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Abstract

Several authors have hypothesized that there is a relationship between AF organization, defined as how repetitive is the AF signal pattern, and the number of wavelets
wandering the atrial tissue, such that fewer simultaneous wavelets imply more organized AF [3, 5–8]. In addition, one long-standing hypothesis of AF is that selfsustained AF would have more circulating wavelets than
non-sustained AF [9, 10]. The present work investigates
the value of a previously published method for estimating
non-invasively AF organization, here used for discriminating between paroxysmal and persistent episodes. Longterm variations in AF organization were assessed in order to analyze whether organization differences between
paroxysmal and persistent AF can be observed during the
recorded time intervals.

In this work, a method for non-invasive assessment of
AF organization has been applied to discriminating between paroxysmal and long-term persistent AF episodes.
Following extraction of the atrial activity (AA) signal,
the dominant atrial frequency (DAF) of the AA was computed based on a hidden Markov model. Finally, the main
atrial wave (MAW) was obtained by bandpass filtering
centered on the DAF, thus providing a time series suitable for AF organization estimation with sample entropy
(SampEn). The performance of the method was evaluated on 24-h Holter recordings with long-term changes
in AF organization. The results showed that episodes of
paroxysmal AF (0.0693±0.0147) were consistently associated with lower SampEn than episodes with persistent
AF (0.1056±0.0146). Moreover, 94.2% of 1-min segments
with paroxysmal AF and 88.6% of 1-min segments with
persistent AF could be correctly classified based on SampEn information, thus making it possible to classify longterm recordings of patients without AF history.

1.

2.

A total of 24 patients without AF history undergoing
24-h Holter ECG recordings were enrolled in the study.
Cardiologists diagnosed persistent AF in 13 of the selected
patients and paroxysmal AF for the remaining 11. For patients with paroxysmal AF, the episode with the longest duration was selected from the 24-h recording. The selected
episodes had a duration between 4 minutes and 4.5 hours.
For patients with persistent AF, the whole 24-h recording
was analyzed.
The recordings were acquired with a sampling rate of
125 Hz and 12-bit resolution. Next, the selected segments
were upsampled to 1 kHz, as suggested in [11], in order to allow better alignment for QRST complex subtraction. This step is necessary to extract the AA from surface
ECGs. On the other hand, although three leads (II, aVF ,
and V1 ) were recorded, only V1 was considered for the
study because previous work has shown that AA is dominant in this lead [12].
In order to improve subsequent analysis, the recordings
were preprocessed before upsampling. First, baseline wander was removed making use of bidirectional high-pass filtering with 0.5 Hz cut-off frequency [13]. Second, high

Introduction

Paroxysmal atrial fibrillation (AF) often progresses to
sustained AF. About 18% of paroxysmal AF degenerates
into persistent AF in less than 4 years [1]. The associated risks of persistent AF are quite serious because
this arrhythmia predisposes to thrombus formation within
the atria that can cause stroke or other thromboembolic
events [2]. Additionally, AF of long duration is more resistant to treatment such as drug therapy or electrical cardioversion [3]. Hence, information about the AF chronification degree would be clinically very interesting for patients without AF history, because the presence of AF, even
during periods as short as 24 hours, has been found to alter
atrial electrophysiological properties to favor AF maintenance. Thus, early intervention could maximize the effectiveness of AF treatment [4].
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frequency noise and powerline interference were reduced
with an 8th-order bidirectional IIR Chebyshev low-pass filtering whose cut-off frequency was 50 Hz [14].

3.

segment of AA, the observed DAF is chosen as the maximum peak of its Fourier-based periodogram, provided that
the peak is contained in the interval 3–12 Hz and that its
magnitude exceeds a predefined detection threshold. The
HMM is characterized by a state transition matrix, defining
the likelihood of DAF changes, and an observation matrix, defining the likelihood of estimating the correct frequency. Using the observed DAF estimates, a DAF trend
optimized with respect to the a priori knowledge contained
in the HMM matrices is created by the Viterbi algorithm.

Methods

The proposed method to assess AF organization is based
on the non-linear regularity index sample entropy (SampEn), which is briefly described below. This method has
been previously used in other AF-related applications, reporting successful results [15,16]. The results indicate that
the approach provides a robust estimator of paroxysmal
and persistent AF organization. Certain minor modifications are described below in order to ensure reliable assessment of long-term variations in AF organization.

3.1.

3.3.

SampEn examines a time series for similar epochs and
assigns a non-negative number to the sequence, with larger
values corresponding to more irregularity in the data [23].
Two input parameters, a run length m and a tolerance window r, must be specified for SampEn to be computed.
SampEn(m, r) is the negative logarithm of the conditional probability that two sequences similar during m
points remain similar at the next point, where self-matches
are not included in calculating the probability. A detailed
mathematic description can be found in [23].
Although m and r are critical in determining the outcome of SampEn, no guidelines exist for optimizing their
values. Nevertheless, m = 2 and r = 0.25 were selected, because they showed successful results in previous
works [15, 16, 19, 20].

