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Abstract

Thanks to its high rates of success, catheter ablation
(CA) is nowadays considered as the first-line therapy to
treat atrial fibrillation (AF). However, a procedural con-
sensus beyond pulmonary veins isolation (PVI) still lacks
for patients with persistent AF. Nonetheless, the main goal
of every CA procedure is to ablate the least amount of
tissue able to render patients free from AF at long-term.
Hence, the identification of an optimal CA endpoint is
an interesting clinical challenge. For that purpose, the
present work explores the ability of some spectral features
obtained from the atrial activity (AA) reflected on the sur-
face ECG. More precisely, the variations experienced dur-
ing the procedure by the dominant atrial frequency (DAF),
its 3 dB bandwidth and the median atrial frequency (MAF)
are analyzed from lead V1 in 15 patients undergoing CA.
The obtained results show a strong agreement between the
DAF and MAF, which are able to anticipate with an ac-
curacy between 70 and 80% the patients’ rhythm after a
follow-up of 3 months. As a consequence, monitoring AA
spectral features could be helpful in quantifying the atrial
substrate alteration provoked by CA procedures.

1. Introduction

Atrial fibrillation (AF) is the most common clinically
important arrhythmia, with a recent worldwide estimate of
up to 33.5 million patients, without including those with
silent disease [1]. Moreover, its prevalence is expected to
increase 3-fold in the next 3 decades, thus making this ar-
rhythmia a global epidemic [2]. Unfortunately, the pres-
ence of AF is associated with increased risk of stroke
and heart failure, and decreased quality of life and sur-
vival [3, 4]. Indeed, the AF-related symptoms, such as fa-
tigue, dizziness, faintness and chest pain (among others),
as well as its morbidity are responsible for frequent visits
to the physician and hospitalizations, thus leading to ex-
tensive and rising costs for the Health Services [5].

Considering its natural progression, AF can be classified
into three different forms [6]. It often starts as paroxysmal
(self-terminating) episodes and becomes persistent or per-
manent with time. Paroxysmal AF is defined as attacks of
AF lasting from several seconds to less than 7 days, and
spontaneously reverting to sinus rhythm (SR). Persistent
AF lasts more than 7 days, but responds to external inter-
ventions and SR can be restored. Finally, permanent AF
does not respond to therapy and both the clinician and the
patient accept to make a joint decision to stop further at-
tempts to revert AF. Thus, only interventions to control the
heart rate are pursued.

To restore SR both in paroxysmal and persistent AF
patients, non-invasive pharmacological and electrical car-
dioversions are usually the first options [7]. However,
these treatments have proven a limited effectiveness to
modify the atrial substrate and, consequently, to avoid
long-term AF recurrences [7]. In this context, catheter
ablation (CA) has emerged in the last years as an effec-
tive tool to treat symptomatic patients with drug-refractory
AF [8]. In fact, this therapy has evolved considerably to
become safer and more effective and is now among the
most frequently performed cardiac procedures [2].

Since Haissaguere et al. [9] demonstrated that rapid
bursts of ectopic beats originating from the muscle sleeves
of the pulmonary veins (PVs) were the main source of AF,
its isolation remains as the “gold standard” approach [8].
However, its success rate is suboptimal especially for pa-
tients with persistent AF in whom more extensive abla-
tion techniques have been proposed [2]. Targeting com-
plex and fractionated atrial electrograms (CFAEs), linear
ablation, and isolation of invasively or non-invasively de-
tected drivers of AF are the most relevant complementary
strategies [8]. However, recent mutli-centric studies have
put a question mark about the effectiveness of these pro-
cedures compared to PVI alone, thus highlighting the need
of additional clinical trials [10, 11].

Despite the lack of a procedural consensus beyond the
PVI, the main goal of every CA protocol is to ablate the
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least amount of tissue able to render patients free from AF
at long-term [12]. Generally, most of the CA procedures
finish when AF reverts and its reinduction is not possi-
ble [12]. However, no strong evidences support AF termi-
nation as a reliable indicator of clinical efficacy [12]. Thus,
considering that some previous works have revealed that a
decrease higher than 10% in the surface ECG dominant
atrial frequency (DAF) could be an effective CA endpoint
for persistent AF patients [13], this work explores the abil-
ity of two additional spectral features of the atrial activity
(AA) signal for the same purpose.

2. Materials

The standard 12-lead ECG recording along with other
typical intra-cardiac bipolar signals were acquired with
a sampling rate of 977 Hz and 16-bit resolution during
the whole CA procedure for 15 patients in persistent AF.
The details related to the used CA protocol can be found
in [14]. In brief, the PVI was firstly reached by creating
a circumferential set of lesions. Then, those atrial points
showing the highest values of DAF were ablated in a sim-
ilar way. The procedure finished when AF terminated and
its reinduction was impossible or when all the points with
a DAF greater than 1.2 times the basal frequency were tar-
geted. In this later case, electrical cardioversion was ap-
plied if the patient was still in AF. Three months after the
procedure, 8 patients had again relapsed to AF and the re-
maining ones continued in SR.

3. Methods

3.1. Data preprocessing

With the aim to study the variation experimented by the
analyzed spectral features, a 10 second-length ECG seg-
ment just before the CA procedure started and another one
just before its end were selected from the lead V1. This
lead was analyzed because it contains the highest fibrilla-
tory waves compared to the ventricular activity [15]. Both
ECG intervals were typically preprocessed to remove noise
and nuisance interferences. Thus, they were filtered by us-
ing a forward/backward high-pass filtering (0.5 Hz cut-off
frequency) to remove base-line wander, a low-pass filter-
ing (70 Hz cut-off frequency) to reduce high frequency
muscle noise and an adaptive notch filtering at 50 Hz to
remove power-line interference [16].

