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Abstract

The mechanisms that provoke the eventual termination

of some self paroxysmal fibrillation (PAF) episodes still

remain unexplained. The aim of this to discriminate be-

tween between the groups of terminating (T registers) and

non-terminating (N registers) of PAF episodes by using

the ECG. A new technique, called Wavelet Sample En-

tropy (WSE) is proposed. WSE exploits the combination of

wavelet transform properties with regularity measure in-

dexes, as Sample Entropy (SampEn).

Results indicae that terminating episodes present

lower mean values of SampEn than the non-terminating

episodes. These results are consistent with the fact that fib-

rillatory activity become slower and more organized prior

to termination. Both PAF groups were statistically distin-

guishable, given that the statistic significance obtained by

the t-student test equals to 0.001 and 90% of test signals

are correctly classified.

This new method could improve the efficiency of tra-

ditional discrimination techniques, based on time or fre-

quency analysis, and it could be helpful for a better under-

standing of atrial fibrillation mechanisms.

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia

encountered in clinical practice with a prevalence of 0.4%

of the general population and over 6% of people over 80

years old [1]. Nowadays, the physiological mechanisms

that provoke the eventual termination of AF episodes are

still unexplained [2].

AF can be subdivided into different forms, namely 1)

paroxysmal AF, i.e., self-terminating AF within 7 days, 2)

persistent AF in which interventions are required for its

termination, and 3) permanent AF in which sinus rhythm

cannot be restored or maintained. About 18% of parox-

ysmal AF degenerate into permanent AF in 4 years [2].

Therefore, the study of paroxysmal AF is important for

several reasons. Firstly, identification of onset and termi-

nation mechanisms may lead to better pathophysiological

understanding of the arrhythmia and, accordingly, more ef-

fective therapy. Secondly, the prediction of spontaneous

AF termination can avoid unnecessary therapy. In contrast,

the prediction of AF maintenance can help in the use of

appropriate interventions to prevent or manage AF chroni-

fication.

The aim of this work is to investigate the possibility

to predict if and when AF episodes will terminate spon-

taneously, using surface electrocardiogram (ECG) signals,

which are obtained by means of noninvasive techniques. In

order to achieve this goal, a new technique called Wavelet

Sample Entropy (WSE) is proposed. WSE tries to char-

acterize the degree of organization of atrial activity (AA)

during an AF episode. In this technique, firstly, the AA is

obtained with a QRST cancellation technique. Secondly,

the AA is decomposed by Wavelet Transformation (WT)

in different detail and approximation coefficients. Finally,

the Sample Entropy (SampEn) of some time-reconstructed

selected coefficients is calculated, showing that there exist

relevant differences between terminating and non terminat-

ing PAF episodes.

2. Database and methods

2.1. Datasets

PhysioNet provides free access to 50 one minute elec-

trocardiogram recordings extracted from 24-hour holter

recordings from 50 different patients, which are avail-

able through PhysioBank [3]. This database includes non-

terminating AF (group N), which were observed to con-

tinue for at least one hour following the end of the excerpt,

and AF terminating immediately after the end of the ex-

tracted segment (group T). Ten labeled recordings of each

group were supplied as a learning set. The remaining 30

recordings were used as the test set.

In order to facilitate the study, an extraction of QRST

complexes from ECG signals has been realized, obtaining

an approximation of the AA signals. Many QRST cancel-

lation techniques exist, but the mean QRST cancellation
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technique has been used, since only two leads were avail-

able. For QRS detection, the point of maximum negative

slope is chosen as the fiducial point. An adaptive average

beat is calculated and a template of time-sliding average

beats is generated and subtracted from the original ECG

signal [4, 5].

2.2. Methods

2.2.1. Wavelet transform principles

The contribution of the wavelet analysis to the non-

invasive electrocardiography has increased in the last

years. ECG compression [6], ECG pattern recognition [7],

heart rate variability [8] and noise and interferences reduc-

tion [9] are some examples of this contribution.

