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Abstract

In the present work, three methods based on the Sam-

ple Entropy (SampEn) non-invasive organization estima-

tion of atrial fibrillation (AF) to predict its spontaneous

termination are compared making use of the same patient’s

database. In the first strategy, the atrial activity (AA)

is obtained through QRST cancellation. Next, the main

atrial wave (MAW) of the AA is obtained by selective fil-

tering centered on the dominant atrial frequency (DAF),

thus yielding the time series for SampEn computation. In

the second strategy, an equivalent wave to the MAW is

obtained by applying seven levels of discrete wavelet de-

composition to the AA. The sub-band containing the DAF

is reconstructed back to time domain and evaluated with

SampEn. In the last strategy, the time series is obtained

as the concatenation of TQ segments, free of QRST com-

plexes. The three methods were validated with a database

containing a training set of 20 AF recordings, with known

termination properties, and a test set of 30 recordings.

For the learning set, sensitivity values were 100%, 80%,

and 80% and specificity values were 90%, 90%, 100% for

the methods based on selective filtering, wavelet transform

and concatenation of TQ segments, respectively. Regard-

ing the test signals, a sensitivity of 93.75% and a specificity

of 85.71% were provided for the three methods. These co-

herent outcomes allowed us to conclude that the three tech-

niques can estimate robustly AF organization and predict

successfully paroxysmal AF termination.

1. Introduction

Atrial fibrillation (AF) is the most common cardiac ar-

rhythmia, affecting 1% of the general population [1]. Con-

sidering its prevalence with age [2], this arrhythmia affects

up to 15% of the population older than 80 and has an inci-

dence that doubles with each advancing decade after 40/50

years. Paroxysmal (spontaneously terminated) AF (PAF)

is, by evidence, antecedent to persistent AF, which requires

a pharmacological or external electrical intervention (car-

dioversion) to allow its termination [3]. Persistent AF pa-

tients present a high risk of embolic accidents [4] and about

18% of paroxysmal AF degenerate into persistent AF in

less than 4 years [5]. Therefore, the early prediction of AF

maintenance is crucial, because appropriate interventions

may terminate the arrhythmia and prevent AF chronifica-

tion. In contrast, the prediction of spontaneous AF termi-

nation could avoid unnecessary therapy, reduce the associ-

ated clinical costs and improve the patient’s quality of life.

To date, several methods to predict spontaneous PAF

termination from surface ECG recordings have been pro-

posed. Three of them are based on the Sample En-

tropy (SampEn) non-invasive organization estimation of

AF [6–8]. However, each one of them uses different sig-

nal transformations to generate the final time series over

which SampEn is applied. The present work compares

these strategies making use of the same patient’s database.

2. Materials

The used database contained 50 one minute and two

leads (II and V1) electrocardiogram (ECG) recordings,

which were available in Physionet [9]. They were ex-

tracted from 24-hour Holter recordings from 50 differ-

ent patients. The database included non-terminating AF

episodes (group N), which were observed to continue in

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

and AF episodes terminating immediately after the end of

the extracted segment (group T). Recordings were divided

into a learning and a test set. Next, 10 labelled record-

ings of each group formed the learning set. For each an-

alyzed strategy, an optimal threshold, which should allow

to discern between terminating and non-terminating PAF

episodes, was defined making use of the learning set. Fi-

nally, the test set was composed with the remaining 30

recordings.

These ECG recordings were preprocessed to improve

later analysis. Firstly, baseline wander was removed mak-

ing use of bidirectional high pass filtering with 0.5 Hz cut-

off frequency [10]. Secondly, high frequency noise was re-

duced with a eight-order bidirectional IIR Chebyshev low
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pass filtering, whose cut-off frequency was 70 Hz. Finally,

powerline interference was removed through adaptive fil-

tering, which preserves the ECG spectral information [11].