Strategy to assess AF organization

The application of SampEn to estimate AF organization
requires that the surface ECG is processed in several steps.
First, ventricular activity is removed, because it presents
much greater amplitude than atrial activity (AA) [12]. For
this purpose, the spatiotemporal QRST cancellation technique is used, because three leads are available. This
method produces an AA signal in which the influence of
electrical axis alterations, provoked by the patient’s respiratory activity, is reduced by combining mathematically
the average beats of adjacent leads with the average beat
of the analyzed lead [17].
Despite ventricular activity cancellation, QRST residua
and noise are sometimes present in the extracted AA signal [12]. These disturbances degrade the characterization
of AA organization using SampEn [18, 19]. To overcome
this problem, the main atrial wave (MAW) is extracted
which can be viewed as the fundamental waveform associated with the AA [19, 20], its wavelength being the inverse
of the AA main frequency [21].
From the AA, the MAW was obtained by applying a selective filter centered around the dominant atrial frequency
(DAF) [19, 20]. The DAF is taken as the frequency of
the largest spectral peak within the 3–9 Hz range [21] and
was tracked by a recently published method based on a
hidden Markov model (HMM), which is briefly described
next. This technique provides a reliable long-term DAF
trend with a temporal resolution of 2-s, even in noisy ECG
recordings. Finally, SampEn was computed over each 2-s
interval for which the DAF was estimated.

3.2.

Sample entropy

3.4.

Statistical analysis

To develop a more reliable statistical study, SampEn values computed in 2-s segments were averaged in 1-min intervals. Moreover, each average value was independently
considered in the statistical study. Both groups of paroxysmal and persistent AF 1-min segments had a normal and
homoscedastic distribution as the Kolmogorov–Smirnov
and Levene tests proved, respectively. Thereby, results are
expressed as mean±standard deviation for all the segments
belonging to the same group and a Student’s t-test was
used to determine whether there was any significant difference between the groups. A two-tailed value of statistical
significance (p) lower than 0.05 was considered significant.
The SampEn threshold providing the best discrimination between the two groups was obtained by means of the
receiver operating characteristic (ROC) curves [24]. Sensitivity was considered as the proportion of paroxysmal 1min segments correctly classified, whereas specificity was
the percentage of persistent 1-min intervals properly identified. The value providing the highest accuracy, i.e. the
highest number of AF segments precisely discerned, was
selected as optimum threshold.

Dominant atrial frequency tracking

The HMM method produces an optimal DAF trend from
a sequence of observed DAF estimates, using a priori
knowledge about the likelihood of DAF changes and the
frequency estimation method employed [22]. For each 2-s
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5.

SampEn variation with 2 seconds resolution

Discussion and conclusions

SampEn variation with one minute resolution

(a)

Non-invasive methods to analyze AA from the surface
ECG have been advocated as being useful in AF treatment [25]. To this respect, this study is the first to apply
organization analysis for discriminating between paroxysmal and persistent AF episodes from patients without AF
history and Holter ECG recordings.
The results showed that persistent episodes presented
higher SampEn values than paroxysmal ones, thus suggesting that AA is more disorganized in patients with persistent AF. This observation agrees with the results reported
through invasive studies in humans [26, 27] and dogs [3],
which showed that persistent AF exhibits a higher degree
of disorganized activity in the atria than paroxysmal AF.
The relationship between AF organization and the number of reentries wandering throughout the atrial tissue [7,
8], together with the low probability of AF termination
when a high number of reentries are present [7, 9], allow
us to hypothesize that the different chronification stages of
AF can be reflected by progressively higher SampEn values. Hence, the MAW-based SampEn analysis could be
helpful in predicting the timing and progressive evolution
that turns the arrhythmia from paroxysmal into persistent
AF. This observation could have significant implications in
AF management, thus allowing better selection of patients
for the most suitable therapy.
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Figure 1. SampEn variation for a typical episode of (a)
paroxysmal AF longer than 10 minutes, (b) paroxysmal
AF shorter than 10 minutes and (c) persistent AF. Note
that different scales on the vertical and horizontal axes are
used.

4.

Results

For paroxysmal episodes longer than 10 minutes (8 out
of 11), SampEn increased during the first minutes after AF
onset and decreased during the last minutes prior to AF termination. Within the central part of the episodes, SampEn
was approximately stabilized and close to its mean value.
To this respect, Fig. 1(a) shows the SampEn behaviour for
a typical paroxysmal AF episode, having a duration of 24
minutes. On the contrary, the three paroxysmal episodes
shorter than 10 minutes did not exhibit marked changes
in SampEn, but the values were low in comparison with
the longer episodes, see the 7-minute trend displayed in
Fig. 1(b).
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