different frequencies. Spectral analysis and correlation 
techniques are an aid to the interpretation of signals and 
to the systems that generate them and this technique has 
applied to analyze AF previously [12].  
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This analysis has been applied to intracardiac AF 
recordings to assess if there is difference between atrial 
activity frequency spectrum correlation measurements of 
signals from both left and right atria (LA and RA, 
respectively) in recurrent and non-recurrent AF groups. 
 
2. Materials 

Intracardiac recordings during AF before ablation 
procedure and during the anaesthetic effect, were taken 
from 43 AF patients (9 paroxysmal AF and 13 persistent 
AF) submitted to an ablation procedure. The main age 
was 50±14  years, 68%  male, and mean left atrial size 
was 43.1±7.4 mm. A 24-pole catheter (Orbiter, Bard 
Electrophysiology, 2-9-2 mm electrode spacing) was 
inserted through the femoral vein and positioned in the 
right atrium (RA) with the distal dipoles into the coronary 
sinus (CS) to record left atrial (LA) electrical activity as 
well. The medium and proximal group of electrodes were 
located spanning the RA free-wall peritricuspid area, 
from the coronary sinus ostium to the upper part of the 
interatrial region. Using this catheter, 12 bipolar 
intracardiac electrograms from the RA (dipoles from 14-
15 to 23-24) and LA (dipoles 1-2, 3-4 and 5-6), were 
digitally recorded at 1 kHz sampling rate (16 bit A/D 
conversion; Polygraph Prucka Cardio-Lab, General 
Electric). Thirty to 60 seconds recordings from 
paroxysmal and persistent AF patients were analysed and 
compared. Four of these electrodes were located at the 
RA and 4 more at the LA were analyzed. All patients 
were monitored after ablation, and were divided in 2 
groups according to AF recurrence outcome: 17 of them 
remained in sinus rhythm, whereas the other 26 turned 
back to AF. 

 
3. Methods 

The concept of the correlation coefficient, as a measure 
of the strength of linear relationship between two 
variables can be extended to signal analysis and in 
particular to signal spectrum analysis with the definition 
of the cross-correlation function (CCF). In this work 
spectrum correlation has been employed to measure the 
degree to which atrial activity in each chamber is related. 

Initially, electrograms were preprocessed according to 
the steps proposed by Botteron, the properties of this 
preprocessing approach are described in [25]. After the 
preprocessing step, a modified periodogram introduced 
by Welch consisting of the multiplication of xn by a 
window shape, before computing the individual spectral 
sample was applied. The application of a window justifies 
overlapping adjacent segments of data by a much as 50%. 
For a signal with a total duration of N samples, the 
combination of overlapping with segmentation can be 
lead to a further reduction of spectral variance.  In this 

case we applied a hamming window of 4096 samples 
with 50% of overlapping. 

Cross spectrum of xn and yn can be defined as the 
product of the magnitude of the complex cross-power 
spectrum of signals registered from two close dipoles 
located in the LA or in the RA, x(t) and y(t) respectively, 
normalized to the product of the auto-power spectra of 
those two signals X(f) and Y(f), respectively. This can be 
expressed as: Cxy(f)=X(f)· Y(f)    

The cross-power spectrum ranges in value from 0, if 
the two signals are uncorrelated noise sources, to unity 
for two linearly-related signals. Thus it should be 
expected to have higher values in the coherence spectra of 
rhythms, which are well-organized than those which are 
relatively disorganized. 

In addition, it is possible to extract another parameter 
from this analysis, it is the delay between maximum cros-
correlation spectrum. The amplitude spectrum reflects the 
signal power at different frequencies. Then a cross-
correlation value of approximately 1 corresponds to a 
time delay near zero, reflecting similar temporal patterns 
between the two measurements. Nevertheless, if the peak 
of the maximum cross-correlation has a delay, it reflects 
the different location in of these peaks. 

 
4. Results 

Results were inspected in both chambers to compare 
the patients that had recurrence in the arrhythmia with 
those that were in sinus rhythm.  