3. Methods

3.1. Selective Filtering Organization (SFO)

The main goal of this strategy was to obtain the main

atrial wave (MAW) of the AA [6]. This wave can be con-

sidered as the fundamental waveform associated to the AA,

its wavelength being the inverse of the AA main frequency

[12]. For this purpose, AA was firstly extracted from sur-

face ECG recordings making use of the averaged QRST

template cancellation method [13], see Fig. 1. Next, the

residual signal power spectral density (PSD) was calcu-

lated using Welch Periodogram. A Hamming window of

4096 points in length, a 50% overlapping between adja-

cent windowed sections and a 8192–points Fast Fourier

Transform (FFT) were used as computational parameters

as suggested by previous works [14]. The largest ampli-

tude frequency within the 3–9 Hz range was selected as

the dominant atrial frequency [12] and the MAW was ob-

tained by applying a selective filtering to the AA signal

centered around this frequency [6]. Through these steps,

the noise present in the AA was considerably reduced and

the AA main features were selected. Finally, SampEn of

the MAW was computed and compared with a threshold

to discriminate between terminating and non-terminating

PAF episodes.

To prevent distortion, a linear phase FIR filter was

used [15]. Chebyshev approximation was preferred be-

cause all the filter parameters can be suitably fitted and

minimum ripple in the pass and stop bands was needed.

Several experiments showed that the best results were ob-

tained with a 3 Hz bandwidth and 768 filter coefficients [6].

3.2. Wavelet Organization (WTO)

Wavelet analysis transforms the signal under investiga-

tion into another one including both frequency and time

domain information. Hence, the Wavelet Transform (WT)

allows to isolate certain time-frequency characteristics of a

signal in limited decomposition coefficients [16]. This fact

permits to observe regularity variations in the AA signal,

that would be left masked in other cases [17]. Thereby, a

new methodology based on WT to reduce noise and able

to select the main features of the AA signal obtained from

surface ECG recordings has been also proposed [8]. In

this case, the AA was also obtained making use of the

averaged QRST template cancellation method [13], see

Fig. 1. Next, this signal was decomposed using discrete

WT in different detail and approximation coefficients, and

only the frequency band containing the dominant atrial fre-

quency, which was obtained from the AA PSD calculated

using Welch Periodogram as for SFO, was reconstructed

back to the time domain. Finally, SampEn of this sig-

nal was calculated and compared with a SampEn thresh-

old, showing relevant differences between terminating and

non-terminating AF episodes.

Regarding wavelet decomposition parameters, seven

levels were applied, since approximation and low fre-

quency detail scales can cover the typical AA frequency

range, which is around 3–9 Hz [18]. In addition, a fourth-

order biorthogonal wavelet family was used, because it

provided the best classification results [8].

3.3. TQ Intervals Organization (TQO)

Organization analysis of TQ segments, free of QRST

complexes, has been also performed with SampEn to

predict PAF behavior [7], thus, reducing the ventricu-

lar residua effect on the prediction. In this method, all

R waves were firstly detected making use of the Pan-

Tompkins technique [19], see Fig. 1. Next, the Q waves

onset was determined through an algorithm that exploits

the relatively quiescent interval immediately before ven-

tricular depolarization [20]. Within a 120 ms interval be-

fore the R peak, the point at which the amplitude range,

within a 30 ms sliding window, fell to its minimum was

selected as Q onset [21]. The computation of an indicator

related to the area covered by the T wave was used to de-

termine T waves ending. The maximum of the computed

indicator inside each cardiac cycle was the T wave ending.

The algorithm mainly consisted of an integration operator

over a sliding window and was implemented as a simple fi-

nite impulse response (FIR) filter [22]. For each heartbeat,

the segment between T wave ending and Q wave onset was

extracted and its average value was removed. The elimina-

tion of sudden transitions between TQ segments is crucial.

These transitions occur after the heartbeat and provoke

artificial frequency components near to the original ven-

tricular rate, thus degrading AA organization estimation.

