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Abstract

is still the most successful way to terminate AF, which
long-term cure rates over 90% [3].
After this surgical procedure, patients are routinely evaluated at three, six and twelve months; and then, every
year. Moreover, they are habitually treated with oral anticoagulant and antiarrhythmic drugs at the moment of discharge, independently of the presented rhythm, normal sinus rhythm (NSR) or AF [4]. If AF persists after 3 months,
ECV is applied to restore NSR. In contrast, antiarrhtymic
drugs are withdrawn if a stable NSR is observed. Similarly,
anticoagulant treatment is stopped in patients maintaining
NSR at six month after surgery [4]. Hence, a preoperative
prediction of patient’s rhythm at six months post-surgery
could avoid the application of an aggressive pharmacologic treatment in patients under low risk of maintaining
mid-term AF. Thus, clinical costs could be reduced and
the patient’s quality of life could be improved.
Although some clinical parameters, such as age, left
atrial size and preoperative time in AF, have provided successful predictions of long-term Cox-Maze outcome [3],
other indices computed from the surface ECG have shown
a notably high effectiveness to predict immediate outcome
of the procedure at discharge [5]. Hence, given that the
ability of these parameters to predict the patient’s rhythm
after a six months follow-up has not been assessed yet, the
present work focuses on the analysis of this purpose.

The Cox-Maze surgery is today the procedure with the
highest long-term cure rate for patients in atrial fibrillation (AF). Nonetheless, its mid-term outcome prediction
could avoid the application of aggressive pharmacologic
treatments in some patients. Previous works have revealed
that parameters computed from the preoperative ECG,
such as the fibrillatory waves amplitude (fWP), the dominant atrial frequency (DAF) and the sample entropy (SampEn), can identify successfully the Cox-Maze immediate
outcome at discharge. This work focuses on analyzing the
ability of these parameters to predict the patient’s rhythm
six months post-surgery. Results showed sensitivity, specificity and accuracy values of 71.43%, 52.94% and 58.33%
for fWP, 85.71%, 52.94% and 62.5% for DAF and 85.71%,
58.82% and 66.66% for SampEn, respectively, reporting
no statistically significant differences between patients in
AF or normal rhythm. Therefore, in contrast to previous
results, these metrics did not show to be significant predictors of the Cox-Maze surgery at mid-term. The atrial
substrate alteration due to pharmacological and electrical cardioversion in patients relapsing to AF during the
follow-up could be the main reason for this result. Further
analyses are required to clarify this question.

1.

Introduction

Atrial fibrillation (AF) is the most common sustained
cardiac arrhythmia, occurring in 1–2% of the general population [1]. AF is associated with increases rates of death,
stroke and other thrombo-embolic events, heart failure and
hospitalizations, degraded quality of life, reduced exercise
capacity and left ventricular dysfunction [1]. To date, a
variety of treatment strategies have been developed to alleviate this disease. Thus, antiarrhythmic drugs, electrical
cardioversion (ECV), catheter-based ablation, and surgery
have been used with varying efficacies[2]. However, the
surgical treatment of AF with the Cox-Maze III procedure
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2.

Methods

2.1.

Study population

Twenty-four patients (mean age 68.33 ± 6.36 years) in
permanent AF for at least 3 months were enrolled in the
study. Cox-Maze procedure was always applied concomitantly to another heart surgery. Six months after the procedure, AF remained in 7 (29%) patients, whereas NSR was
restored in the remaining 17 (71%).
A standard 12-lead ECG was acquired for each patient
before the Cox-Maze procedure with a sampling rate of
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1 kHz and an amplitude resolution of 0.4 µV. From this
recording, a 20 second-length interval of lead V1 was selected for the analysis. This lead was chosen because previous works shown that atrial activity (AA) is prevalent in
this signal [6]. To improve later analysis, the ECG segment
was preprocessed using forward/backward high-pass filtering (0.5 Hz cut-off frequency) to remove baseline wander,
low-pass filtering (70 Hz cut-off frequency) to reduce high
frequency noise and notch filtering at 50 Hz to remove
powerline interference. Additionally, a wavelet denoising
was also used to reduce muscle noise [7].

2.2.

with AF signals, values of m = 2 and r = 0.35 times the
standard deviation of the AA were used [13]. Moreover,
a remarkable SampEn shortcoming is its sensitiveness to
noise and ventricular residua [11]. Hence, to reduce the influence of these nuisance signals, SampEn was computed
on the main atrial wave (MAW) of the AA. This signal
was obtained by applying a selective filtering to the AA
centered around the DAF [11].

2.3.

Preoperative ECG parameters

Statistical analysis

The nonlinearity in the AA signal was studied through
the surrogate data test to confirm the suitability of using
SampEn in the analysis. The test consists of obtaining a
surrogate dataset from the original data. Then, a number
that quantifies some aspect of the series, called discriminating statistic, has to be computed over the original and
surrogate data. When the original series discriminating
statistic is significantly different than the surrogate data
values, nonlinearity can be assumed [14]. In the present
work 40 surrogate data were generated for each AA signal
and the analyzed statistic was SampEn. The Wilcoxon T
test was used to assess statistical differences between original and surrogate data.