To summarize, the Wavelet analysis transforms the sig-

nal under investigation into another one that includes both

frequency and time domain information. The signal is de-

composed in basic blocks, called detail and approximation

coefficients, corresponding to different frequency bands. A

detailed description of wavelet theory can be found in [10].

2.2.2. Entropy

Entropy provides a complexity measure of a time se-

ries, such as discretized biological signal [11]. Examples

are approximate entropy (ApEn) [12] and its modification,

sample entropy (SampEn) [13]. ApEn provides a measure

of signal regularity i.e., the presence of similar patterns in

the time series, and assigns a nonnegative number to a time

series, with larger values corresponding to more complex-

ity or irregularity in the data.

Formally, given N data points from a time series

fx(n)g = x(1); x(2); : : : ; x(N), the algorithm forms m-

vectors X(1); : : : ; X(N � m + 1) defined by: X(i) =
[x(i); x(i+1); : : : ; x(i+m�1)]; i = 1; : : : ; N�m+1. For

a givenX(i) count the number of j (j = 1; : : : ; N�m+1)

so that d[X(i); X(j)] � r, denoted as Nm(i), and being

d[X(i); X(j)] = maxk=1;2;:::;m jx(i+k�1)�x(j+k�
1)j. Then, for i = 1; : : : ; N �m+ 1

Cmr (i) = Nm(i)
N�m+1 (1)

Cmr (i) measures, within a tolerance r, the frequency of

patterns similar to given one of window length m. ApEn

is defined as

ApEn(m; r;N) = �m(r)� �m+1(r) (2)

where

�m(r) = 1N�m+1
PN�m+1

i=1 lnCmr (i) (3)

In some cases, ApEn lacks of consistency. For exam-

ple, its computation in irregular time series is affected by

a bias, which may cause an overestimate of the entropy

value, mostly when r values are very small. A modifica-

tion of the ApEn algorithm is SampEn, which removes the

deficiencies reported here. The differences with respect to

ApEn are: 1) self-matches are not counted; 2) only the first

N �m vectors of length m are considered; and 3) the con-

ditional probabilities are not estimated in a template man-

ner. Thus, the probability measure is computed directly as

the logarithm of conditional probability instead of the ratio

of the logarithmic sums [13].

2.2.3. Wavelet Sample Entropy

In order to reduce the noise and to improve the signal-

to-nose ratio in the AA signal [14], a seven levels wavelet

decomposition was applied to the data, using ”bior6.8” as

wavelet family. As the fundamental frequency of AA sig-

nal is included between 4 and 10 Hz [4], the frequency

sub-band of interest corresponds to detail coefficients 5, 6

or 7 (sampling frequency is 1000 Hz).

The whole process applied to each ECG recording is the

following. Firstly, the AA is obtained with a QRST can-

cellation technique. Secondly, this AA is decomposed us-

ing WT in different detail and approximation coefficients.

The power spectrum of AA is calculated using the Fast

Fourier Transform (FFT) and its fundamental frequency is

extracted. The frequency band containing that fundamen-

tal frequency is reconstructed back to the time-domain.

SampEn of this time reconstructed signal is calculated,

showing relevant differences between both PAF groups.

The complete process is shown in Fig. 1.

In this study SampEn was estimated using the widely es-

tablished parameter values of m = 2, and r = 0:25�, be-

ing � the standard deviation of the original data sequence,

as suggested by Pincus [12].

A similar methodology has been used in the analysis of

electroencephalograms (ECG) in previous studies, obtain-

ing a successful results [14, 15, 16]. However, this work

shows the first satisfactory results over the nonlinear anal-

ysis of AF using surface ECG [17].

3. Results

3.1. Learning set

Applying WSE to the CinC/Physionet Challenge 2004

proposed training set, a 90% sensitivity and a 90% speci-

ficity were obtained, see Fig. 2. The ROC curve allows

to fix the optimum threshold of SampEn (Th=0.09165) to

discriminate between the groups of terminating and non-

terminating PAF episodes.