 
4.1.  Left atrium vs. right atrium results 

Cross-correlation spectrum along dipoles located in the 
RA (dipole 21-22) and in the LA (dipole 5-6), with 
differences in maximum of cross-correlation of 0.91±0.05 
in the AF non-recurrent group vs. 0.87±0.07 in the AF 
recurrent group, with a statistical difference (p=0.04) 
(Figure 1). These results were represented by a ROC 
curve (Figure 2), where cross-correlation showed an area 
under curve (AUC=0.69) with asymptotic signification 
(p=0.04) between both groups. 

In addition, it was observed differences in the delays 
between maximum cross-correlation between both 
groups, whereas this frequency delay was 0.25 ±0.22 Hz 
in the non-recurrent AF groups vs. 0.44± 0.37 Hz in the 
recurrent AF group with a statistical significant difference 
of 0.032.  

 
4.2. Left atrium results 

Results showed statistical significant differences in two 
leads located in the LA spectrum correlation between 
both groups.     
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Figure 1. Cross-correlation spectrum from leads located 
in the RA and in the LA.  

 
Figure 2. ROC in recurrent and non recurrent AF groups 
from the correlation of a dipole located in the LA with 
another located in the RA. 
 
 
 

Indeed, both groups are statistically distinguishable, 
given that the statistic significance obtained by the t-
student test of 0.016, with 0.96±0.03 in the non-recurrent 
AF group vs. 0.92±0.05 in the recurrent AF group. In 
addition it was  (Figure 3).  
	
4.3. Right atrium results 

Results showed statistical significant differences in 
spectrum correlation between two leads located in the RA 
between both groups.  

	

Figure 3. LA dipoles cross-correlation spectrum.  
 

Cross correlation spectrum between two leads along 
RA was 0.96±0.03 in the non-recurrent group vs. 
0.92±0.05 in the recurrent AF group, with a statistical 
significant difference of p=0.016. In Figure 4 is 
represented.   
	

 
Figure 4. Cross-correlation spectrum from dipoles located 
in the RA.  
 
4.4. Frequency results 

Dominant frequencies from signals located in both 
atria were calculated.   

The results obtained from signals power spectrum 
located in the RA showed differences not statistical 
significant  (p=0.09) with 5.75±0.78 Hz in the non-
recurrent AF group compared with 6.23±1.12 Hz in the 
patients with recurrences in the arrhythmia. In addition, 
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the differences obtained in the LA were not statistical 
significant (p=0.56) with very close values in both 
groups, 5.70±0.73 Hz vs. 5.85±0.95 Hz in the non-
recurrent and recurrent AF groups, respectively. 

  
 
5.  Conclusions 

Ablation is a curative treatment for AF, but has its 
limitations, including failure rates and recurrences [14]. 

The search for predictors of AF ablation success and 
AF recurrence is currently of high clinical interest. Just to 
mention few recent works, the dominant atrial frequency 
has been reported to play a role as a predictor of AF 
ablation outcome [15].  

 Results described provide some predictive information 
regarding the recurrence outcome after 3-months follow-
up. Although these results are rather complex and not 
easy to interpret, it can be inferred that patients that 
remained in sinus rhythm presented different cross-
correlation spectrum values than those who turned back 
to AF.  

The amplitude spectra reflects the signal power at 
different frequencies, these spectral distribution was 
calculated from signals registered in dipoles located in the 
LA and RA. Indeed, patients within the recurrent AF 
group showed higher differences between signals 
spectrum from dipoles located in both atria, i.e. the atrial 
activation in this group was more disorganized than in the 
patients that maintenance sinus rhythm. This means, in 
turn, that patients with a more irregular frequency content 
of atrial activity have a higher risk to AF recurrence. 
These differences can be observed from the signals 
spectrum and the correlation between spectrums can be 
helpful to extract this information. 

These findings show the more regular atrial activity 
along the atria in the patients with non recurrences in AF 
and lower main frequency in right atria compared with 
recurrent AF group. 
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