To avoid sudden transitions when the TQ segments were

consecutively joined, these segments were multiplied by a

softened extremes window, whose amplitude increases lin-

early from 0 to 1 during the first 10% of its length, is main-

tained to 1 during the next 80%, and finally decreases lin-

early from 1 to 0 during the last 10%. Finally, a 10% over-

lapping allowed us to obtain soft unions between consec-

utively joined segments. Thus, a continuous signal, which

offers the main AA characteristics such as amplitude, reg-

ularity and time waveform, was obtained [7]. Finally, the

signal organization was estimated making use of SampEn

and compared with a SampEn threshold to discern between

terminating and non-terminating PAF episodes.
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Figure 1. Block diagrams describing how the three methods compared in the study operate to classify between terminating

and non-terminating atrial fibrillation episodes.

4. Results

The optimum SampEn threshold for each analyzed

methodology was selected from the training set to im-

prove the sensitivity/specificity pair according to the ROC

plots [23]. Different thresholds or cutoff points (SampEn

values) were selected and the sensitivity/specificity pair for

each one of them were calculated. Sensitivity (the true

positive rate) is the non-terminating episodes proportion

correctly classified (SampEn value higher than the cut-

off point), whereas specificity (the true negative rate) rep-

resents the terminating AF episodes percentage correctly

recognized (SampEn value lower than the cutoff point).

The closest point to 100% sensitivity and specificity was

selected as optimum SampEn threshold.

The three methodologies were applied to the learning

signals obtaining 100% sensitivity and 90% specificity

for SFO, 80% sensitivity and 90% specificity for WTO

and 80% sensitivity and 100% specificity for TQO, re-

spectively. For the three strategies, ROC curves obtained

with the learning set provided 0.085, 0.089 and 0.265, re-

spectively, as optimum SampEn discrimination thresholds

between terminating and non-terminating PAF episodes.

Note that 95% (19 out of 20), 85% (17 out of 20) and 90%

(18 out of 20), respectively, of the learning recordings were

correctly discriminated.

Regarding the test set, the same three recordings

were incorrectly classified by the three studied strategies,

thereby, the obtained results consistency was increased.

Consequently, 90% (27 out of 30) of the test signals

were correctly classified, obtaining 93.75% sensitivity and

85.71% specificity. Therefore, PAF behavior of 92% (46

out of 50), 88% (44 out of 50) and 90% (45 out of 50) of all

analyzed episodes was correctly predicted for SFO, WTO

and TQO, respectively.

5. Discussion and conclusions

The three analyzed methods focus on reducing the pres-

ence of noise, ventricular residua and other nuisance in-

terferences in the AA signal prior to SampEn application

as estimator of AF organization. To this respect, in or-

der to avoid the ventricular residua present in the AA sig-

nal obtained from surface ECG recordings making use of

QRST cancellation methods [24], the organization of AA

segments free of QRST complexes with SampEn was pro-

posed and analyzed [7]. However, because of TQO method

could obtain negative outcomes when TQ interval are van-

ished at very high heart rates [7], WTO and SFO strategies

were proposed to reduce noise and ventricular residua in

the AA signal obtained with ventricular cancellation meth-

ods [6, 8].

Nevertheless, the similarity among the results obtained

with the three methods increases their consistency, and al-

lows us to conclude that the three techniques can estimate

robustly AF organization and predict successfully parox-

ysmal AF termination. Additionally, the outcomes corrob-

orate that a suitable noise reduction in the AA signal prior

to its organization estimation via non-linear regularity in-

dexes is necessary to predict successfully PAF termination.

However, the best predictive ability was obtained

through the MAW organization analysis. Thereby, it could

be considered that the MAW contains the most important

information about spontaneous PAF termination and lower

noise than the AA obtained directly from QRST cancel-

lation. Thus, an in-deep MAW analysis should improve

understanding of PAF termination mechanisms.
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References

[1] Kannel WB, Abbott RD, Savage DD, McNamara PM. Epi-

demiologic features of chronic atrial fibrillation: the Fram-

ingham study. N Engl J Med Apr 1982;306(17):1018–1022.