Fig. 3 shows the SampEn values for the 20 learning

signals, and the mean and standard deviation values for

each group. It can be observed that 9 out of 10 signals
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Figure 1. Wavelet Sample Entropy.

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1-Specificity

S
e
n
s
it
iv

it
y

Figure 2. Receiver Operating Characteristic Curve.

from each group can be discriminated. In addition, the

terminating episodes present lower mean values of Sam-

pEn (0.0868�0.0062) than the non-terminating episodes

(0.0975�0.0051). Indeed, both PAF groups are statisti-

cally distinguishable, given that the statistic significance

obtained by the t-student test equals to 0.001. Moreover,

these results agree with the fact that fibrillatory activity

slows and organizes prior to termination, as it has been

reported in previous works [4, 18].
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Figure 3. WSE applied learning signals.

3.2. Test set

With WSE and the threshold obtained with the training

signals, 27 out of 30 test signals were correctly classified,

see Fig. 4. These results corroborate the conclusions ob-

tained with the learning set of signals. However, it can be

observed that SampEn values are very low, because of the

AA signals are very regulars, see Fig. 5.
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Figure 4. WSE applied test signals. The black marks are

the signals non-correct identified.

These results are similar to the presented skills in Chal-

lenge 2004 [19], therefore a combination of WSE and

the frequency-based methodology may provide a more ro-

bust and reliable method to discriminate between T and N

group of signals.

4. Conclusions

In this work a novel technique, WSE, that predicts the

termination of PAF episodes, has been presented. WSE

is based on the measurement of atrial activity regularity,

which is obtained by means of non-linear methods, as sam-

ple entropy. In addition, wavelet transform allows to iso-
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late certain time frequency characteristics in limited de-

composition coefficients which permits to see changes in

the regularity of the AA signal, that would be left masked

in other cases. Moreover, WT is able to increase the SNR

in AA signal, thus more satisfactory results than in other

studies are obtained. Results show that this new method

could improve the efficiency of classical techniques of dis-

crimination based on frequency analysis and could help to

gain some additional knowledge in atrial fibrillation mech-

anisms.

An important conclusion derived from this study is that

it is possible to determine if AF will terminate with good

accuracy (90%). The prediction of AF termination is based

on the analysis of the AA signal, that confirms the initial

hypothesis that any useful information about the mecha-

nisms that cause AF should be extracted from atrial fibril-

latory wave. Moreover, it is possible to extract information

of important clinical use by means of noninvasive tech-

niques, such as the ECG analysis, which may lead towards

the development of improved therapeutic interventions for

the treatment of AF.

5.5 5.6 5.7 5.8 5.9 6

-10

0

10
20

Time (s)

Figure 5. Time Wavelet reconstruction of selected band

frequency.

Acknowledgements

This work was partly funded by several research grants

from Junta de Comunidades de Castilla-La Mancha (Ref:

PAC-05-008-1) and Consellerı́a de Empresa Universidad

y Ciencia de la Generalitat Valenciana (Ref: GV06/299).

References

[1] Fuster V, Ryden LE, Asinger RW, et al. ACC/AHA/ESC

guidelines for the management of patients with atrial fib-

rillation. Journal of the American College of Cardiology

2001;38(4):1266i–1266lxx.

[2] Kneller J, Kalifa J, Zou RQ, Zaitsev AV, Warren M, Beren-

feld O, Vigmond EJ, Leon LJ, Nattel S, Jalife J. Mecha-

nisms of atrial fibrillation termination by pure sodium chan-

nel blockade in an ionically-realistic mathematical model.

Circulation Research 2005;96(5):E35–E47.