Before extracting the AA signal, every ECG segment
was normalized to its maximum R-peak amplitude in order to get comparable values when relative variations of
the proposed parameters were pursued. This operation
avoided all the effects than can modify the ECG amplitude as a function of the different gain factors during recording, electrodes impedance, skin conductivity,
etc [8]. Next, the AA signal was extracted by means of
an adaptive QRST cancelation method [9] and the fibrillatory (f ) waves power (fWP) was estimated. This power
represents the energy carried by the f waves within the
time interval under analysis and, thus, it can be considered
as a robust indicator of the signal amplitude [8]. The mean
power was calculated by computing the quadratic sum of
the signal values at the interval under analysis.
The dominant atrial frequency (DAF) was also computed, because its inverse has been related with atrial refractoriness [10]. To obtain this parameter, the power spectral density of the AA signal was computed making use
of the Welch periodogram. A Hamming window of 4096
points in length, 50% overlapping between adjacent windowed sections and a 8192-points fast Fourier transform
(FFT) were used as computational parameters. The frequency with the highest amplitude within the 3-9 Hz interval was selected as the DAF, because previous works have
reported that this is the typical AF frequency range [10].
Finally, pattern repetitiveness in the AA signal and, thus,
its organization, was estimated by means of a nonlinear
regularity index, such as sample entropy (SampEn) [11].
This tool quantifies the predictability of fluctuations in the
values of a time series and assigns a nonnegative number to the sequence, with larger values corresponding to
more irregularity in the data [12]. SampEn is defined as
the negative natural logarithm of the conditional probability that two sequences similar for m points remain similar at the next point, where self-matches are not included
in calculating the probability [12]. Two input parameters
must be specified to compute the SampEn, the length of
the sequences to be compared, m, and the pattern similarity tolerance, r. As suggested by previous works dealing

On the other hand, statistical differences between patients in NSR and those in AF at six month post-surgery
were evaluated with a Student’s t-test for normal parameters and with a U Mann-Whitney test for not normal ones.
In both cases, a statistical significance (p) lower than 0.05
was considered as significant. Normality and homoscedasticity in parameters distributions was determined by using Shapiro-Wilk and Levene tests, respectively. Additionally, the value of each parameter that provided maximum
discrimination between patient’s groups was obtained by
means of a receiver operating characteristic (ROC) curve.
The ROC curve is a graphical representation of the tradeoffs between sensitivity and specificity. In this work, sensitivity was the proportion of patients in AF at 6 months
post-surgery correctly identified, whereas specificity was
considered as the proportion of patients in NSR correctly
classified. The total number of patients properly discerned
was considered as the diagnostic accuracy of the parameter
and its highest value was used to determine the optimum
classification threshold.
In order to improve the group classification, a binary
classification tree was developed to combine the three analyzed parameters. The used stopping criterion for the
tree growth was that each node contained only observations of one class or fewer than 3 observations. Moreover,
the impurity-based Gini’s index was used to look for the
best parameter and its threshold for the splitting of each
node [15].
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Table 1. Classification results for fWP, DAF and SampEn
together with the statistical significance obtained for each
parameter.
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Figure 2. Box-and-whisker diagram for DAF considering
the patient’s rhythm at six months after Cox-Maze surgery.
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Figure 1. Box-and-whisker diagram for fWP considering
the patient’s rhythm at six months after Cox-Maze surgery.
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Statistically significant differences between original and
surrogate data were noticed with the Wilcoxon T test, thus
assuming nonlinearity in the AA signal. In this way, the
suitability of applying SampEn in the AA organization estimation is proved.

Figure 3. SampEn box-and-whisker diagram for the patient’s rhythm at six months after Cox-Maze surgery.

Sensitivity, specificity and accuracy values for the analyzed indices are shown in Table 1. As can be seen, accuracy values were lower than 70% for all the metrics, the
specificity values being especially reduced. Although, sensitivity values higher than 85% were noticed for DAF and
SampEn, their influence in the final diagnostic accuracy
was limited given the reduced number of patients in AF
at the follow-up end. In agreement with this classification
result, no statistically significant differences between patient groups were observed for the indices, as Table 1 also
shows. Indeed, Figs. 1-3 display a notable overlapping between the values corresponding to each patients group.

Previous works have analyzed the ability of fWP, DAF
and SampEn to predict the patient’s rhythm at the moment
of the discharge [5]. Results revealed the fWP as a powerful risk predictor of developing AF immediately after CoxMaze surgery. Moreover, DAF and SampEn also provided
notably high accuracy values greater than 70%, reporting
statistically significant differences between patients resulting in AF and those in NSR. In contrast, in the present
work the same metrics have not reported statistically significant differences between patient groups, their discriminant ability being considerably reduced. Indeed, the diagnostic accuracy for the fWP has provided a decrease of
20%, approximately.
Although this discriminant ability deterioration of the
parameters may have several causes, the most probably
is the pharmacological or electrical cardioversion applied

4.

Finally, the classification tree was useless to improve the
group classification. Although in a first step SampEn was
used to generate two branches, the remaining parameters
were discarded to generate additional nodes.
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Discussion

to the patients in AF at three months of follow-up [4].
This procedure is able to alter atrial substrate for synchronizing atrial cells and restoring NSR [16], thus hindering the discriminant ability of preoperative predictors. In
fact, the reduced specificity values observed for the analyzed metrics could be a consequence of the NSR restoration through cardioversion in a considerable number of patients. Nonetheless, further studies on wider databases are
required to confirm this assumption. To this respect, the
analysis of postoperative ECG recordings could also reveal
useful information.

5.

[5]

[6]

[7]

Conclusion

[8]

The analysis of fWP, DAF and SampEn from the preoperative ECG did not reveal a significant ability to predict successfully the patient’s rhythm at six months after
the Cox-Maze surgery. The alteration of atrial substrate
by pharmacological or electrical cardioversion during the
patient’s follow-up seems to be the main reason for this result. Nevertheless, further analyses are needed to clarify
this question.
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