[2] Furberg CD, Psaty BM, Manolio TA, Gardin JM, Smith VE,

Rautaharju PM. Prevalence of atrial fibrillation in elderly

subjects (the Cardiovascular Health Study). Am J Cardiol

Aug 1994;74(3):236–241.

[3] Fuster V, Rydén LE, Cannom DS, Crijns HJ, Curtis AB,

et al. ACC/AHA/ESC 2006 guidelines for the manage-

ment of patients with atrial fibrillation: A report of the

American College of Cardiology/American Heart Associ-

ation Task Force on practice guidelines and the European

Society of Cardiology Committee for practice guidelines

(writing committee to revise the 2001 guidelines for the

management of patients with atrial fibrillation): developed

in collaboration with the european heart rhythm associa-

tion and the heart rhythm society. Circulation Aug 2006;

114(7):e257–e354.

[4] Blomstrom-Lundqvist C, Scheinman MM, Aliot EM,

Alpert JS, et. al. ACC/AHA/ESC guidelines for the man-

agement of patients with supraventricular arrhythmias. Eu-

ropean Heart Journal 2003;24(20):1857–1897.

[5] Al-Khatib SM, Wilkinson WE, Sanders LL, McCarthy EA,

Pritchett EL. Observations on the transition from intermit-

tent to permanent atrial fibrillation. Am Heart J Jul 2000;

140(1):142–145.

[6] Alcaraz R, Rieta JJ. Sample entropy of the main

atrial wave predicts spontaneous termination of parox-

ysmal atrial fibrillation. Med Eng Phys 2009;doi:

10.1016/j.medengphy.2009.05.002.

[7] Alcaraz R, Rieta JJ. A novel application of sam-

ple entropy to the electrocardiogram of atrial fibrilla-

tion. Nonlinear Analysis Real World Applications 2009;

doi:10.1016/j.nonrwa.2009.01.047.

[8] Alcaraz R, Rieta JJ. Wavelet bidomain sample entropy anal-

ysis to predict spontaneous termination of atrial fibrillation.

Physiol Meas Jan 2008;29(1):65–80.

[9] Goldberger AL, Amaral LA, Glass L, Hausdorff JM, Ivanov

PC, Mark RG, Mietus JE, Moody GB, Peng CK, Stanley

HE. Physiobank, physiotoolkit, and physionet: components

of a new research resource for complex physiologic signals.

Circulation Jun 2000;101(23):E215–E220.

[10] Dotsinsky I, Stoyanov T. Optimization of bi-directional dig-

ital filtering for drift suppression in electrocardiogram sig-

nals. J Med Eng Technol 2004;28(4):178–180.

[11] Ferdjallah M, Barr RE. Adaptive digital notch filter design

on the unit circle for the removal of powerline noise from

biomedical signals. IEEE Trans Biomed Eng Jun 1994;

41(6):529–536.

[12] Holm M, Pehrson S, Ingemansson M, Sörnmo L, Johansson

R, Sandhall L, Sunemark M, Smideberg B, Olsson C, Ols-

son SB. Non-invasive assessment of the atrial cycle length

during atrial fibrillation in man: Introducing, validating and

illustrating a new ECG method. Cardiovasc Res Apr 1998;

38(1):69–81.

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

lation from surface electrocardiograms based on computer-

detected atrial activity. J Electrocardiol Jan 1992;25(1):1–8.

[14] Rieta JJ, Castells F, Sánchez C, Zarzoso V, Millet J. Atrial

activity extraction for atrial fibrillation analysis using blind

source separation. IEEE Trans Biomed Eng Jul 2004;

51(7):1176–1186.

[15] Sörnmo L, Laguna P. Bioelectrical Signal Processing in

Cardiac and Neurological Applications. Elsevier Academic

Press, 2005. ISBN 0-12-437552-9.

[16] Strang G, Nguyen T. Wavelets and Filter Banks. Wellesley,

MA, USA: Wellesley-Cambridge Press, 1996.
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