[3] Goldberger AL, Amaral LAN, Glass L, Hausdorff JM,

Ivanov PC, Mark RG, Mietus JE, Moody GB, Peng

CK, Stanley HE. PhysioBank, PhysioToolkit, and Phy-

sioNet: Components of a new research resource for

complex physiologic signals. Circulation 2000 (June

13);101(23):e215–e220. Circulation Electronic Pages:

http://circ.ahajournals.org/cgi/content/full/101/23/e215.

[4] Bollmann A, Husser D, Mainardi L, Lombardi F, Langley P,

Murray A, Rieta JJ, Millet J, Olsson SB, Stridh M, Sornmo

L. Analysis of surface electrocardiograms in atrial fibril-

lation: Techniques, research and clinical applications. Eu-

ropace in press 2006;.

[5] Slocum J, Sahakian A, Swiryn S. Diagnosis of atrial-

fibrillation from surface electrocardiograms based on

computer-detected atrial activity. Journal of Electrocardi-

ology 1992;25(1):1–8.

[6] Rajoub BA. An efficient algorithm for the compression

of ECG signals using the wavelet transforms. IEEE Trans

Biomed Eng 2002;49(4):355–362.

[7] Martinez JP, Almeida R, Olmos S, Rocha AP, Laguna P.

A wavelet-based ECG delineator: Evaluation on standard

databases. IEEE Trans Biomed Eng 2004;51(4):570–581.

[8] Wiklund U, Akay M, Niklasson U. Short-term analysis of

heart rate variability by adapted wavelet transforms. IEEE

Eng Med Biol 1997;16:113–118.

[9] H. Inoue AM. A noise reduction method for ECG signals

using the dyadic wavelet transform. IEICE Transactions

on Fundamentals of Electronics Communications and Com-

puter Sciences 1998;E81A:1001–1007.

[10] Addison PS. The Illustrated Wavelet Transform Handbook.

1st edition. Taylor & Francis, 2001.

[11] Ferrari M, Signorini MG, Mavenes G, Cerutti S. Compar-

ison of entropy based regularity estimators: Application to

the fetal heart rate signal for the identification of fetal dis-

tress. IEEE Trans Biomed Eng 2006;53(1):119–125.

[12] Pincus SM. Approximate entropy (apen) as complexity

measure. Chaos 1995;5(1):110–117.

[13] Richmann JS, Moorman JR. Physiological time-series anal-

ysis using approximate entropy and sample entropy. Am J

Physiol Heart Circ Physiol 2000;278:2039–2049.

[14] Rosso OA, Martin MT, Plastino A. Evidence of self-

organization in brain electrical activity using wavelet-based

information tools. Physica A Statistical and Theorical

Physics 2005;347:444–464.

[15] Al-Nashash HA, Thakor NV. Monitoring of global cerebral

ischemia using wavelet entropy rate of change. IEEE Trans

Biomed Eng 2006;52(12):2119–2122.

[16] Hornero R, Abasolo D, Jimeno N, Sanchez CI, Poza J,

Aboy M. Variability, regularity and complexity of time se-

ries generated by schizophrenic patients and control sub-

jects. IEEE Trans Biomed Eng 2006;53(2):210–218.

[17] Nilson F, Stridh M, Bollmann A, Sörnmo L. Predicting

spontaneous termination of atrial fibrillation using the sur-

face ECG. Medical Engineering Physics 2006;28:802–808.

[18] Mora C, Castells F, Ruiz R, Rieta JJ, Millet J, Sanchez C,

Morell S. Prediction of spontaneous termination of atrial

fibrillation using time frequency analysis of the atrial fibril-

latory wave. In Computers in Cardiology, volume 31. Los

Alamitos, CA: IEEE, 2004; 109–112.

[19] Petrutiu S, Sahakian AV, Ng J, Swiryn S. Analysis of the

surface electrocardiogram to predict termination of atrial

fibrillation: the 2004 computers in cardiology/physionet

challenge. Computers in Cardiology 2004;105 – 108.

600