3.2. Atrial activity spectral profiling

The AA component was extracted from each prepro-
cessed ECG segment by using an adaptive QRST cancella-
tion method [17]. The most similar 15 beats to the one un-
der cancellation were used to generate the ventricular tem-

plate for its subtraction. The power spectral density (PSD)
of the resulting signal was then estimated making use of
the Welch periodogram. A Hamming window of 4096
samples in length, a 50% overlapping between adjacent
windowed sections and a 10240-points Fast Fourier Trans-
form (FFT) were used as computational parameters [18].

According to many previous works [13], the highest am-
plitude frequency in the range of 3–9 Hz was selected as
the DAF. Additionally, its 3 dB bandwidth (BW) and the
median atrial frequency (MAF) of the AA spectral content
were also computed. This last index was defined as the
frequency dividing the PSD into two equal halves [19].

3.3. Performance assessment

The differences between the spectral indices computed
for the segments before and after CA were obtained in per-
centage with regard to the initial value and, then, expressed
as mean ± standard deviation for the patients maintaining
SR and relapsing to AF after the follow-up. Additionally,
the statistical differences between both groups of patients
were tested by a t-Student’s test. A two-tailed value of
ρ < 0.05 was considered as statistically significant.

On the other hand, the ability of each spectral feature to
discern between the two groups of patients was evaluated
by means of a ROC curve. This graph is the result of plot-
ting the proportion of true positives (TP) out of positives
(sensitivity) against the proportion of false positives out
of the negatives (1−specificity) at various threshold set-
tings. Sensitivity was considered as the percentage of pa-
tients who maintained SR correctly classified. Similarly,
the rate of patients relapsing to AF was considered as the
specificity. The optimal threshold was selected as those
that provided the highest percentage of patients correctly
classified, i.e. the highest accuracy.

4. Results

An illustrative example of the results is shown in Fig. 1,
where the segments before and after CA together with their
corresponding AA signals and spectral features are dis-
played for a patient maintaining SR after the follow-up.
Note that the spectral distribution maintains its shape af-
ter CA, but it is notably shifted towards lower frequencies.
The global results have been included in Table 1 and Fig. 2.
Although high dispersion can be noticed, the indices DAF
and MAF reported statistically significant (ρ < 0.05) de-
creases for patients maintaining sinus rhythm compared to
those relapsing to AF. Indeed, whereas no relevant changes
in both parameters were observed for the second group of
patients, a notable drop was seen for the first one.

In agreement with these results, the DAF and MAF
also provided a promising ability to anticipate the CA out-
come after the follow-up. However, the MAF reported
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Figure 1. Example of three second-length ECG segments and their corresponding extracted atrial activity for a patient
maintaining SR after the follow-up. (a) Segment before CA. (b) Segment after CA. The middle panel shows the spectral
distributions for both AA segments evidencing considerable variations in the analyzed parameters after CA.

Table 1. Mean and standard deviation values for the vari-
ation experimented by the spectral indices during the CA
procedure. Statistical significance (ρ) is also shown.

Patients Patients
Index maintaining SR relapsing to AF ρ-value
∆DAF −3.56 ± 8.93% 1.27 ± 10.32% 0.04
∆BW 0.27 ± 6.77% 0.32 ± 9.34% 0.17
∆MAF −2.25 ± 7.42% 0.32 ± 9.47% 0.04

a slightly higher diagnostic accuracy. Thus, whereas the
DAF yielded values of sensitivity, specificity and accuracy
of 71.43%, 75.01% and 73.33%, the MAF presented val-
ues of 85.71%,75.01% and 80.02%, respectively.

5. Discussion and conclusions

In contrast to previous works where the DAF has only
been analyzed to estimate an optimal CA endpoint [13],
two additional spectral indices, such as the DAF band-
width and MAF, have been introduced for the first time in
this context. The results show a strong agreement between
the DAF and MAF, which have reported a statistically sig-
nificant decrease for the patients maintaining SR after the
follow-up. Although a considerably lower drop has been
here observed, this result is in line with previous works
where a DAF decrease higher than 10% has been identi-
fied as an effective CA endpoint [13]. Moreover, consider-
ing that lead V1 mainly reflects the fibrillatory frequency
of the right atrium (RA) [20], the obtained outcome also
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Figure 2. Boxplots of the variations obtained for the
DAF (a) and MAF (b) from the patients maintaining SR
(white box) and relapsing to AF (shaded box).

agrees with the studies that have revealed a DAF decrease
in RA for patients who remain free from AF, but not for
those presenting AF recurrence, after some months [14].

Contrarily, the variation experimented during the CA
procedure by the spectral concentration around the DAF,
estimated through the BW, did not provide significative
differences between the patients who relapsed to AF and
those maintaining SR during the follow-up. To this respect,
a similar result has also been reported when the index BW
has been used to predict the recurrence of AF after electri-
cal cardioversion [18]. Hence, given that both procedures
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of CA and electrical cardioversion provoke very different
alterations on the substrate of AF, it may be concluded that
this metric could also be poorly predictive of other thera-
peutical approaches for AF, such as pharmacological car-
dioversion or AF surgical ablation.

Finally, it has to be remarked that the number of ana-
lyzed patients is limited and, therefore, the obtained re-
sults must be considered with caution. Thus, although it
could be suggested that non-invasive monitoring of the AA
spectral features might be helpful in quantifying the atrial
substrate alteration during CA and, hence, in guiding its
optimal endpoint, further studies with expanded databases
are mandatorily required to corroborate that finding.
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